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ABSTRACT

An instrumented plastic chamber with a 1. 2-m 3 capacity has been
constructed and used to study the stability of some submicron dioctyl
phthalate (D. 0. P.) aerosols and their interaction with the short-lived
radioactive decay products of radon (222Rn). The degree of attach-
ment of the radon decay products to the D. 0. P. aerosols in this
chamber has been shown to be a function of the relative areas of the
aerosol and wall surfaces. At high aerosol concentrations (10 s par-
ticles/cm 3 ), 90% or more of the short-lived decay products are
attached to aerosol particles. At lower aerosol concentrations and
particularly when convection increases the availability of the walls
for deposition, the airborne radioactivity is much less.

Under the proper conditions appreciable quantities of unattached
radon descendants will remain airborne. A few preliminary studies
with these "free" atoms or simple molecules have shown that they are
effectively retained by fibrous filters. They thus provide a useful
tool for evaluating the retentivity of filter media toward extremely
small particles and for studying the mechanism of particle capture
through diffusive processes.

PROBLEM STATUS

This is an interim report; work on this problem is continuing.

AUTHORIZATION

NRL Problem C06-06
Project RR 001-05-42-4851

Manuscript Submitted September 4, 1968.



THE INTERACTION OF RADON DECAY PRODUCTS WITH AEROSOLS

INTRODUCTION

Atmospheric aerosols are composed of a mixture of materials covering a wide
range of compositions and sizes; these are continually undergoing complex interactions
with one another and other materials in their environment. Some of these aerosols
result from natural phenomena, such as pollen release, dust storms, or smoke from
forest fires, but by far the majority of those encountered today are the result of man's
activity or industry. The recognition of man's responsibility for the degradation of the
atmosphere is the reason for the current demand for smoke abatement, automobile
exhaust control, and air pollution control in general.

The complexity of the problem and the multitude of sources either contributing
particulate matter to the atmosphere or releasing gaseous matter that later is converted
into particulate matter ("smog") make a wholesale attack on the problem impractical.
The various modes of research have involved individual studies of the sources of air
pollutants, the chemical reactions going on in the atmosphere, and the air-cleaning
mechanisms. It is the purpose of this report to demonstrate an application of radio-
tracer techniques to laboratory studies of aerosols and their interaction with their
environment.

The growth of aerosols with time at the expense of similar sized or smaller parti-
cles through condensation or agglomeration process is well established. The "smaller"
particles can be of atomic dimensions, as in the case of the attachement of radon
daughters to natural atmospheric aerosols (1) or artificial aerosols (2); electrostatic
charges may affect the rate of such attachment processes, but the presence of electri-
cal charges is not a necessary condition for agglomeration to occur. As previous
work at NRL has shown, randon (222 Rn) decay products, particularly the 3-emitting
radionuclides 214 Pb (RaB) and 2 14 Bi (RaC) with half-lives of 26.8 and 19.7 min,
respectively, can be used to tag aerosols which can later be recovered by filtration
and evaluated by standardized counting procedures (3, 4). The availability of filters
with different retention characteristics employed as filter packs (5, 6) permits the
study of the competitive absorption of radioactive atoms or ions by aerosols of different
sizes. As a corollary to the above, aerosols tagged with radon daughter activity or
containing built-in radioactivity (as 14 C in dioctyl phthalate or 35 S in H 2 SO 4 smokes)
can be used to evaluate the efficiency of particulate filters (7).

EXPERIMENTAL PROCEDURE

The experimental procedure involves introducing a known quantity of radon gas into
a 1. 225-M 3 chamber containing a well-defined aerosol or mixture of aerosols and fol-
lowing the changes in the quantity of filterable radioactivity as a function of time. A
radioactively tagged aerosol is produced by the attachment of ions or atoms of the
radionuclides in the radon decay series to the aerosol particles present in the chamber.
In the absence of aerosol the radioactive atoms apparently become rapidly attached to
the walls, and, even in the presence of aerosols, a wall effect is observed (4). Obser-
vation of the changes in filterable radioactivity with aerosol concentration thus offers a
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means of estimating the capture efficiency of airborne particles for these free atoms or
ions. The effect of electrical charges on the walls can be similarly studied by use of
clean plastic surfaces or surfaces treated with antistatic agents or by making two op-
posing walls part of a condenser by installing aluminum surfaces to which a high elec-
trical potential is applied. The effect of charged aerosol particles on capture efficiency
and aersol deposition rates can also be readily studied in such a system. None of these
electrical effects were investigated in this preliminary study.

This report covers the description of a suitable environmental chamber and assess-
ment of its operational parameters, together with some measurements of the interaction
of small radioactive molecules with aersols.

