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ABSTRACT

Alpha spectroscopic techniques have not often been used to measure
radon daughter concentrations in field studies because the equipment
required is bulky and expensive. With advances in integrated circuit
technology, less expensive, portable instruments have been developed
that now make it possible to use these techniques to measure the low
concentrations of radon daughters typically found indoors. One of
two procedures may be used, two-count or single-count, depending on
whether precision of measurement or rapidity of measurement is the
more important objective. We have anaij;zed the effectiveness of both
procedures. The results show that the two-count method permits indi-
vidual radon daughter concentrations to be measured at the low level
of one picocurie per liter with a relative standard deviation of
about 20% within a total measurement time of 40 minutes (assuming
the product of detector efficiency and sampling flow rate is one
liter per minute.) With the single-count procedure, using the same
assumption, potential alpha energy concentration can be estimated
within a total measurement time of 11 minutes with less than 20%
relative procedural error for common equilibrium conditions; the
relative standard deviation is about 20% at 0.005 working level.
These findings are compared with results obtained by other commonly

used procedures.

Keywords: radon, daughter products, measuring methods, alpha
spectroscopy
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INTRODUCTION

Measuring low concentrations of radon daughters in buildings and in
outdoor air requires techniques that are more sensitive than those gen~
erally applied in mines. At present, most field meakurements of radon-
daughter concentrations are made by measuring total alpha decays on a
filter through which air has been drawn. Techniques based on alpha

2
spectroscopy, whic!i discriminate between the alpha particles from 18Po

and Zleo, althcugh more sensitive, have in most cases been restricted
to laboratcry studies because the bulky and expensive equipment they
require made field applications impractical. Recent advances in inte-
grated circuit technology, however, have led to the development of
easily portable instruments for measuring radon daughters by alpha
spectroscopy. 1,2 In order tc realize the full potential of such instru-
ments, one must carefully select the duration of and delay time between
sampling and counting interval(s), and the data analysis procedure.

In measuring radon daughters one usually wants to achieve both meas-
urement detail, often meaning high precision, and short measurement time
~- objectives which, in practice, may conflict. Depending on experimental
goals, however, one or the other objective may be emphasized. In ordinary
field surveys, for example, detail can often be sacrificed in favor of
shortening measurement time. On the other hand, when studying the behav-
ior of radon daughters under various envirommental conditions, precise
measurement of individual daughters assumes priority. In this paper we
examine two alpha spectroscopic procedures; one emphasizes the goal of

high precision, and the other that of short measurement time.

PRECISE MEASUREMENT: TWO-COUNT INTERVAL-PROCEDURE

In the most general situation, the airborne activity concentrations
of radon daughters are regarded as independent variables. To determine
daughter concentrations without any prior assumptions ahout their rela-
tive activities, one must measure three independent parameters (i.e.,
decay counts) of the filter. In alpha spectroscopy, the counts from
218Po and 214?0 can be independently registered; thus two counting in-
tervals provide more than enough information for calculating the indi-

vidual daughter concentrations. In the procedure described here, the
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fourth count is used to compute the fraction, @, of the 214Po counts

that appear in the 218?0 channel because of energy lost as the alpha
travels from the decay site to the detector.

The notation for the four count totals resulting from a measurement
is: low-energy (218Po) peak, first interval total = Dl’ second interval
total = Db; high-energy (214Po) peak, first interval total = D2, second
interval total = D3. (All of these values are assumed to be cerrected
for background.)

The energy overlap factor, @, is then given by

0= (DA—SDI) / (D3- s D,), 16D
where
s = (e_Alty - e-xltZ) / (e-Altx - e-xltl). (2)
218

Here, Xl is the decay constant for 2

respective beginning and end times of the second counting interval, and

Po (0.227 min'l), t, and t., are the

tx and tl are the respective beginning and end times of the first counting
interval. (All times are in units of minutes and are measured from the
beginning of sampling.)

From the definition of O and the count totals, D, through Dl.’ one

1
can obtain the elements of the "corrected" count vector, N, as

N, = D1 -0 D2, N2 = D2 (1+0), and N3 = D3 a+0). (3)
It can be shown that for any given sampling and counting intervals, the
elements of the vector N are linear combinations of the concentrations
of the radon daughters in the sampled air. (See, for example, ref. 2.)
For alpha spectroscopy, assuming equal detection efficiencies for the

two alpha particles, this relation can be written in the form:
N=(§ - I nf, %)

where n is the detection efficiency, f is the sampling flow rate (1/m),

and I is a 3-element vector (11,12, 13) where the subscripts 1,2, and 3

218P 214Pb, 214

refer to the first three radon daughters, and Bi, res-
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pectively.* The 3 x 3 matrix, H, is obtained by solving the differential
equations for radon daughter activity during and after sampling, and then

integrating over the counting intervals used.z’3 Equation (4) is inverted

to obtain

I=(K-N /nf, &)

where K = H_l. The values of s and of the matrix elements, k

i’ for three
timing schemes are presented in Table 1. Once these values are obtained,
the data for the two-count-interval alpha spectroscopic procedure can be
analyzed in the field with a hand-held calculator.

