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The Extent of Radioactive Equilibrium Between Radon
and Its Short-Lived Daughter Products in the Atmosphere

L. B. LOCKHART, JR. AND R. L. PATTERSON, JR.

Physical Chemistry Branch

Chemistry Division

A set of experimental conditions has been derived which optimizes the accuracy with which the radon

content of the atmosphere and its apparent residence time there can be determined from measurement

of the filterable gross 3 activity during two separate 10-minute periods following the end ofa 20-minute

collection period.

The 20-minute collection is made on a filter of essentially 100% retentivity (glass fiber filter) and

counted for G3 activity through a 10-mil (70. mg/cm
2
) aluminum absorber on equipment of known

efficiency for the f3 particles emitted by RaB and RaC. The ratio of measured counts during the 61-

through-71 -minute decay period to that during the 1 -through- I-minute period is employed to

obtain the atom ratio of RaC to RaB (p) in the air sampled, the apparent age (T) of the conglomerate of

radon and its daughters, and the total counts to be expected from any given radon concentration in the

air.
Extensive examples of atmospheric measurements are given which suggest that under most condi-

tions in the free atmosphere radon is essentially at secular equilibrium with its daughter products.

Other collections made following addition of radon to a restricted volume show the expected increase
in p with time, which confirms the basic validity of the procedure.

INTRODUCTION

In a previous report (1) it was shown that the
radon concentration of the atmosphere could be
deduced from measurement of its short-lived de-
cay products by their collection on a filter for a
fixed period of time followed by 6-activity mea-
surements during two subsequent periods. In
addition to the usual errors associated with air
flow measurements and counter calibrations, two
sources of error either could not be controlled
or were unresolved: the large statistical error
inherent in any counting process when a limited
number of random events occur and the un-
certainty in evaluating the counting efficiency for
the conversion electrons emitted by RaB (Pb 2t 4)
and RaC (Bi 2t4). The radon present in the air
sample, moreover, was assumed to have resulted
from an instantaneous emission of radon gas
from the soil; this was, of course, an obvious
oversimplification.

This report considers means of optimizing the
accuracy and sensitivity of this method by de-
termining those counting conditions which reduce
the effect of the conversion electrons and their

NRL Problem A02-13; Projects RR 004-02-42-5151 and AEC AT
49-7(2435). This is an interim report; work on this problem is con-
tinuing. Manuscript submitted November 9, 1965.

uncertain calibration and which also permit the
greatest sensitivity in the determination of con-
centration and age from 6-activity measurements
made during two fixed decay periods.

THEORETICAL CONSIDERATIONS

The growth of radon daughter products in the
atmosphere from a fresh radon source, their
growth and decay on a filter during a subsequent
20-minute period of air filtration, and the radio-
activity decay relationships between the solid
daughter products collected on the filter were
presented in the previous report (1). These data
have been revised and extended to permit inter-
pretation of the apparent radon age in terms of
its continuous emission from the soil rather than
its instantaneous emission. A summary of this
extension of information is given in Table 1.

Plots of the RaC/RaB atom ratios (p) as functions
of elapsed time are shown in Fig. 1 for the con-
ditions of instantaneous and continuous addition
of radon to the atmosphere. It is evident that the
higher p values will represent a much longer
time of growth of the radon daughters when inter-
preted in terms of the constant introduction of
fresh radon. Similarly, ,the radon/RaB activity

1
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TABLE 1

Growth of Radon Daughters in a Fixed Volume of Air on Addition

of Radon at the Rate of 104 Atoms per Minute

Elapsed Atoms Activity Atom Ratio
Time (dis/min) RaC/RaB Activity Ratio

(min) Rn* RaA I RaB I RaC Rn RaB (P) Rn/RaB

0 0 0 0 0 0 0 - -

10 100,000 36.0 30.8 2.2 12.66 0.71 0.071 17.9
20 200,000 89.7 150.5 20.5 25.33 3.70 0.136 6.85

30 300,000 145.0 352.3 69.3 37.99 8.82 0.197 4.31
40 400,000 200.4 618.7 155.3 50.66 15.58 0.251 3.25
50 500,000 255.7 935.2 279.9 63.32 23.71 0.299 2.67

60 600,000 311.1 1290.4 441.2 75.98 32.85 0.342 2.31
70 700,000 366.5 1675.4 635.5 88.65 42.76 0.379 2.07
80 800,000 421.8 2083.5 858.8 101.31 53.28 0.412 1.901
90 900,000 477.2 2509.4 1106.9 113.98 64.27 0.441 1.773

100 1,000,000 532.6 2949.0 1375.9 126.64 75.62 0.467 1.675
110 1,100,000 588.0 3399.3 1662.0 139.30 87.24 0.489 1.597
120 1,200,000 643.3 3857.9 1962.3 151.97 99.08 0.509 1.534
130 1,300,000 698.7 4322.8 2274.1 164.63 111.09 0.526 1.482
140 1,400,000 754.1 4792.5 2595.2 177.30 123.22 0.542 1.439
150 1,500,000 809.5 5266.1 2923.8 189.96 135.45 0.555 1.402
160 1,600,000 864.9 5742.6 3258.3 202.62 147.77 0.567 1.371
170 1,700,000 920.3 6221.3 3597.7 215.29 160.14 0.578 1.344
180 1,800,000 975.7 6701.8 3940.8 227.95 172.54 0.588 1.321

*The small amount of radon decay has been neglected.
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Fig. 1 - Change in the RaC to RaB atom ratio (p) with the Fig. 2

age of the radon conglomerate after exhalation of radon gas

from the earth
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Fig. 4 - Relative radon concentrations in the air under condi-
tions of single and continuous radon influx required to produce
identical quantities of radon daughter products. The values

plotted are obtained by direct comparison of the curves in
Fig. 3.

ratio is quite different for the two conditions, as
shown in Fig. 2. The time parameter is removed
from consideration in Fig. 3 by comparing directly
the radon/RaB activity ratio with the RaC/RaB
atom ratio (p), wherein smooth curves are obtained
which intercept the p axis at 0.735 for the equilib-
rium condition corresponding to infinite time.