Instrumented Chamber

A chamber (Fig. 1), measuring internally 121 cm high, 121 cm wide and 84 cm
deep, was constructed using 1/4-in. polymethylmethacrylate (Lucite) sheets for the
sides, top, and bottom. The front panel was made of 1/2-in. -thick material and con-
tained a 45-cm-diameter access opening that was covered with a 57-cm-diameter panel
sealed with an 0-ring. A sliding panel, containing two filter heads (Fig. 2), was mounted
on the cover so that either sampling position could be aligned with a 4. 3-cm-diameter
sampling port having direct access to the chamber atmosphere. This arrangement per-
mitted a rapid change of samples to be made. Another sampling port (1. 4-cm diameter)
directly below the panel allowed the removal of aerosol for measurement in the NRL
Smoke Penetration Meter (8). Six other entry ports, as indicated in Figs. 1 and 3,
were built in to allow introduction of dioctyl phthalate (D. 0. P. ) aerosol, radon, filtered
air, and electric power, the operation of a closed-loop cleaning system, and attach-
ment of a gage for pressure measurements. The leak rate of the chamber was estab-
lished as less than 10 1/hr at a pressure differential of 2.0 cm H 20.

122cm

Fig. 1 - Aerosol chamber
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Fig. 2 - Filter head 5cm 48an
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Fig. 3 - Aerosol sampling system

The design of the chamber allows the mixing, removal, and measurement of the
D.O.P. aerosol, the measurement of pressure and temperature changes, and the addition
of filtered air to replace that removed during the sampling procedure (Fig. 3). The
mixing of the aerosol is accomplished with two electric muffin fans arranged to cause
both vertical and horizontal airflow within the chamber. An "absolute" filter of Army
Chemical Corps Type 6 cellulose-asbestos paper (Hollingsworth and Vose) and a blower
(Roots-Connersville Type AF-24) are used to clean aerosols from the chamber in a
closed-loop arrangement. Operation of this pumped loop gives a calculated reduction
in aerosol concentration by a factor of 103 in 18 min.

The aerosol may be removed from the chamber by a combination of any sampling
port and a series of three-way control valves for measurement in the NRL Smoke
Penetration Meter. This arrangement permits the monitoring of changes in aerosol
concentration, while sampling for radon daughters is in process, by connecting the
smoke meter directly to the chamber. Also an aerosol leak through the sampling port
may be detected by connecting the smoke meter to the sample line. Changes in pressure
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or vacuum within the chamber are measured with an Ellison Inclined Gage. The mea-
sured pressure drop in the chamber is 2. 2 cm H2 0 when the sampling pump is operated
at 3 I/min for a 20-min sampling period. A filter holder containing an ACC Type 6
filter paper is attached to an inlet port, allowing filtered makeup air to replace the air
removed while sampling and preventing a larger pressure difference from developing
between the chamber and the outside atmosphere. The effluent from the sampling pumps
is vented into the room exhaust system. At a pumping rate of 3 1/min the residence
time ("half-life") of air within the chamber is 280 min. The temperature is measured
by thermometers placed at three elevations within the chamber.

Aerosol

Two sizes of D. 0. P. aerosols have been studied: monodisperse D. 0. P. with a
0. 3-pm diameter and a polydisperse submicron aerosol whose overall behavior is simi-
lar to that of the 0. 3-.m-diameter D. 0. P.

The monodisperse 0. 3-Mm-diameter D. 0. P. aerosol was produced in a LaMer
Smoke Generator (9) by the quenching of D. 0. P. vapors under controlled conditions. It
was transported from the generator site to the chamber in large (200-1) polyethylene
bags. The nearly invisible smoke was introduced into the chamber through a port with
the muffin fans operating until the desired aerosol concentration was indicated on the
smoke meter.

The polydisperse submicron smoke was produced with an NRL aerosol generator
(10) in which a stream of high-pressure air is forced through a series of orifices sub-
merged in a pool of liquid D. 0. P. The visible cloud of aerosols of varied sizes (pri-
marily 0.1- to 1. 0- u m diameter) was passed through several thicknesses of IPC 1478
filter paper, which removed a substantial portion of the larger particles. On the basis
of the characteristics of the smoke generator and the filter, it is felt that this aerosol
has an effective size near 0. 3- m diameter.

The rate of change of aerosol concentration with time was determined by either
continuous or intermittent cycling through the light-scattering meter and thence to the
hood. Air withdrawn during sampling was replaced by an equivalent quantity of room
air that had passed through an "absolute" filter.

Radon

A known quantity of radon was introduced into the chamber by degassing an NBS
standard radium solution by the method of Harding, et al. (11). The air stream, after
bubbling through the radium solution, was dried and filtered to remove entrained solu-
tion before passing into the chamber.

