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Abstract

The deposition rates of radon daughtiirs on indoor surfaces have been

measured by exposing the window of a proportional counter to the air of a

house with high concentrations of radon and its daughters. Deposition

velocities for unattached RaA and ReiB of approximately 4 mra sec l were

obtained by dividing the deposition rates by the concentrations of unattached

daughters in the air. These results; agree with those obtained by other

workers but are dependent on the assumptions made about the fractions of the

daughters which are attached to the atmospheric aerosol.
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Introduction
A A A

Our measurements of the radon (*"Rn) concentrations and working levels

in several houses have yielded an average value for the equilibrium factor of

0.2.* One of the most important parameters which determine the equilibrium

factor is the concentration of airborne particles.2 Radon daughters produced

by the decay of their parents may attach to particles and remain airborne,

thus contributing to the working level. At low particle concentrations the

daughters leave the air by depositing, or plating out, all available surfaces.

Some plateout of attached daughters also occurs, but at a much lower rate than

that of the unattached daughters. We have made direct measurements of radon

daughter deposition in the utility room of a house at a tine when the radon

concentration was 695 Bg m~^, and the daughter product concentrations were

231, 85, and 53 Bq m~3 for RaA (2l8Po), RaB (21ltPb), and RaC (21tfBi>,

respectively. The working level was therefore 23.3 mWL, resulting in an

equilibrium factor of 0.12. The radon level was determined from grab samples

by the Lucas method, ** and the daughter levels were measured with an. Environ-

mental Working Level Monitor.5

Measurements

An argon-methane gas flow proportional counter with a 6.35-iim thick

alundnized Mylar window of area 3.16 x 10~2 m 2 was mounted 0.35 m above the

floor of the utility room and kept covered until shortly after counting

began. The counter was operated at 1.6 kV on its alpha plateau and so did not

respond to 3 or Y rays. A series of consecutive counts, each one minute in

duration, was made. The data are shown in Figure 1, and can be described

qualitatively as follows, when the bias voltage was applied, the counting

rate gradually reached about 0.2 sec""1, presumably because of the infiltration

of radon under the cover. When the cover was removed, the counting rate

jumped to 0.5 sec***, because of the detection of radon and its daughters in

the air above the counter which were within a-particle range of the window.

The counting rate then increased as daughters deposited on the window and

reached an equilibrium value of about 2.0 sec"** within three hours. If the

counting rate due to radon and daughters in the air, 0.5 sec""1, was taken as a

"background," the equilibrium counting rate due to surface deposition was 1.5

see"1. When the cover was replaced, this rate more than doubled because the



- 3 -

cover had also been collecting radon daughters. The observed rate of about

3.5 sec"1 was due almost entirely to deposition, since radon and daughters in

the air above the counter could no longer contribute. It is interesting to

note that the inner surface of the cover had been vertical prior to

replacement over the window, indicating that there may have been a small

difference in surface deposition rates depending on the orientation of the

surface. Finally, the counting rate decreased at a rate characteristic of a

mixture of unsupported radon daughters. The data are analyzed quantitatively

in the following section.

Analysis

If the "background" rate of 0.5 sec"1 is subtracted from the data during

the approach to equilibrium, the counting rate, P(t) (sec"1), due to surface

deposition of radon daughters is simply

, (1)

where e is the detector efficiency (0.35), Wft(t) and Nc<t) are the numbers of

atoms of RaA and RaC on the window, and A and A are their respective decay
a c

constants (sec"1). Because of the short half-Life of RaC* (21**Po)7 it is

assumed to be in radioactive equilibrium with RaC.
N_(t) and N_(t) can be found from the following coupled differential
3. C

(2)

(3)

(4)

equations;
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where Nfa is the number of atoms of RaB present on the window, S is the window

area in m2, and A and B are the deposition rates on the window of RaA and RaB,

respectively, in atoms m~2 sec"1. Direct deposition of RaC can be neglected,

as explained below.
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The solutions to these equations are straightforward, and with the values

of Aa = 3.79 x 10~
3 sec"1, Afa = 4.31 x tO~

h sec"1 and A c = 5.86 x 10"
1* sec"1,

Eq. 1 can be rewritten as:

P(t) = es{A{2.0 - 1.024e a - 4.266e b + 3.289e c }

-A. t -A t ,
+ B(1.0 - 3.781e D + 2.781a c )} {5) .

