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DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency 
thereof.
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RADON-222 AND ITS DECAY PRODUCTS IN ATTACHED 
AND FREE ION FORMS IN THE ATMOSPHERE

MARVIN H. WILKENING 
AND

EDWARD McNAMEE

ABSTRACT

The short-lived radionuclides in the radon decay series 
account for a major part of the internal dose under normal condi­
tions. While most of this comes from atoms attached to aerosols, a 
significant component is due to decay products in the form of 
positive ions. In this study the average indoor ^^Rn level of 32 
Bq m"3 yielded an activity of about 2 Bq m“^ from the positively 
charged ions. Out of a total potential alpha-energy concentration 
of 7.1 x 10-8 J m-3, the positive decay-product ions accounted for 
two percent. The nuclides of the radon decay series are the chief 
ionizing agents in the lower atmosphere. The mean indoor 222Rn 
level in this work produces about 20 x 108 ion pairs m“3 s-l. This 
is sufficient to yield positive and negative ion densities in the 
air of 130 x 108 m-3 and conductivity values of about 4 x 10-^
(ohm - m)"^-. The ^22Rn positive ions make up only about 7 ppm of 
the total positive ions present. Correlations among the measured.' 
quantities are given which aid in the understanding of 222Rn 
daughters in indoor air.
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INTRODUCTION
The contributions of the decay products of 222Rn to the 

internal dose depend upon a number of factors including the 
degree of equilibrium between radon and the decay products and the 
fraction of daughters that exist in free ion or unattached form.

Details regarding the formation and properties of these ions 
have been treated previously^1-3^. The processes which allow the 
decay product ions to remain for a short time in their positive 
charge states, combine with other atoms in associative or chemi- 
ionization processes, and provide "clustering" with polar molecules 
such as water, have been studied by a number of investigators(. 
Regardless of the mechanisms involved, the fact that radon decay 
products begin their existence in the positive ion state makes them 
an interesting and important component of the atmosphere.

For normal negative ion densities and aerosol concentrations 
attachment processes exceed recombination in typical situations by 
a factor of 100 or more. This characteristic of the decay pro­
duct positive ions accounts for the fact that most of the dose from 
radon and thoron is from atoms attached to aerosol particles. The 
concentration of these ions and their interaction with electrical 
parameters in the indoor atmosphere is treated in what follows.

ELECTRICAL PARAMETERS OF THE ATMOSPHERE
Ionization. Ion pair production rates for the indoor 

environment are enhanced due to elevated levels of radon and 
thoron. The mean indoor radiation levels in this study produce 
about 20 x 10® ion pairs m-3 s-^-. This is sufficient to yield 
positive and negative ion densities of the order of 130 x 10® m-3.

Conductivity and Ion Densities. With ion densities of the 
levels characteristic of indoor air, it can be expected that the 
indoor atmosphere is a conducting medium. The conductivity and ion 
density of the atmosphere are related as shown in the relation X = 
Nek where A is the total electrical conductivity, N is the small 
ion density, k is the mobility, and e is the electronic charge.
The ion densities for positive and negative carriers (N+ and N_)
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and the conductivities, and A", are approximately equal
provided the mobilities are nearly the same as is generally the 
case. The mobility of the daughter ions which is a measure of their 
drift velocity in electric fields is in the range of 0.25 to 1.50 x 
10 ^ m^ V 1 s (7). This puts them in the same class as ordinary 
atmospheric small ions^. It is these "small" ions that are 
responsible for electric currents and charge transfer phenomena in 
the atmosphere. The radon decay product positive ions make up a 
very minor component of the total positive ion density on a purely 
numerical basis.