In the general procedure, the standardized radium solution (1.0 . Ci) was added to
the degassing flask (200-ml capacity) and diluted to 50 ml with distilled water. Before
initial use, time was allowed for secular equilibrium to be reestablished between 226 Ra
and its daughter 222 Ra (3. 8-day half-life) in the sealed system. Air was introduced
through a fritted-glass bubbler at the rate of 3 1/min to sweep accumulated radon into
the chamber. Degassing was considered to be complete after 5 min; this was confirmed
by experiments involving a second degassing of the same solution. After each use, the
degassing flask containing the radium solution was sealed and set aside for regrowth of
radon. It could be reused at any time by correcting for the extent of radioactive equi-
librium using the factor (1 - e - At ), where X equals 0. 1812/day and t is the elapsed
time in days.
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The radon in the chamber served as the source of decay products which rapidly
became attached to any available surfaces in the chamber and hence served as a radio-
active "tag" for the aerosol particles. Actual measurements were made of the /3 radia-
tion emitted by a composite of 2 14 Bi and 2 14 Pb. The radioactive decay series involved
is

222 Rn 218 Po (RaA) a 214 Pb (RaB)86 3. 825 d* 84 3.05 rain 82

- 214Bi (RaC) 1 - 214 Po (RaC')26.8 minf 83 19. 7 min" 84

0 210 Pb (RaD) (22-yr half-life).
82

10
- 4 sec

Radioactivity Measurement

The effective age of the radioactive aerosol and the apparent concentrations of
radon in the chamber were determined by the filtration procedures developed earlier
(3, 4). Air is withdrawn at a fixed flow rate through the filter for a 20. 00-min period
and then counted through an 86-mg/cm2 aluminum absorber (plus 5-mg/cm2 window
thickness) on carefully calibrated 3 counters (Table 1) during two subsequent 10. 00- min
time intervals (1 to 11 min and 61 to 71 min following termination of the collection).
From the initial 10-min count and the ratio of the counts during the two time intervals,
the extent of equilibrium between radon and its daughters and the apparent radon con-
centration can be determined. The term apparent concentration is employed since this
determination is based on the assumption that all of the radon daughter products are
collected by the filter; previous work (4) has shown this assumption not to be true since
the chamber walls are also sites for attachment of radioactive atoms and aerosols. The
difference between the apparent radon concentration and the known concentration thus
serves as a measure of the relative effectiveness of the aerosol surfaces and the cham-
ber surfaces for attachment of radioactive atoms (or ions).

After several hours, when near-secular equilibrium has been established between
radon and its daughters and in the absence of an appreciable "wall" effect, it is possible
to dispense with the second measurement of radioactivity (the 61- to 71-min count) and
to determine radon concentrations directly from the initial 10. 00-inin count. The ap-
parent radon concentration is given by

CI-ll

Rn(pCi/m 3) = CO F Ef'

where C,_ 11 is the total measured /9 count (less background) during the initial 10-min
counting period, CO is the count corresponding to the measured C 6 1 _71 /C. 11 ratio
(from Fig. 4), F is the sampling rate in m 3 /min, and Ef is the filter retentivity (1. 00
for an "absolute" filter).



SAUNDERS, PATTERSON, AND LOCKHART

Table 1
Efficiency of fl Counting of 21Pb and 114Bi Deposited

on a Glass-Fiber Filter*

Activity 8max Energy Counter Efficiency t Relative Counter Response
(Mev) (%) Abundance (%)

RaB( 214 pb) 0.65 1.75 1.00 1.75
(plus 25% low -energy-conversion electrons)

RaC( 2 14/3i) 3. 17 13. 3 0. 23 3. 06
1.65 5.75 0.77 4.43

i(Plus 5% conversion electrons of equivalent energy)

Total 7. 49

*Counted through a 91-Mg/cm2 total absorber (Al plus mica window).

tFrom counter calibration

40 H-

30

z

0

q-
x

10

03 04 0.5 06 0.7

COUNT RATIO, C61 .,1 /C,.,

Fig. 4 - Relationship between the total counts
during the initial period (C 1 _ 11) and the ratio
of the counting rates at C6 1 71 and C -, for
a radon concentration of 1 pCi/m3 and a fil-
tration rate of 1 m 3/min for 20 min. The
sample was counted through a 91-mg/cm 2 ab-
sorber and collected on a Gelman A glass-
fiber filter.
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The actual radon concentration Rn t at any time t following addition of radon to the
chamber is given by the expression

- rA rt dt -(Art r + kdt)
Rn t = Rn 0e e Rn 0 e

where Rn0 is the initial radon concentration in the chamber, X r is the fraction of
chamber air removed per minute during sampling, tr is the total sampling time, X d is
the decay constant for radon (1. 258 X 10- 4 /min), and t is the total elapsed time (min)
since the introduction of radon into the chamber.