Interconversion of the single emission and con-
tinuous emission conditions can be obtained from
the plot in Fig. 4, where the relative radon concen-
trations in the air required to give the same/3 activ-
ity on a filter are shown as a function of the mea-
sured p value obtainable from the same filter.

EXPERIMENTAL PROCEDURE

Air Sampling

Airborne particulate matter and associated
.8 radioactivity have been effectively collected on

glass fiber filters having an exposed area of about
0 25 cm 2 through use of positive displacement
- blowers (Roots-Connersville Models AF-24 or AF-
e 315) driven by 1-hp electric motors. Glass fiber

filters have essentially 100% retentivity for the
radon decay products at the air velocity employed
(2) and, moreover, are essentially surface collec-
tors; furthermore, no retention of the gaseous
radon by filters has been detected. In this study
Gelman Type A filters were employed with the
fairly smooth, screen-imprinted back surface used
as the collecting surface to reduce the effect of self-
absorption of radiation by the filter.

The quantity of dust collected during the 20-
minute periods did not measurably affect the air
flow (between 0.42 and 0.52 m 3/min, depending on
the unit), though on occasion a definite imprint of
the dust was apparent. The air sampling equip-
ment was calibrated against a rotameter-type flow
meter as a function of pressure drop across the
filter; flow was determined from pressure readings
taken at the start and the end of the run.

After the accurately timed 20-minute collection
period, the samples were transferred to other
holders and counting was started 60 seconds fol-

D.8 lowing termination of the collection.

Radioactivity Measurements

All radioactivity determinations were made
under conditions of standard geometry and
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backscattering with lead-shielded, end-window
G-M tubes of 5.6-mg/cm 2 window thickness using

conventional /3-counting equipment. Counting
was timed and recorded by use of Ametron Count
Recorders (Streeter-Amet) which had been modi-
fied to operate on a 10-minute cycle.

The equipment was calibrated as described in
the previous report (1) by use of standards of

Cs13 7 , Pb210 (Bi 210), and UX 2 prepared to simulate
as nearly as possible the filter size and arrange-
ment. Typical calibration data are shown in Fig. 5;

counting was done through a series of aluminum

absorbers to determine the most appropriate
system to use in subsequent measurements of RaB

10
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Fig. 5 -- Counter calibration CurvCes as a function

of &3 .. energy and absorber thickness

and RaC. The efficiency of the equipment toward
these radon daughters is shown in Table 2 for the
various absorber arrangements.

The accumulated counts to be expected fol-

lowing the filtration of air samples containing 100

picocuries (pCi) of radon per m3 for 20 min at
the rate of 1 m3 per min are given in Table 3 for
the 10-min periods starting at 1 min and at 61
min following the termination of filtration for

different values of p and for different absorber

thicknesses. The choice of these two time intervals
was made on the basis of the sensitivity of the
resulting count rate ratio to changes in p, as

described in the previous report (1). The indicated
count ratios during the two fixed time periods
(t,-.1 and t41 -71 ) have been employed to construct
curves for translating measured ratios and total
counts into p values and radon concentrations, as

shown in Figs. 6 and 7, respectively. The radon
concentration so determined is that which would
have resulted from a single, instantaneous emis-
sion of radon from the soil; the radon value cor-

responding to the steady emission of radon can be
found by adjusting the above value by a factor
obtainable from Fig. 4.

The greatest sensitivity in the determination of

p is obtained when a 30-mil aluminum absorber is

employed, since this effectively stops all radiation

except that associated with the RaC component.

On the other hand the counting rates are low

with resulting increased statistical uncertainty in

TABLE 2
Efficiency of /3 Counting Equipment Toward RaB and RaC Deposited on a Glass Fiber Filter

Counting Efficiency From Fig. 5 and After Estimated Correction
for the Effect of Conversion Electrons (%)

Activity 6 Energy No Absorber 5-mil Al Absorber 10-mil Al Absorber 30-mil Al Absorber

(MeV)
From After From After From After From After
Graph Corr. Graph Corr. Graph Corr. Graph Corr.