A computerized method of non-linear least squares was used to fit: Eq. 5

to the adjusted data of Figure 1. The values obtained for A and B were 28.0

and 90.9 atoms m~* sec"1, respectively. These numbers correspond to activity

depositions of 105 and 39 mBq m~2 sec"1.

Discussion

.Attached and Unattached Radon Daughters

The removal of radon daughter products from the air by deposition on

surfaces can be characterized by a rate constant, A, (sec"1); it can be shown

that this parameter is equal to the surface-to-volume ratio (in"1) of the

location in question multiplied by a parameter known as the deposition
mm- 1 • • 0 •- t

velocity, v (m sec ), where v equals the deposition rate (atoms ra sec •*)

divided by the air concentration {atoms m ~ 3 ) . 3 We can obtain values of v

from our deposition rate values found above and the concentrations of RaA and

RaB which were measured during the deposition experiments.

However, it is first necessary to determine what fraction of the

daughters is unattached, or free, and what fraction is attached to tha

atmospheric aerosol, since the respective deposition velocities, v^ and vf,, of

the two species differ by about two orders of magnitude. George and Breslin

measured a value of 0.07 for indoor air, auu Scott reported a typical value

of 0.20.7

Deposition Velocity for RaA

From the above, a value for the unattached fraction of RaA of about 0.10

seems reasonable for our use, and we can compute a deposition velocity for

that fraction as follows:
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vU = 105 mBq m~ sec"V(231 Bq n"3 x 0.1)

s 4.5 n sec .

Note that the above calculation assumes that all the surface deposition

of RaA is due to its unattached fraction. This assumption is justified in

view of other workers» measurements of va, the deposition velocity for the

natural aerosol. The maximum value used by any author is 0.1 mm sec"1 in

Jacobi's model. Thus the maximum deposition we could have observed from

attached RaA would be?

0.9 x 231 Bq m~3 x 0.1 mm sec"1 = 21 mBq m"2 sec"1,

which is less than 20% of the observed rate. If the observed rate is

decreased by this amount, then a revised value for vJJ is given by:

(105 - 21) mBq m~2 sec~l/23.1 Bq m~3 = 3.6 mm sec"1.

We can now compare our value(s) of v" with the results of others. Jacobi

used some unpublished data of his own to estimate v** to be in the range of

3 to 6 mm sec"1. Also, by comparing values of the diffusion coefficients for

unattached and attached daughter products, he estimated vJJ to be in the range

of 5 to 15 mm sec"1; he adopted a value of 10 mm sec"1 for his model.3

Porstendorfer8 used results from Moller and Schumann9 of v" = (10 - 30) mm

sec"1 and retained the value of 10 mm sec"1 in his modification of Jacobi's

model. Wicke2 quoted results by Ahmed1 for the deposition velocity of

unattached ThB atoms of 4 mm sec"1. Scott's measurements of surface

deposition in Canadian homes indicated values of 1.4 and 5 mra sec"1.7 Knutson

et al. found the best fit to their data to be provided by a value of

v" = 0.5 mm sec"1.11

The results of our measurements agree with the experimental results of

Jacobi,3 Ahmed,1" and Scott.7 However, Moller and Schumann9 found a value

almost an order of magnitude greater than ours, while Knutson et al. ** found a

value an order of magnitude smaller. One possible explanation for these

discrepancies was provided by Busigin et al.,12 who found that "unattached

RaA" consisted of several different physical and chemical species and could

not be characterized by a single value for the diffusion coefficient or
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deposition velocity. Consequently, our data should only be compared with

those taken under the most nearly similar conditions, naraely, those of Scott.7

Deposition Velocity for RaB

In order to compute deposition velocities for unattached and attached

RaB, it is again necessary to make an assumption of the unattached fraction.