RESULTS

Aerosol Measurements

Prior to the introduction of radon into the test chamber, studies were made of the
stability of the aerosol in the chamber, i. e., its rate of depletion through coagulation
and deposition mechanisms. The results presented in Fig. 5 show an initial rapid de-
crease in aerosol concentration followed by a slower rate of loss. In the latter stage
the aerosol concentration decays exponentially with time at about the same rate for
both the monodisperse 0. 3-u m-diameter D. 0. P. aerosol and the polydisperse D. 0. P.
aerosol. It is presumed that loss of aerosol to the walls is the predominant mechanism
during this latter stage, while initially at the higher concentrations aerosol coagulation
contributes significantly to the observed decrease in smoke concentration.

The concentration of the 0. 3-Am-diameter D. 0. P. smoke required to give a meter
reading of 100% is 80 pg/I, or 5. 66 x 106 particles/cm 3; no absolute calibration is
available for the polydisperse smoke used in some of the experiments. On the whole,
however, its behavior was not significantly different from the monodisperse 0. 3-im-
diameter smoke, and it did provide a convenient, easily generated smoke for study.

Effect of Mixing - As shown in Fig. 6, the lifetime of the 0. 3- m-diameter D. 0. P.
aerosol was considerably shorter when the air in the chamber was agitated by fans than
when mixing was solely due to stray thermal currents within the chamber. After the
iftitial period during which significant coagulation occurred, the half-residence time
(half-life) of the aerosol was about 300 min under turbulent conditions and 500 min under
still conditions. Similar values were obtained for the polydisperse aerosol (Fig. 7).

The air velocities used in these studies were insufficient to materially change the
coagulation rate, but they did increase contact between the aerosol and the chamber
walls, while the fan blades themselves served as an aerosol sink through direct inter-
ception of the particles. The rate of loss of aerosol under still conditions is a charac-
teristic of the chamber (size and geometry) and must bear an inverse relation to the
chamber volume. In the open air such losses could occur only at or near the ground/air
interface; hence, atmospheric aerosols in this size range must have residence times
under stable atmospheric conditions greatly in excess of the 8 hr observed in this study.

Effect of Radiation - The introduction of 1 gCi of radon into a chamber of this size
gives a radon concentration of 8. 2 x 10 1 pCi/m 3 , 103 to 104 times that observed in the
lower regions of the atmosphere. As indicated in Fig. 7, this concentration of radon
has no measurable effect on the rate of loss of aerosol from the chamber. It may be
concluded that the presence of radon at this concentration in subsequent experiments
did not modify the behavior of the aerosol under study. It may also be surmised that
radiation from the lower natural radon levels in the atmosphere does not materially
affect the behavior of airborne particles in the 0. 1- to 1. 0-14 range.
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Fig. 5 - Stability of aerosol particles under
still-air conditions

In these studies the number of aerosol particles was usually greatly in excess of
the radioactive atoms available for attachment, except at the lowest smoke concentra-
tions, as indicated in Table 2. A significant number of aerosol particles would contain
more than one attached radioactive atom only at smoke meter readings below 0. 1%
(< 5. 6 x 101 particles/cm 3). Thus, the results of this study are more directly related
to the radioactivity-aerosol composition of the normal atmosphere than are those of
studies where extremely high radioactivity loadings have been used (12). Incidentally,
Haughey's study (12) also showed no effect of radiation on coagulation rates of thoron
(220 Rn) decay products with a submicron carbon aerosol.

Deposition in Tubes - To determine the magnitude of possible losses of aerosol
particles during transport from the chamber to the light-scattering device (smoke
meter), the smoke concentration was measured after passage through various lengths
of 0. 5-in. -I. D. rubber tubing. No differences in aerosol content were noted after
passage through up to 50 ft of tubing; hence, it was assumed that losses within the
shorter lengths of tubing normally used were of no significance. An experiment with
radon-tagged aerosol also showed no loss in filterable radioactivity on passage through
the 50-ft section of rubber tubing.

Radioactivity Measurements

A previous study at NRL (4) had suggested that there was competition between wall
and aerosol surfaces for adsorption of radon decay products; this was indicated by a
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Fig. 6 - The effect of air turbulence on the stability
of the 0.3-Mm-diameter D. 0. P. aerosol

lower-than expected 2 14 Bi to 2 14 Pb activity ratio and poor agreement between the mea-
sured and known radon concentrations in the chambers. Consequently, studies have
been made of the effect of aerosol concentration on the extent of the attachment of radon
daughters to D. 0. P. aerosol.

In this procedure, aerosol is added to the chamber until its concentration reaches
the desired value and then a known amount of radon is added with continuous mixing by
fans. Smoke concentrations are measured through a sampling port, and filtration
collections are made intermittently on a glass-fiber filter having 100% effectiveness for
the aerosol particles at the flow rate used. The most meaningful results are obtain-
able after 2 hr when an essentially equilibrium condition is established between the
various radioactive species present.