RaB 0.65 (100%) 10.90 13.63 4.10 4.51 1.82 1.87 0.0 0.0
(Pb 214) (25% low-energy con-

version electrons)

RaC 3.17 (23%) 13.79 14.48 10.17 10.68 7.75 8.14 3.06 3.21
(Bi 214) 1.65 (77%)

(5% high-energy con-
version electrons)

4
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TABLE 3
Calculated /3 Counts Obtainable From 20-Minute Collections of Radon Daughters on Glass
Fiber Filters for a Radon Concentration of 100 pCi/m 3 and a Filtration Rate of 1 m 3/min

Disintegrations Total Counts During 10-Minute Periods
During 10-Minute

Periods No Absorber 5-mil Absorber 10-mil Absorber 30-mil Absorber

p = 0.048
RaB 3798 864 518 118 171 39 71 16 0 0
RaC 1687 1594 244 231 180 170 137 130 54 51
Total 5485 2458 762 349 351 209 208 146 54 51
RatioRtio 0.448 0.458 0.595 0.702 0.945(t41-71/tl-11)

p = 0.190
RaB 13170 2879 1795 392 594 130 246 54 0 0
RaC 8233 5640 1192 817 879 602 670 459 264 181
Total 21403 8519 2987 1209 1473 732 916 513 264 181
Ratio 0.398 0.405 0.497 0.560 0.685
(t61-71/tl-1l)

p = 0.390
RaB 22700 4903 3094 668 1024 221 424 92 0 0
RaC 19562 10279 2833 1488 2089 1098 1592 837 628 330
Total 42262 15182 5927 2156 3113 1319 2016 929 628 330
RatioRtio 0.359 0.364 0.424 0.461 0.525(t61-71/tI-11)

p = 0.564
RaB 28946 6227 3945 849 1305 281 541 116 0 0
RaC 30758 13775 4454 1995 3285 1471 2504 1121 987 442
Total 59704 20002 8399 2844 4590 1752 3045 1237 987 442
Ratio(t61-71/ti-n) 0.335 0.339 0.382 0.406 0.448

p 0.735
RaB 33221 7136 4528 973 1498 322 621 133 0 0
RaC 41689 16562 6037 2398 4452 1769 3393 1348 1338 532
Total 74910 23698 10565 3371 5950 2091 4014 1481 1338 532
Ratio 0.316 0.319 0.351 0.369 0.397
(41-741-1/1q )

the true values. With no absorption except for
that inherent in the counting tube window, maxi-
mum count rates are obtained but also decreased
sensitivity results because both RaB and RaC
are counted simultaneously; moreover, the
effect of the large quantity of low-energy conver-
sion electrons associated with RaB cannot be
accurately assessed. Since a 10-mil aluminum
absorber will remove nearly all response to the
conversion electrons from the RaB and also

reduce to a considerable extent the counter
response to the RaB itself, use of an absorber of
this 10-mil thickness is considered to be a practical
compromise.

Estimations of the overall errors (standard de-
viations) based on the counting statistics to be
expected from use of this procedure to determine
the radon concentration have been made for the
conditions of an air flow of 0.5 m3 /min, a back-
ground of 30 counts/min, and a 5% contribution

r
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Fig. 6 - Effect of absorber thickness on the relationship

between the ratio of the counting rates at th- and t 61 71 and

the RaB/RaC atom ratio p

of longer lived activity (ThB+C and fission prod-
ducts) to the initial count, which conditions ap-
proximate those actually encountered. The

statistical errors (cr) corresponding to radon
concentrations of 100 to 4000 pCi/m 3 and p values
of 0.735, 0.564, and 0.390 are presented in Fig. 8

for filter samples counted through 10-mil alumi-
num absorbers. It seems reasonable to expect this
method to permit radon concentrations to be
determined with a standard error of 5% or less
for most conditions where relatively high at-
mospheric concentrations (> 1000 pCi/m 3) of

radon may develop.

Atmospheric Sampling

Samples of atmospheric radioactivity were

collected as described above on a roof 20 feet

above the ground. The sampling equipment was

contained in a box having louvered sides all
around to permit unimpeded access of air; the

exhaust was directed upward and away from the
sampling site.

In addition to the radioactivity measurements

described above, supplementary determinations
were made at 5 to 6 hours and 17 to 18 hours fol-
lowing collection to enable corrections to be
made for the small quantity of thoron daughter
products and fission products retained by the
filters.

Chamber Studies

The effect of the residence time of radon in the

atmosphere on its experimentally determined con-

centration and on the measured p values was

studied by the described technique following
release of a known quantity of radon gas (0.20)uCi)
into closed volumes of 35 m 3 and 0.31 M 3 . Con-

tinuous mixing was provided by low-speed fans.
Sampling was done at rates of 0.212 m3/min and
0.00196 m 3/min in the two cases, resulting in the
withdrawal of 11.5% and 11.8%, respectively, of

the particulate matter with each sample taken.
The filtered air was returned to the chamber.
Cigarette smoke was introduced into the larger
chamber to supply a quantity of aerosol particles
to serve as nuclei for attachment of the short-
lived radon daughters; a controlled quantity of

0.3)u (dia) dioctyl phthalate aerosol (DOP) was
used for this purpose in the second (glove-box)
experiment. The results of these two experiments
are discussed later in the next section.

RESULTS AND DISCUSSION

Radon concentration measurements in atmo-

spheric samples made by the described technique

are summarized in Table 4 for the assumed condi-
tions of continuous and of instantaneous emission
of radon from the soil and for secular equilibrium
in the atmosphere. The p values, also included in

Table 4, when compared with the secular equilib-
rium value of 0.735 given by Fig. 3 suggest that

the radon/radon daughter relationship is cer-
tainly near secular equilibrium under the condi-

tions prevailing at the sampling site. This rea-
sonably close approach to equilibrium diminishes
in importance the assumption made as to the
mode of introduction of radon into the sam-

ple volume. The agreement between pairs of
p values or radon concentrations obtained

from essentially duplicate determinations falls

within the range expected for measurements

6
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Fig. 8 - Estimations of the statistical eriror inherent in
the determination of radon concentrations using filter
samples coumted thrnough 10 -ril aluminum absorbers
assuming a 20-rnin sampling period at the rate of

0.5 nina/min, a background of 30 counts/rin, and a 5%
contlribution of ThB+C and fission products.

having the rather large, random errors as-
sociated with low counting rates.