INSTRUMENTATION
Positive and negative atmospheric small-ion concentrations and 

conductivity were measured with a Gerdien-type instrument^9).
Radon and thoron concentrations as well as their decay products and 
the resulting potential alpha energy concentration (PAEC) were 
determined using an electrostatic precipitator system^10). The 
radon daughter positive ions were collected in a Gerdien-type 
apparatus similar to the conductivity apparatus except that the 
inner collector electrode is replaced by a lucite cylinder covered 
by a removable aluminum foil. Positive small ions with preset 
lower mobility limits are collected on the foil for a 10-minute 
period after which the daughter ion concentrations are determined 
by the Thomas method.

Aerosol concentrations were measured with a condensation 
nucleus (CN) counter and for the most recent work, an electrical 
aerosol analyzer was used. The CN counter is sensitive to aerosols 
in the 0.001 to 0.1 jUm range, while the aerosol analyzer has a 
range of from 0.0032 to 1.0 ^m. Data taken simultaneously 
indoors with both instruments yielded a high correlation coeffi­
cient (0.93). A meteorological station was operated outdoors near 
the building being used.

The sites chosen for this study were intended to provide a 
wide spread in values for the parameters being studied rather than 
for analysis of radon exposures. Measurements were made at three 
indoor locations. One was an unoccupied four-room, single story
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house having concrete block walls and concrete slab floors. Due 
to cracks and poor sealing, the mean ventilation rate was 
1.8 hr The other two rooms were in a campus building; one
was a first floor research laboratory and the other was an 
instrumentation and utilities room.

This study extended over a period of two years, and included 
a total of 83 days when data were recorded making both diurnal and 
seasonal programs available.

RESULTS
Radon and its Decay Products. Concentrations of radon, the 

members of its decay series, and aerosols are highly variable when 
examined on a time scale of the order of a day. An example is 
shown in Figure 1 which illustrates a midday peak aerosol concen­
tration and large changes in PAEC and aerosol size as well. For 
purposes of this study values of the parameters during the early 
morning (AM), 0500-0700 Local Standard Time (LST) and (PM), 1400- 
1600 LST were used both to obtain typical high and low values for 
the room and to avoid large variation. No data were included from 
days when abnormal weather or unusual indoor events occurred.
Figure 1 also shows that the radon decay product PAEC is a minimum 
during midday when aerosol concentrations are highest. Although 
the exposure is generally higher when the aerosol concentration 
increases, in this case the PAEC is simply following the ^22Rn :jl 
which is, as expected, at a minimum during midday.

Radon and decay product levels are shown in Table 1 along with 
aerosol concentration and electric parameters. Instrumental errors 
m the values shown are of the order of 15%. The standard devia- 
rion representing the variability in a given parameter is much 
larger ranging from 25 to 50% or more. Mean ^22Rn concentration 
drops by a factor of 5 in going from the single story house (Room 
1) to Room 3 on campus. The decreases in the PAEC for the 
"attached" daughters is not quite as dramatic for the three rooms 
and the exposure levels from the decay product positive ions are 
quite low at only 2.4% of that due to the attached daughters and 
with only a factor of two decrease between Room 1 and Room 3. Radon
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and its daughter radionuclides showed a consistent ratio of 1.4
between AM and PM sampling periods. An average ratio of 8 was
found between indoor and outdoor 222Rn levels for the three rooms.
This ratio decreased somewhat both for the attached decay products
and the free ions. The data of Table 1 show the broad levels of 
2 2 9^-Rn and its decay products available for the analysis of the 
effects upon the atmospheric parameters.

Since ion-pair production depends primarily upon and its
decay products, it can be expected that similar trends in positive 
and negative conductivities ( X+ and ), and the overall ion 
densities (N+ and N") would occur as seen in the table also. Again 
AM to PM ratios are almost all greater than one averaging 1.4. 
Similarly the decay product positive free ions decrease in going 
from Room 1 to 3 in much the same manner in spite of their very low 
densities. The aerosols, on the other hand, have their primary 
source in room interiors and as a result PM values almost always 
exceed the AM levels. It can be seen in Figure 1 that aerosol 
diameters tend to be larger at night than during daytime hours with 
a range of 0.03 to 0.08 /urn similar to previous measurements in the 
area(12)_