As shown in Figs. 5 through 7 there is a rapid change in aerosol concentration, and
hence with aerosol surface area, with time. The radon concentration, however, changes
more slowly and can be calculated for any time from its decay constant and its loss
through sampling. Tables 3 and 4 contain the data from several series of runs on the
monodisperse and polydisperse smokes of varying concentrations, together with the
corresponding radioactivity data from which the fraction of attached radon decay pro-
ducts has been deduced. This information is displayed graphically in Figs. 8, 9, and
10. The indicated uncertainties in the values are obtained from Fig. 11, which gives
the standard deviation based on counting statistics alone.
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Fig. 7 - The effect of air turbulence and radio-
activity on the stability of the polydisperse sub-
micron D. 0. P. aerosol

Table 2
Ratio of Aerosol Particles to Decay Products from a 1-u Ci/m 3

Radon Source as a Function of Smoke Concentration

Smoke Con- Aerosol Aerosol Particles Per
centration Particles Radioactive Atom

(%) (no. /m 3 ) Radon* RaA RaB RaC
(222 Rn) ( 218Po) (2 14 Pb) ( 2 14 Bi)

100 5. 66 x 1012 320 580, 000 66, 000 89, 000

10 5. 66 x 1011 32 58,000 6,600 8, 900

1 5. 66 x 1010 3. 2 5,800 660 890

0. 1 5. 66 x 109 0. 3 580 66 89

0.01 5. 66 x 108 0.03 58 6.6 8.9

*No measurable quantity of radon is attached to aerosol particles.
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Table 4
Determination of 22 2 Rn by the Measurement of 3 Activity of Radon Daughters Attached
to a Polydisperse, Submicron D.O.P. Aerosol (The chamber volume was 1.225 m3 and

the sampling rate was 2.88 1/min for 20 min)
Elapsed Measured 105 Rn Coc R Measured Smoke Meter

Sample Tim~e Counts Count Ratio, Counts I (pCi/m
3 

- ) Rn (Added) Reading
No. (min)* I C, 1, 1 C6 1 - 17 Correctedt Expectedt Measured(%) (%)

No mixing by internal fans (Run 1)

3273 I 27900 1 11060 0.396 96. 8 31.8 3.04 3.38 89.9 ± 3. 0* 14.5
2 6100 15060 5900 0.392 4 327 i.41 1.97 7

10068-10078 (Fresh D. 0. P. aerosol added) 68
3 10243 1 8364 3262 0, 390 29. 0 33. 3 0. 87 0.97 91. 6 ± 5. 9 32
4 10328 7744 3098 0. 400 25. 1 30. 9 0.81 0. 91 89. 0 ± 5. 9 17
5 11493 5974 2304 0. 385 20. 7 34. 5 0. 60 0. 74 81. 1 ± 6. 2 2.22

No iloixing by internal fans (Run 2)

1 220 54203 21903 0. 404 188 29.9 6. 29 6.80 93. 5 ± 2. 4 29. 5
2 315 48703 19676 0. 404 169 29.9 5. 65 6.43 89.9 ± 2.4 20. 5
3 1385 40303 15703 0. 390 140 33.4 4. 19 5.29 79. 2 ± 2.2 1.8
4 1695 36320 14020 0. 386 126 34. 4 3. 66 4. 59 79. 7 ± 2. 3 1.05
5 2830 28940 11060 0.382 100 35.4 2.82 3.83 74.6 ± 2.4 0.215
6 2985 25340 9780 0. 386 88.0 34. 4 2. 56 3.70 69.2 ± 2. 3 0. 165
7 4225 14980 5900 0. 393 52.0 32.2 1.61 2.70 59. 6 ± 2.7 0. 033
8 4260 13935 5455 0. 391 44. 95 31. 0 1.45 2. 58 58.2 ± 2.8 0. 029

4275-4310 (Cleaning loop in operation) (35 min)
9 4445 2279 1247 0. 547 7.91 9.70 0. 816 2. 16 37.8 ± 8. 3 0. 000
10 4510 2312 1320 0. 571 8.03 7.90 1.02 1.99 51.2 ± 11.8 0.000
11 4561 2079 1171 0. 563 7.22 8.40 0. 86 1.89 45. 5 ± 10. 9 0. 000
12 4620 2600 1308 0. 504 9. 12 14. 2 0. 642 1. 78 36. 1 ± 6. 6 0. 000
13 4665 2615 1285 0. 492 9. 07 15. 4 0. 589 1. 69 34.9 ± 6. 3 0. 000
14 8585 1184 668 0.564 4.11 8.40 1 0.489 0.982 49.7 ± 17.0 0.000