For values of p in excess of 0.735 to occur in
the free atmosphere, as is suggested by a few
of the measurements, some mechanism must
exist there for removing the gaseous radon from
its solid dlaughters or for fractionating the daugh-
ter products relative to one another. Wilkening (3)
has demonstrated one such fractionation process
in which RaA is preferentially removed by the
strong electrostatic charge developed in the
atmosphere during thunderstorms. This loss of
RaA would interrupt the radon decay chain with
the result that the RaC/RaB atom ratio (p) would
increase above the equilibrium value. There was
no indication that such a mechanism was in
operation during any of our sample collections;
however, no electric field measurements were
made.

If the assumption is made that the observed
departures of p from the equilibrium value of

0.735 are artifacts due to the low accuracy in de-
terming p (primarily a function of the total count
during the 61-71 minute decay period) and that
secular equilibrium did exist, the initial count
during the 1-11 minute decay period can be em-
ployed to calculate the radon concentration. Such
calculations have been made for the extended
series of collections made on January 5 and
January 7, 1965; the results of both types of
measurement are compared in Figs. 9 and 10.
The horizontal axis of the diamond-shaped pat-
tern surrounding the points indicates the collec-
tion time, while the vertical axis indicates the
standard error (o) in the determination of the
radon concentration based on the uncertainty in
the measured activity ratio. The statistical errors
associated with each of the measurements in the
series which assumes equilibrium conditions to
exist are not shown but are considerably smaller
since the determination is based on a single
measurement made during the period of highest
activity.

From Figs. 9 and 10 it may be concluded that no
advantage ensues from use of the more compli-
cated procedure, at least under the sampling
conditions existing here. Indeed, it permits one
to place more reliance on the results of the many
determinations of radon activity made by numer-
ous investigators who have invariably assumed
secular equilibrium to exist in the free atmosphere.
It would appear that, in general, this approach is
valid. On the other hand, during the developing
stages of a strong temperature inversion in the
atmosphere, or immediately following ventilation
of a mine, tunnel, or similar closed space, de-
partures from equilibrium would be expected
and the simple approach could seriously under-
estimate the radon concentration.

The validity of this approach for determining
radon concentrations from measurements of its
filterable decay products was tested by the cham-
ber studies in which a measured quantity of radon
was released into closed spaces of known volume as
described earlier. The data accumulated in two
experiments are summarized in Tables 5 and 6.
In both instances the expected progressive in-
creases in p with time were found. The experi-
mental values of p obtained through use of the
described procedure are compared in Figs. 11
and 12 with calculated results which dupli-
cate as nearly as possible the actual conditions

I I I I I
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TABLE 4
Summary of Radon Concentrations Deduced from Count Ratios Under the Assumptions of One
Instantaneous Emission of Radon From the Soil at Some Past Time, of Continuous Emission of Radon
From the Soil at a Uniform Rate Beginning at Some Past Time, and of Secular Equilibrium of Radon
and Its Daughters in the Atmosphere

t TRadon Concentration (pCi/m
3
)