Correlation Studies. Coefficients were calculated for differ­
ent pairs of parameters. The 222Rn product free ions show a
high correlation with the total positive ion density even though 
the free ions are present in guantities amounting to only a few ;.x 
parts per million. Positive conductivity,^4-, shows a good corre­
lation in the AH hours with the total positive ion density, N+, but 
large increases in aerosols in the daytime can reduce the relation 
to a negative (inverse) value. Aerosol concentrations show strong 
negative correlation with the AM ion density (-0.4), conductivity 
(-0.7) and the total PAEC due to the ^^Rn decay products (-0.9).
As the aerosols become more abundant, ions attach and are lost for 
conductance due to a large decrease in mobility. The free ion 
concentration shows a high correlation with normal ion densities of 
either sign. On the other hand there is a negative (inverse) 
correlation between aerosol concentration and conductivity.

Morning (0500-0700) values of ^^Rn ancj ^he decay products in
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both attached and free ion forms were all higher than afternoon 
(1400-1600) levels. The same was true for the total ion densities 
(N+ and N") and the positive (/(.+ ) electrical conductivity. Aerosol 
concentrations though quite variable were usually higher in the 
afternoon. Of all parameters measured, only aerosols, positive and 
negative conductivity, and total ion densities showed higher values 
outdoors than indoors on the average. 222Rn and the attached 
daughter product levels indoors exceeded corresponding outdoor 
levels by a factor of 8. The free ions from radon decay play 
important roles in the atmosphere both from their contribution to 
internal dose as well as for use as tracers in atmospheric 
processes.

CONCLUSIONS
The short-lived decay products of 222Rn include an important 

component that exists as positively charged ions in the atmosphere. 
These ions account for only about 2% of the total PAEC associated 
with decay product attached to aerosols. Further, the positive 
free ions were found to be present in a typical indoor environment 
to the extent of only 7 parts per million of the total atmospheric 
small ions. The 222Rn decay product free ions show a high corre­
lation with the total positive ion density. Aerosol concentrations 
show negative (inverse) correlation with the AM values of ion 
density, conductivity and the total PAEC. As the aerosols become 
more abundant, ions attach and result in decreased mobility and 
less conductivity. Indoor values of 222Rn and the decay products 
exceeded outdoor levels by a factor of 8. On the other hand 
aerosols, positive and negative conductivity, and the total ion 
densities were at lower levels indoors than outdoors.
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Table 1. The decay products of ^22Rn compared v/ith atmospheric 
electrical parameters. (ImWL = 2.08 x 10-8 J m“8)

Room 1 Room 2 Room 3 Indoor
Mean

Outdoor
Mean

Ratio
Indr/Outdr

222Rn (Bq m-8) 60 23 12 32 4.0 8.0
PAEC-attached (X 10"8 J m“3I 11 5.6 4.9 ’7.1 1.0 7.1

PAEC-free ions 
(X 10"8 J m-3l

0.25 0.12 0.12 0.16

Aerosols 
(X 109 m"3)

4.6 14 11 10 17 0.6

Conductivity, X+
X 10"14 (ohm-m)-1

6.6 3.3 2.4 4.1 2.8 1.5

Conductivity, X~
X 10“44 (ohm-m)--'-

8.4 2.4 2.6 4.5 3.1 1.5

Ion density, N+
«X 10y m-3)

0.17 0.10 0.13 0.13 0.17 0.8

Ion density, N- 
(X 109 m-3)

0.15 0.14 0.12 0.13 0.15 0.9

222Rn free ions 
n" (no. m-3 j

1420 780 660 950 760 1.2

Ratio: n+ 8.4 7.8 5.0 7.3 4.5 1.6
N+

(X 10"6)
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Figure 1. Typical day-night variation in exposure to Rn decay products
(PAEC) in comparison with aerosol concentration and size in an indoor 
environment. (ImWL = 2.08 x 10 ^ J m-^).
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