9970-9980 (Fresh D. O. P. aerosol added)
15 10110 4696 1856 0, 395 16.3 32.0 0. 509 0. 563 90. 4 ± 8.0 21
16 10170 4596 1756 0. 382 16.0 35. 0 0.457 0. 528 86. 6 ± 8. 0 15
17 11449 3696 1416 0.383 12.8 35. 1 0.365 0.430 84.9 ± 8.3 2
18 11858 3260 1300 0. 380 11. 3 35.8 0. 315 0. 390 80.8 ± 8. 5 1. 1
19 14380 1780 676 0. 380 6. 18 35. 8 0. 173 0. 277 62. 4 ± 9. 7 0. 062

Continuous Mixing by Internal Fans (Run 1)

1 18 18340 10100 0. 551 63. 7 9. 6 6. 64 7. 31 90. 9 ± 6. 5** 55
2 47 32260 15160 0. 470 112 18.2 6. 15 7. 27 84. 6 ± 3.4 50
3 140 45900 20000 0. 436 159 23. 9 6. 65 7. 17 92. 7 ± 2. 7 42
4 228 44500 18400 0. 413 154 28. 0 5. 50 6. 58 83. 6 ± 2. 3 20. 5
5 260 42024 17124 0. 407 146 29. 2 5. 00 6. 35 78. 7 ± 2. 2 15
6 315 40700 16700 0. 410 141 28. 6 4. 93 5.92 83.3 ± 2. 4 10
7 1325 31390 12050 0.384 109 34.8 3. 13 4. 97 63.0 ± 2.0 1.7
8 1390 24710 9590 0. 388 85. 8 34. 0 2. 52 4. 70 53. 6 ± 1.9 1.2
9 1520 20040 7960 0. 397 69. 6 31.4 2. 22 4. 39 50. 6 ± 2. 1 0. 85
10 1630 17080 6810 0. 399 59.3 30. 9 1.92 4. 06 47.3 ± 2. 1 0. 59
11 1715 14100 5540 0. 393 49. 0 32. 4 1. 53 3. 90 39.2 ± 1.9 0. 45
12 2745 2840 1100 0.387 9.86 34.0 0.299 3.26 9. 17 ± 1.1 0.039
13 2835 2109 812 0.385 7.32 34.4 0.213 2.99 7. 12 ± 1.0 0.027
14 3000 1540 593 0.385 5. 35 34.4 0.155 2.83 5. 48 ± 1.0 0.018
15 3100 1180 454 0. 385 4. 10 34. 4 0. 119 2. 64 4. 51 ± 0.9 0. 0125
16 3125 1030 397 0.385 3. 57 34.4 0.104 2. 50 4. 16 ± 0.9 0.010
17 3183 852 328 0.385 2.96 34.4 0.086 2. 34 3.67 ± 1.0 0.006

Continuous Mixing by Internal Fans (Run 2)

1 368 50400 20300 0.402 167 30. 2 5. 53 7. 55 73. 2 ± 1. 9 8. 5
2 1816 16380 6500 0.397 51.7 31.7 1.63 5. 54 29. 4 ± 1.3 0.18
3 2830 2398 952 0.397 7.56 31.7 0. 238 4. 85 5.8 ± 0. 8 0.017

*Fromn fin utroduction to the midpoint of smuiple collection.
f Corrected to a flow\ of 1 m

3
/ Cin and 100l filter retention.

4 Expected for 1 pCi 
2 2 2

Rn/m
3 

(see Fig. 4).
§ Corrected for decay and removal during sampling.

**Standard deviation.
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As seen in Figs. 8 and 9, both with and without turbulence, the fraction of radon
decay products attached to the aerosol particles decreases as the aerosol concentration
falls. However, the decrease is much more dramatic when mixing is going on, due to
enhancement of leakage of the ions or simple molecules of the radon decay products to
the walls.

In Fig. 10, the data from Fig. 8 have been replotted using as the abscissa the ratio
of aerosol surface area to total area (aerosol plus chamber walls). From this curve it
is possible to obtain some indication as to the behavior of radon decay products in the
open atmosphere. Assuming an effective size of 0. 3 um for the atmospheric aerosol
and a concentration of 6 x 103 particles/cm3 (near the actual value) and considering
that a 1-im 3 cell of air at the earth's surface has only 1 M 2 of surface area (rather than
the 6 M 2 of our chamber), the aerosol surface to total available surface would be about
0. 16%. From Fig. 10, this would correspond to about 80 to 85% attachment of radon
decay products to the aerosol under calm conditions and 50 to 55% under extremely tur-
bulent conditions. Considering that a more reasonable sampling cell would include the
lowest 10 m of the atmosphere, the area ratio would increase to about 1. 6%. Under
these conditions attachment would approach 80% and 90% for turbulent and quiet conditions,
respectively. These values are not out of line with experiments conducted at field sites
which have indicated that the collection and analysis of filterable radon decay products
gives a reasonable representation of atmospheric radon concentrations (4, 13).