Date (EST) Air Rate CoB+C Ratio Thickness P Instantaneous Continuous* Secular

(m
3
/min) (t 1-11) t61.-I/t 1-1 (mils Al) Emission Emission Equilibrium

1964

Oct. 29

Nov. 9

Nov. 10

Nov. 12

Nov. 13

Nov. 16

Nov. 23

Nov. 24

Nov. 25

Nov. 27

No*. 3 0

Dec. 7

Dec. 9

Dec. 14

1965

Jan. 5

Jan. 7

0730-0750

0732-0752

0940-1000

0942-1002

0810-0830

0812-0832

0800-0820

0802-0822

0805-0825

0807-0827

0945-1005

0947-1007

0835-0855

0837-0857

0815-0835

0817-0837

0814-0834

0816-0836

0850-0910

0852-0912

-0810-0830

0935-0955

0830-0850

0832-0852

080$-0828

0810-0830

0710-0730

0755-0815

0840-0900

0925-0945
1010-1030

1055-1115

1310-1330

1520-1540

0820-0840

0905-0925

1015-1035

1530-1550

0.501

0.430

0.428

0.501

0.518

0.436

0.513

0.436

0.515

0.436

0.515

0.433

0.521

0.442

0.521

0.439

0.515

0.433

0.515

0.439

0.513

0.521

0.521

0.442

0.521

0.430

0.541

0.541

0.541

0.541

0.541

0.541
0.541

0.541

0.541

0.541

0.541

0.541

1475

10896

7117

2234

12006

9829

9640

2832

764

1871

1870

4214

2468

1882

5956

4799

2042

1600

4874

4052

3834

1296

4331

3310

2623

2154

4589

4918

5302

3637

4564

3489

2711

2342

6315

6534

4761

2235

0.398

0.322

0.331

0.369

0.388

0.378

0.391

0.384

0.402

0.382

0.412

0.386

0.377

0.369

0.388

0.382

0.389

0.364

0.381

0.371

0.372

0.362

0.393

0.405

0.361

0.337

0.384

0.393

0.365

0.358

0.368
0.365

0.392

0.351

0.369

0.370

0.375

0.361

0.73 ± 0.09

0.71 - 0.06

0.86 ± 0.06

0.85 ± 0.08

0.64 ± 0.03

0.69 ± 0.04

0.63 ± 0.04

0.78 - 0.06

0.72 :t 0.13

0.68 -t 0.09

0.68 ± 0.07

0.65 ± 0.06

0.70 ± 0.08

0.74 ± 0.10

0.65 - 0.05

0.67 ± 0.06

0.64 - 0.10

0.76 -t 0.11

0.68 -t 0.06

0.73 -t 0.06

0.72 ± 0.07

0.78 ± 0.12

0.62 ± 0.06

0.58 ± 0.05

0.78 -4 0.09

0.90 - 0.15

0.66 -t 0.07

0.62 ± 0.05
0.76 -t 0.06

0.80 ± 0.07
0.75 ± 0.06

0.76 --t 0.07

0.62 -L 0.07

0.84 - 0.10

0.74 -t 0.05

0.74 - 0.05

0.71 -4 0.06
0.79 -t 0.09

223 ± 30

249 - 18

303 + 20

286 + 28

670 ± 35

602 -t 37

556- -30

452: 39

115 ± 23

118 - 16

299 ± 34

277 -t 24

126 - 17

106 ± 18

331 - 26

302 -L 27

115 - 17

88 - 16

259 - 23

233 ± 24

190 - 20

58 -- 12

250 - 23

246 - 27

117 ÷ 16

94 ± 12

238 - 21

272 ± 24

236 - 22
152 - 17

208 t 20
155 - 19

149 t 18

91 + 13

292 ± 24
304 t 24

229 - 21
96 - 14

224

256

744

635

623

117

126

318

305

131

106

364

326

128

276

234

194

283

286

259

307

168

292

304

236

220 ± 6

240 ± 3

279 ± 4
333 ± 8

579 ± 6

562 - 6

470 ± 5

485+ 10

111 5

107 3

271 ÷7

243 ± 4

118 ± 3

106 ± 3

286 - 4

273 ± 4

99 ± 3

92 ± 3

237 -4

231 ± 4

187 ± 3

62 ± 2

208 + 4

187 ± 4

126 ± 3

125 ± 3

212 ± 4

227 ± 4
245 ± 4

168 ± 3
211 ± 4

161 ± 3

125 ± 3

108 ± 3

292 ± 4

302 - 4

220 ± 4
103 ± 3

________ ________ -� _______ ________ _________ j. ___________ L __________ I _________

*No conversion factors derivable for conditions where p > 0.735.
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JANUARY 5, 1965-EASTERN STANDARD TIME

1500 1600

Fig. 9 - Atmospheric radon concentrations on January 5, 1965

0800 0900 1000 1100 1200 1300 1400 1500 1600

JANUARY 7, 1965- EASTERN STANDARD TIME

Fig. 10 - Atmospheric radon concentrations on January 7, 1965

encountered during the experiment. Account has
been taken of the changes in p with time during
the collections as described in the Appendix (this
was ignored in the general solution of the experi-

mental procedure), the changing composition
caused by withdrawal of samples, and the back-
ground of other airborne radioactivity. The agree-
ment is entirely satisfactory in view of the difficulty
in setting an exact zero time for introduction of
the radon, which was degassed from a radium
solution, and the impossibility of evaluating the
affect of the chamber walls both in removing

aerosols and in removing radioactive atoms or
ions. This wall effect could result in the lower
p values observed and in the lack of closer ap-
proachment to the 0.735 equilibrium value.

The lack of quantitative agreement between the
measured radon concentrations and the added
quantity of radon was rather disturbing. Studies
currently underway, however, show that there is
a decided wall effect and that the chamber sur-
faces are in competition with the aerosol for
attachment of the radioactive atoms or ions of
the radon decay products and that, in the absence
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12 LOCKHART AND PATTERSON

TABLE 6
Experimental Evaluation of 0.20 tLCi Radon Released into a Chamber of

0.31 m3 Volume and Sampled at the Rate of 0.00196 m 3/min*

Count Calculated

Correction ExpeCted Radon Conc.Elapsed outCun Ratio Fcos Corrected Coount ti-i (pCi/rna)
Sample Time (:otrtt Count / Factors Count From p

t1-ii ti;1-71

(min) t,-1 Fiher ti, 100 pCi/in Corrected Equilibritum
Flow4 Efficiency Radon for p Assumed§

1 0-20 2390 1660 0.695 510 1.00 1.22 x 105 225 5.42 x 10 0.30 x 10s 0.052

2 30-50 10400 536(0 0.515 510 1.00 5.30 X 106 1370 3.87 x 109 1.28 X 101 0.27

3 60-80 16100 7000 0.435 510 1.00 8.21 x 106 2500 3.28 x 101 1.99 x 101 0.46

4 90-110 16900 7100 0.420 510 1.00 8.62 x 106 2810 3.07 x 105 2.09 x 105 0.51

5 120-140 20200 8120 0.402 510 1.00 10.31 x 106 3230 3.19 x 105 2.50 X 105 0.58

6 150-170 19921) 7920 0.398 510 1.00 10.16 x 101 3320 3.1)6 x 105 2.46 X 101 0.60

7 180-200 20380 7980 0.392 510 1.00 10.39 x 106 3480 2.99 x 105 2.52 x 101 0.62

8 260-280 21480 8220 0.383 510 1.00 10.95 x 106 3730 2.94 x 105 2.65 x 101 0.67

9 285-305 16940 6600 0.390 510 1.00 8.64 x 106 3530 2.45 x 10 2.09 x 101 0.63

*An 0.31a (dia.) DOP aerosol was added 10 min before the start of the experiment to a concentration of 104 particles/cc; the radon addition was
made during the initial 3 min of the experiment.

tCorrected for counter background; a negligible background of airborne radioactivity was present. All results were normalized to the D counter as
calibrated August 2, 1965.