However, most authors have concluded that unattached RaB and RaC are

negligible in indoor air.8 This conclusion is inconsistent with our data,

however. We observed a deposition rate of 39 mBq n"^ sec"1 for RaB and a

concentration in air of 85.1 Bg m"3. If we assume that all the RaB is

attached, we get a value of v!* = 0.46 mm sec~A, which is inconsistent with the

work of all other investigators. The maximum value of v^ in the work of

others is 0.1 mm sec*"1 used by Jacobi, 3 and the remaining values lie in the

range 10 to 50 lim sec"1.^'8'10 Conversely, if we assume v* = 0.1 mm see"1,

then-the maximum possible deposition of attached RaB is 8.5 itiBq m*~2 sec"1 or

about 22% of what was actually found. Thus it appears that the majority of

the RaB deposited on the window of the counter was unattachedr If we assume

1% of the RaB is unattached, and v® = 0.1 mm sec"1, then v" = 36 mm sec"*; if

10% of the RaB is unattached, then vj* = 3.7 inm sec"1. '.This last value is the

most probable, since it is the same as that found for RaA, and there should

not be a difference in deposition velocities for the unattached daughters,

whether RaA or RaB.

The next question is, why is 10% of the RaB unattached? There are at

least two possible explanations for this. First,-these experiments were

performed with extremely low aerosol concentrations in the air of the house.

Although the aerosol concentration was not measured at the time of the

deposition experiment, previous measurements under similar conditions in the

house gave a value of about 2 x 109 particles m~3 for particles with a mean

diameter of about 0.1 Urn (this is the size of particle to which most radon

daughters are attached).6 Porstendorfer8 and Wicke2 reported typical indoor

particle concentrations in the range (0.5 - 5) x "SO10 particles m"3» Thus we

can expect a lower attached fraction, and a higher unattached fraction in our

experiments.

A second possibility is that of detachment of RaB from an aerosol

particle because of recoil following its production by a decay of attached



RaA. Jacobi3 used a probability of 50% for detachment, based on Raabe's

work;13 Porstendorfer8 used a probability of 83% for detachment based on

Mercer's work.11* However, both Jacobi3 and Porstendorfer8 found that the

value of this parameter was relatively unimportant in their models, possibly

because at the aerosol concentrations in their experiments, detached RaB

quickly re-attached to aerosol particles. In our case, the mean life of

detached RaB may be long enough to permit significant deposition as an

unattached species. Note that RaC, however, will not detach from aerosol

particles because it is produced by 0 decay, and there is not sufficient

recoil energy to cause detachment. Thus the neglect of direct deposition of

RaC in our analysis of the data can be justified. Finally, the above value

for the deposition velocity of RaB is really a lower limit, since RaB atoms

could also recoil from the surface of the proportional counter. If this

phenomenon were included in Eq. 3, then the fitted value of the deposition

activity and consequently the deposition velocity would necessarily be

increased.

Conclusions

Although the values we have obtained for the deposition velocities of

unattached radon daughters agree well with values obtained under sirdlar

conditions by other workers, they are dependent on assumptions made about the

fraction of airborne radon daughters which are unattached to the atmospheric

aerosol. Consequently this experiment needs to be repeated while simultaneous

measurements are made of the aerosol concentration.and its size distribution,

the unattached fraction of the daughters, and the size distribution of the

attached activity. In addition, by allowing the daughters to deposit on alpha

spectrometers, such as surface barrier detectors, the deposition rates of RaA

and RaB can be determined separately.

It is important to note, however, that the reported values for the

deposition rate of unattached RaA range over two orders of magnitude. One

therefore tends to conclude that not all authors are jaeasuring the same thing,

and that a coordinated research program is required to determine the

appropriate values of the deposition velocities.
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Figure Caption

Figure 1. Counting rates due ^o radon and its daughters observed with a gas

flow proportional counter. The concentrations in air were 695,

231, 85, and 53 Bg m for radon, RaA, B, and C, respectively.

The smooth curve is a least squares fit to the data, giving

deposition n

respectively.

—2 —1
deposition rates of 105 and 39 nBq m sec for RaA and B,