Radioactivity collections made at "zero" aerosol concentration (less than 0. 01% of
the lowest measurable concentration, or < 1 particle/cm 3) show that with stirring only
a small fraction of the radon decay products remain airborne but that under still-air
conditions in the neighborhood of 50% of the radon can be accounted for by the radio-
activity of its airborne daughter products. This leads to the conclusions that these
atomic-sized particles are filterable and also that their average lifetime in this chamber
under still-air conditions is rather short. Deposition of radioactivity on the walls was
confirmed, but the accuracy of measurement was low due to the small surface area
available for counting.

Further information on the diffusion of the decay products to the walls is given by
the counting ratio of the second (C 6 1 _7 1 ) to the first counting period (C 1-11 ). As pre-
dicted by theory and confirmed in Tables 3 and 5, the count ratio decreases as secular
equilibrium between radon and its daughters proceeds, approaching 0. 368 as a limiting
value (on our equipment) after 2 hr. Values as low as 0. 380 are actually obtained; the
small difference could be due to calibration errors or diffusion of unattached radon
daughters to the walls. This latter is suggested as a possibility, since in the absence of
aerosol (Table 5) the count ratio is much higher, in the range of 0. 49 to 0. 77, suggestive
of a very young radon conglomerate. This is the direction any diffusion-produced error
would take, since loss of decay products further down the decay chain would cause a sur-
plus of their predecessors and an apparent lowering of the age of the decay product
mixture.

Effect of Wall Losses on Measured Atom Ratios
of RaC to RaB (p values)

Consider the series

n RaA( 2 1 8 Po) - RaB( 2 14 Pb) -= RaC( 2 14 Bi),

where at secular equilibrium the activities AX of each of the species are equal. If losses
to the wall occur, they may be corrected for by the application of appropriate factors t,
each of the decay products, so that
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ARn A/ RA (1 + a,) A B (1 + a1 )(1 + a 2) A/C (1 + a )(1 + a2)(1 + a),

where the A' symbols refer to the airborne radioactivity associated with each species at
secular equilibrium. Then,

NRaC
NRaB

RaC XB(1 + a)(1 + a 2 )(1 + a 3 )

ARaB xc(l + al)(1 + a 2)

where N RaC and N RaB are the number of atoms of RaC and RaB at secular equilibrium
in the absence of wall losses and X cand X0 are the respective decay constants. Thus,

RaC XB

0 AaB xc (1 + a 3 ) = Pexp(1 + a 3),

where p exp is the value obtained from the actual measurement of the decay rate of the

filterable radon decay products.

Since o equals 0. 735 at secular equilibrium (i. e., after an elapsed time of 2 hr),

0. 735
Pexp - 1 + a 3

a . 735 - p
p 

exp

exp

The correction factor a can be related to the half-life of
through the following line of reasoning:

the depositing species

Loss by decay = Ld = N(0. 693/t 1 2)

and

Loss to walls = L w = N(0. 693/ct 1 /2),

where N is the total number of radioactive atoms and t /2 and al 2 are the decay and
deposition constants, respectively. The total loss of radioactive atoms is

Ld +LW

Ld + LW = Ld(1 + a),

where a is the correction factor for wall losses. Solving,
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L N(0. 693/a 1 /2) t 1/2
a - - -

Ld N(0. 693/t 1/2) - 1/2

Thus, where t 1 /2 = 19.7 min (for RaC) anda a 3 ,

19.7 _0. 735 - o
1/2 0 

exp

or

19.7 o ,
1/2 0. 735 - 0)exp

Values for the measured ratios of counts at C6 1 7 1 to C 1 1 1 and the corresponding
p and a 1/2 values are listed in Table 6. From the count ratios obtained in the absence
of mixing and with no aerosol present, a 1/2, the deposition half-time, is found to lie in
the range of 7 to 14 min for the experimental conditions described. The measured dif-
ferences can very plausibly be ascribed to differences in convective mixing caused by
variations and air movements introduced during sampling in the thermal environment
outside the chamber. When active mixing is taking place, a 1/2 is considerably smaller.

Table 6
Evaluation of the Diffusion Constant for the

Chamber from Measured Count Ratios

The actual quantity of radioactivity collected on the filter in the absence of aerosol
is a small fraction of that obtained when considerable aerosol is present. As a result
the statistical errors in counting are large. These errors are magnified when the count
ratios are converted into apparent radon concentrations, since the counts expected for a
given count ratio are more sensitive to changes in the ratio with increasing departure
from the equilibrium condition (Fig. 4).