:Reciprocal of 0.00196 m
3
/min.

§Expected counts were obtained from Fig. 7; for the equilibrium condition this value was 4130 counts.

F.

I I I I I

0 I 2 3 4
AGE OF RADON MIXTURE (HOURS)

5

Fig. 11 - Temporal changes in the RaC/RaB atom ratio (p)

following release of 0.20 u.Ci of radon into a chamber (room)

of 35 M
3 

volume. The samples were taken at 0.212 m
3
/min for

20 min. The background of old radon was approximately

500 pCi/in.

AGE OF RADON MIXTURE (HOURS)

Fig. 12 - Temporal changes in the RaC/RaB atom ratio (p)

following release of 0.20 /Ci of radon into a chamber of 0.31

M3 
volume. The samples were taken at 0.00196 m3/min for

20 min. The background of other airborne radioactivity was

negligible.
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of aerosol, little of the radon daughter activity
remains airborne. The progressive decrease in
observed radon with time is in accord with the
loss of aerosol through coagulation and deposition,

during which time the relative surface area of the

wall increases. The wall effect is greatest in the

large chamber, which contains so much perma-

nently mounted equipment that it has a large

surface-to-volume ratio. The apparent increase in
radon concentration with introduction of addi-

tional smoke, as noted in Table 5, is to be expected
if the relative surface areas of aerosol and wall

are of significance.
The application of correction factors based on

the p values does give a rather high degree of
internal consistency to the measured radon con-
centrations, except for the first few measurements
involving extreme degrees of nonequilibrium.
Even these fall reasonably well into agreement
when corrections are applied for the rapid changes
in p occurring during the early collections (see
Appendix). In any case the corrected values are
more realistic than those derived from the assump-
tion of secular equilibrium between radon and

its daughters. The discrepancy between the ex-
perimental and the true radon concentration
should not be encountered in measurements made
of the radon concentration in the free atmosphere,
since in that environment interaction with the
ground surface would be much more restricted.
On the other hand, use of this technique to
measure radon concentrations in mines, tunnels,
or other closed spaces might be expected to show a

wall effect whose magnitude would depend on the
configuration of the restraining walls and the rate
of mixing within the volume.

CONCLUSIONS

Reasonably accurate estimations can be made of
the radon concentrations in the free atmosphere
by collection on efficient filters of the short-
lived descendants of radon and measurement of

their /3 activity during two fixed periods fol-
lowing collection. The measurement of the extent

of secular equilibrium of radon and its daughter
products may be conveniently determined by
10-min counts starting 1.0 min and 61.0 min

after a collection of 20.0 min duration; counting
on calibrated equipment with a 10-mil aluminum

absorber inserted between the sample and count-
ing tube gives a good compromise between sensi-
tivity and the uncertainties introduced by the

complex group of conversion electrons emitted
and by counting statistics.

This method will detect any gross departures
of radon in the atmosphere from secular equilib-
rium with its daughter products and permits a de-
termination of the apparent age of the mixture.

In the free atmosphere radon is apparently near

secular equilibrium with its daughters at most
times; however, during initial stages of inversions
and in recently ventilated spaces equilibrium
departures can be expected. Chamber studies
using artificial aerosols indicate a loss of radon
daughter products to the walls or other surfaces

and suggest that underestimation of radon by
this method may result when the surface-to-
volume ratio is high or when mixing promotes
intimate contact between the air and a surface.
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Appendix
CHANGES IN p DURING NONEQUILIBRIUM CONDITIONS

The rapid changes in the RaC/RaB atom ratio
(p) encountered in the chamber studies immedi-
ately after the addition of radon necessitated the
development of new tables relating the growth and
decay of radon daughter activity collected during
20-min filtration periods to the radon concentra-
tion in the air. Such an approach was not required
for determinations of atmospheric radon, since
in that case it was assumed that the atmosphere
could be considered to be in or near a state of
dynamic equilibrium during periods of 20-min
duration.

Calculations of the collection and growth of
RaA, RaB, and RaC on a filter during a 20-min col-
lection were made taking into account the changes
in RaA, RaB, and RaC occurring in the air prior to
and during filtration. These changes are a function
of the time during which the radon daughter prod-
ucts have been growing into equilibrium. The
decay of these activities on the filter following ter-
mination of collection and taking into account the
successive decay of members of the series is shown
in Table Al for collections made during periods of
growth of the radon mixture corresponding to
ages of 0-20 min, 40-60 min, 80-100 min, and
infinite age (secular equilibrium established). The
data used to construct working curves for de-
termination of p and the radon concentration are
contained in Table A2.

Application of the information contained in
Tables Al and A2 to the results of the chamber
studies does increase the accuracy of radon
determinations during early states of growth
of the radon daughters; however, its affect
on the determination of p is not of great sig-
nificance. A comparison of the results of the
small chamber run based both on the standard
procedure and on this more realistic proce-
dure is shown in Table A3. Only during periods
of low p values are any substantial differences
noted in the derived radon concentrations. In
addition to the comparison of the experimen-
tal values of p and radon concentration for
the two procedures, the expected values are
also indicated; the experimental values of p
(by either procedure) and the expected values
are in good agreement, while the measured
radon concentrations are about 50% low. This
latter result is attributed to a "wall effect" due
to the large surface-to-volume ratio and to the
mechanical mixing within the chamber making
the walls more accessible to impingement of
diffusing ions and unattached atoms. The sam-
pling process itself removes 11.8% of the aerosol
and radon daughters with each collection, which
results in effectively 6% of the radon being in
a daughter-free, unmeasurable conditon during
any collection.

14
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TABLE Al
Radioactive Decay of Radon Descendants on a Filter Following
a 20-min Collection During Which the Radon Conglomerate
Progressively Increased in Age*

Countin Radioactive Decays Counting Radioactive Decays

Interval Interval
(min) RaA RaB RaC (min) RaA RaB RaC

Age 0-20 min; Age 80-100 min;
p = 0.0 to 0.190 p = 0.564 to 0.623

0-1 Sample Manipulation 0-1 Sample Manipulation

1-6 2226 4112 1709 1-6 2316 15867 16655
6-11 715 3775 2069 6-11 745 14109 16380

11-16 230 3370 2311 11-16 239 12454 15874
16-21 74 2977 2450 16-21 77 10962 15196
21-26 24 2622 2504 21-26 25 9640 14223
26-31 7 2307 2498 26-31 7 8474 13533ý
31-36 3 2027 2443 31-36 3 7431 12630
36-41 1 1782 2353 36-41 1 6544 11717
41-46 0 1566 2244 41-46 0 5753 10814
46-51 0 1375 2119 46-51 0 5057 9938
51-56 0 1209 1983 51-56 0 4443 9101
56-61 0 1063 1847 56-61 0 3904 8301
61-66 0 934 1707 61-66 0 3432 7552
66-71 0 821 1576 66-71 0 3017 6851

Age 40-60 min; Age - (secular equilibrium);

p 0.355 to 0.478 p = 0.735

0-1 Sample Manipulation 0-1 Sample Manipulation

1-6 2316 12780 10802 1-6 2316 17594 21219
6-11 745 11397 11006 6-11 745 15627 20470

11-16 239 10069 10960 11-16 239 13788 19533
16-21 77 8866 10715 16-21 77 12134 18467
21-26 25 7798 10325 21-26 25 10670 17320
26-31 7 6855 9839 26-31 7 9379 16136
31-36 3 6025 9285 31-36 3 8245 14950
36-41 1 5295 8699 36-41 1 7245 13782
41-46 0 4654 8094 41-46 0 6367 12654
46-51 0 4090 7491 46-51 0 5594 11572
51-56 0 3594 6900 51-56 0 4916 10551
56-61 0 3158 6329 56-61 0 4321 9589
61-66 0 2776 5785 61-66 0 3798 8696
66-71 0 2440 5272 66-71 0 3338 7866

*Based on sampling of 100 pCi of radon per unit volume in various stages of equilibrium

with its descendants.
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TABLE A2

Calculated )9 Activity from 100 pCi of Radon per m3 of

Air Sampled at the Rate of 1 m 3/min for 20 min

Activity Ratio

Initial Activity (tl-n) Final Activity (t41-71) Final/Initial

Radon Age* 
FiulIitI

(rain) DisintegratisC ts Disintegrations Countst Disintegrations Countst

0-20 RaB 7887 153.8 1755 34.2

(p = 0 to 0.190) RaC 3778 315.5 3282 274.0

Total 11665 469.3 5037 308.2 0.432 0.657

40-60 RaB 24177 471.5 5216 101.7

(p= 0.355 to 0.4 78 ) RaC 21808 1821.0 11057 923.3

Total 45985 2292.5 16273 1025.0 0.354 0.447

80-100 RaB 29976 584.5 6449 125.8

(p = 0.564 to 0.623) RaC 33035 2758.4 14403 1202.7

Total 63011 3342.9 20852 1328.5 0.331 0.397

SRaB 33221 647.8 7136 139.2

(p = 0. 7 3 5 ) RaC 41689 3481.0 16562 1382.9

Total 74910 4128.8 23698 1522.1 0.316 0.369

*Continuously changing age during the 20-rin filtration period.

tCollected on glass fiber fihler of 100% retentivity; counted through 10- mil aluminum absorber.

TABLE A3
Comparison of Derived p Values and Radon Concentrations in the Small

Chamber Run (Radon = 6.41 X 105 pCi/m 3 ) Based on a Fixed and a Variable

Age of the Radon/Radon Daughter Mixture

Elapsed RaC/RaB Atom Ratio (p) Radon Concentration (pCi/m3 )

Time Standard Modified Expected Standard Modified Expected

(main) Procedure* Proceduret Valuet Procedure* Proceduret Valuet

0-20 0.052 0.070 0.095 5.42 × 105 3.93 x 105 6.03 x 101

30-50 0.27 0.27 0.34 3.87 x 105 3.66 x 105 6.04 x 105

60-80 0.46 0.45 0.49 3.28 X 105 3.28 x 105 5.93 x 10.