Count Ratio, Atom Ratio, Diffusion Constant,
Pexp a 1/ 2(min)

C 1-11

0. 368 0. 735 co
0. 377 0. 700 394.
0. 400 0. 600 88.
0. 425 0. 500 42.
0. 456 0. 400 24.
0. 500 0. 300 13. 6
0. 553 0. 200 7. 4
0. 627 0. 100 3. 1
0.730 0.035 1.0
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Filter Retentivity Measurements

Fibrous filter media depend on several mechanisms for collecting particulate matter
from a moving air stream - direct interception of a particle by a fiber mat, inertial im-
paction of a particle on a fiber following its failure to follow the stream of air deflected
by a fiber, and the diffusion of particles through the air to a fiber. There are also
electrostatic effects which are not being considered at this time. The interception and
inertial processes are more effective with larger and more dense particles, and effec-
tiveness generally increases with increasing air velocity, while diffusion is inversely re-
lated to the particle mass and the air velocity. On this basis the primary atoms or
simple oxides produced in the decay of radon should be collected by a diffusion mecha-
nism, and the collection efficiency should increase with residence time near a fiber, i. e.,
with decreasing air velocity. On the other hand, the collection efficiency for radioactive
atoms that had become attached to aerosol particles would be expected to correspond to
that of the aerosol during filtration.

A few preliminary experiments have been run which indicate that this hypothesis is
correct. Table 7 shows the retention of IPC 1478 (a loose filter of cellulosic fibers),
Type 5G (cellulose-glass fiber) and Gelman A (100% glass fiber) filter papers for the
polydisperse D. 0. P. aerosol and radon decay products both in aerosol-free air and
attached to the D. 0. P. test aerosols. The low-efficiency IPC filter has a retentivity
near 20% for the D. 0. P. aerosols as determined by direct aerosol measurement and
the radioactivity of the collected aerosol. In the latter case a backup, high-efficiency
filter was used to determine the fraction of the total radioactivity passing through the
test filter (7). In the absence of aerosol the IPC paper showed a considerably enhanced
collection efficiency (over 60%), which suggests that collection of the unattached radon
daughters is governed by a diffusion mechanism. The collection of radioactivity by
Type 5G in the absence of aerosol is much higher (90%), in keeping with its smaller
interfiber distance. By coincidence, the polydisperse D. 0. P. was collected with ap-
proximately the same efficiency as the atomic-sized particles. On the other hand, the
high-efficiency glass-fiber filter collected both the aerosol and the atomic-sized particles
with near 100% efficiency.

Further studies are currently underway to measure the effect of air velocity on the
collection of these atomic-sized particles. (The low concentration of these particles
precludes the possibility of any substantial number of them undergoing dimerization or
coalescing into particles containing more than one radioactive atom.)

CONC LUSIONS

The extent of attachment of radon decay products to aerosols in a chamber of finite
size has been shown to be directly related to the aerosol concentration, with a high de-
gree of attachment (> 90%) occurring at high aerosol concentrations. Turbulence within
the chamber increases the loss both of radon decay products and of aerosol particles
to the walls. In view of the rather high aerosol concentrations existing in the lower
atmosphere and the limited surfaces for competitive absorption, most of the radon decay
products will become attached to filterable aerosols. It has been demonstrated, however,
that in an isolated parcel of clean air short-lived radioactive atoms can live out their
lifetime in a free condition.

The attachment of radon decay products (and, by inference, free atoms or compounds
of nongaseous material) can be accounted for by a diffusion mechanism, though it is
possible that electrostatic effects may also contribute to the process. Since these un-
attached ions, atoms, or simple molecules can be readily collected by fibrous filters,
studies of filter effectiveness for these materials as a function of air velocity should
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reveal details of the filtration mechanism and, in particular, give some insight as to
the interfiber distances in an operating filter. The use of radioactivity to tag aerosol
particles permits the determination of filter retentivities for particles too small to be
evaluated by the usual light-scattering techniques and with the high sensitivity charac-
teristic of radioactivity measurements. Exploration of the interaction of these small
radioactive particles with their environment is continuing.

Table 7
Determination of the Retentivity of Some Air Filters

D. 0. P. Smoke Filter
Filter Type (cm/sec) Meter Reading D. 0. P. Size Retention(ci/sc)(%) _______ (%)

IPC 1478 Cellulose 2. 51 0. 16 polydisperse 18. 8*
2. 51 0. 70 polydisperse 20. 0*
2.51 63. 0 polydisperse 19. 1*
3.77 16.0 0. 3 pm 18. 5 ± 0. 11
3. 77 5. 0 polydisperse 18. 9 ± 0. 2t
3.77 0. 000 (none) 69. 3 ± 1. 3t

Type 5G Cellulose-glass 2. 51 25 polydisperse 88. 0*
fiber

2. 51 37 polydisperse 91. 9*
2. 51 60 polydisperse 89. 0*
3.77 0. 000 (none) 90. 0 ± 0. 9t

Gelman A Glass fiber 2. 51 63 polydisperse 100. 000*
2. 51 85 polydisperse 99. 998*
2. 51 87 polydisperse 99. 997*
3. 77 0. 000 (none) 99. 5 ± 0. 5t

* Retentivity based on smoke readings before and after passage through filter.

I Standard deviation of radioactivity measurements based on counting statistics.
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