90-110 0.51 0.50 0.58 3.07 x 105 3.09 x 105 5.90 x 105

120-140 0.58 0.57 0.61 3.19 x 10- 3.22 × 105 5.89 × 105

150-170 0.60 0.59 0.63 3.06 x 101 3.09 x 10- 5.85 x 105

180-200 0.62 0.61 0.64 2.99 X 105 3.02 x 105 5.84 x 10.5

260-280 0.67 0.66 0.70 2.94 × 105 2.96 x 105 6.01 x 101

285-305 0.63 0.62 0.67 2.45 x 105 2.48 × 105 5.81 X 105

*The value Of P is assumed to be constant during the sampling period.

tThe value of p is assumed to in(crease with the age of tire radon conglomerate during collection.

:Caleulations based on modified procedure and taking in account changes pioduced by iemoval of 11.8%, of

the aerosol with each sample.

16



Security Classification

DOCUMENT CONTROL DATA - R&D
(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified)

I. ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY C LASSIFICATION

U.S. Naval Research Laboratory Unclassified
Washington, D.C. 20390 2b GROUP

3. REPORT TITLE

THE EXTENT OF RADIOACTIVE EQUILIBRIUM BETWEEN RADON AND ITS
SHORT-LIVED DAUGHTER PRODUCTS IN THE ATMOSPHERE

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

An interim report on the problem.
5. AUTHOR(S) (Last name, first name, initial)

Lockhart, L.B., Jr., and Patterson, R.L., Jr.

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS

April 5, 1966 201 3
8a. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)

NRL Problem A02-13 NRL Report 6374
b. PROJECT NO.

RR 004-02-42-5151
C and AEC AT 49-7(2435) 9b. OTHER REPORT NO(S) (Any oth nu.bers thatmay be .ssigned

this report)

d.

10. AVA ILABILITY/LIMITATION NOTICES

Distribution of this document is unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Department of the Navy (Office of
Naval Research) Washington, D.C.

13 ABSTRACT

A set of experimental conditions has been derived which optimizes the accuracy with which
the radon content of the atmosphere and its apparent residence time there can be determined
from measurement of the filterable gross /3 activity during two separate 10-minute periods
following the end of a 20-minute collection period.

The 20-minute collection is made on a filter of essentially 100% retentivity (glass fiber filter)
and counted for /3 activity through a 1 0-mil (70. mg/cm2 ) aluminum absorber on equipment of
known efficiency for the /3 particles emitted by RaB and RaC. The ratio of measured counts
during the 61-through-71-minute decay period to that during the 1-through-I 1-minute
period is employed to obtain the atom ratio of RaC to RaB (p) in the air sampled, the apparent
age (,r) of the conglomerate of radon and its daughters, and the total counts to be expected
from any given radon concentration in the air.

Extensive examples of atmospheric measurements are given which suggest that under most
conditions in the free atmosphere radon is essentially at secular equilibrium with its daughter
products. Other collections made following addition of radon to a restricted volume show the
expected increase in p with time, which confirms the basic validity of the procedure.

D D I JAN64 1473 17
Security Classification



Security CilaSSiticaL U on IUI .. 1I_ _ -Li 4 I r" L N

KEY WORDS

Radioactivity
Atmosphere
Measurement
Radon
Radioactive decay
Filter collections
Radon decay products
Secular equilibrium

ROLE WT ROLE WT ROLE Wi.

ROLE

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-

fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECUI0TY CLASSIFICATION: Enter the over-

all security classification of the report. Indicate whether

"Restricted Data" is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-

rective 5200. 10 and Armed Forces Industrial Manual. Enter

the group number. Also, when applicable, show that optional

markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all

capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-

tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of

report, e.g., interim, progress, summary, annual, or final.

Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.

If military, show rank and branch of service. The name of

the principal author is an absolute minimum requirement.

6. REPORT DATE: Enter the date of the report as day,

month, year; or month, year. If more than one date appears

on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count

should follow normal pagination procedures, i.'e., enter the

number of pages containing information.

7b. NUMBER OF REFERENCES. Enter the total number of

references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter

the applicable number of the contract or grant under which

the report was written.

8b, 8c, & 8d. PROJECT NUMBER: Enter the appropriate

military department identification, such as project number,

subproject number, system numbers, task number, etc.

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified

and controlled by the originating activity. This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been

assigned any other report numbers (either by the originator

or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-

itations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) "Qualified requesters may obtain copies of this
report from DDC."

(2) "Foreign announcement and dissemination of this
report by DDC is not authorized."

(3) "U. S. Government agencies may obtain copies of

this report directly from DDC. Other qualified DDC
users shall request through

(4) "U. S. military agencies may obtain copies of this

report directly from DDC. Other qualified users
shalt request through

(5) "All distribution of this report is controlled. Qual-
ified DDC users shall request through

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-

cate this fact and enter the price, if known,

11. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of

the departmental project office or laboratory sponsoring (pay-

ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual

summary of the document indicative of the report, even though

it may also appear elsewhere in the body of the technical re-

port. If additional space is required, a continuation sheet shall

be attached.

It is highly desirable that the abstract of classified reports

be unclassified. Each paragraph of the abstract shall end with

an indication of the military security classification of the in-

formation in the paragraph, represented as (TS), (S), (C), or (U).

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as

index entries for cataloging the report. Key words must be

selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military

project code name, geographic location, may be used as key

words but will be followed by an indication of technical con-

text. The assignment of links, roles, and weights is optional.

18
Security Classification

14.
ROLEROLE ROLE WT WTWT