To optimize the precision obtained with the two-count-interval tech-
nique, we define the minimum measurable concentration, MMC, for individual
radon daughters; the MMC is the concentration in air of a radon daughter
such that the standard deviation in the measurement, associated only with
the random nature of radioactive decay, is 20% of the sampled concentration.
The standard deviation is computed by standard propagation of error for-
mulae4 under the approximation that the number of counts observed, in
either peak and for any time interval, is an independent, Gaussian-distri-
buted variable. The MMC's are inversely proportional to the product of
the detection efficiency and the sampling flow rate which, for this dis-
cussicn, is assumed to be equal to one liter per minute. Finally, the
closed-form solutions for the MMC's depend on the relative activities of
the daughters, specified by two valu;iz R2 andzﬁg, whicgl;epresent the
ratio of activity concentrations of Pb and Bi to Po, respectively.

We define a figure of merit for daughter measurement techniques as

a linear combination of the MMC's, labeled MMCS:

3
MMCS = (1/3) £ b, MMC_, (6)
. 1 1 .
i=1
where

bi = 100 ( 0.00103 + 0.00507 R, + 0.00373 R3 )/ R, (7)

*Because of its short half-life, the fourth daughter, 214?0, is assumed
to decay simultaneously with its predecessor.
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and Rl = 1. The product bi MMCi equals 100 W, where W is the potential
alpha energy concentration (PAEC) resulting from daughter activities

I1 = MMCi/Ri’ I2 = Ile, and 13 = I1R3' Thus each MMC has a "health
effect" weighting factor so that a lower MMCS implies a more precise
measurement of individual daughter concentrations at a given PAEC.

The MMCS was evaluated for fixed sampling and measurement times and
over a range of equilibrium conditions.2 In general, the best results
are obtained by minimizing the delay between sampling and the first
counting interval; for our manually-operated instrument, one minute was
selected as a reasonable minimum. To find the minimum value of the MMCS,
a computer program was written to search a two—dimensional time space
that specifies when the first counting interval ends and when the second
begins. Figure 1 shows a plot of the MMC's and the MMCS for optimized
timing schemes as a function of total measurement time for the two-count-
interval procedure. Although these results were obtained for a single
sampling time (10 minutes) and for a single equilibrium condition (RZ:R3
= 0.6;0.4), they are typical. For total measurement times below 35 min-
utes, the curves slope sharply downward, indicating that greater precision
is associated with longer measurement time; above 35 minutes the gains are
less pronounced. The figure also indicates that even with modest flow
rates and detection efficiencies (again, the product is assumed to be
one 1/m), a measurement time of 40 minutes allows the individual daughters
to be measured at 1 pCi/l with a relative stardard deviation of about
20%.

The MMCS can be evaluated for any completely determined measurement
technique.2 Table 2 compares the precision obtained from the two-count-
interval alpha spectroscopic technique with that obtained from other
techniques. As is evident, the procedure presented is more precise than

other procedures commonly used.

RAPID ESTIMATION: SINGLE~COUNT-INTERVAL PROCEDURE
When short measurement time is the objective, as in field surveys,
it is possible to use a single counting interval immediately after sam-

pling. In this method, the 218Po concentration is measured directly
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from the total count in the low~energy peak. The PAEC is estimated from

a linear combination of the counts in the two peaks. Thus, we obtain

Il = kll Nl / nf, (8

and
w=(ANl+BN2)/T1f:

vhere w is the estimated PAEC, in units of working level, N, and N, are

18 214 1 2
the counts due to Po and Po decays, respectively, and A and B are

constants. The use of this technique for estimating PAEC introduces a

"procedural” error resulting from incomplete knowledge of the equilibrium
conditions. This error can be understood by realizing that there are
many values of the PAEC which, depending on the equilibrium ratios, R

2

1 and NZ'

Figure 2 presents a map of the procedural error, for all equilibrium

and R3, will yield a given combination of counts, N

conditions, based on a sampling time of 5 minutes and a counting time of
5 minutes after a one-minute delay. The values of A and B and 7.25 x 10_5
and 1.93 x 10_4 WL-1/m, respectively, while kll is equal to 0.0634 pCi/min~
ute. Also plotted here are data obtained in one house where the two~count-
interval procedure was used.5 Out of approximately 100 data points,
about 50% lie within the contours for 10% procedural error, and only the
data points for which I3 is greater than 12 lie outside the 20% contours.
The random errors encountered in estimating PAEC by this procedure can
be similarly plotted, given the activity of one of the daughters.6 For
the data plotted in Figure 2, assuming 218Po concentration of 1 pCi/l,
and an nf product of 1 1/m, the random error wduld, in all cases, be
less than 20%.

To test this procedure, a series of samples taken in a room-sized
test chamber were analyzed by both the single-count~interval and the
two—count—interval procedures. The results of this test are presented
in Table 3. 1In all cases, the disagreement is less than 20%.

The rapid spectroscopic procedure for estimating PAEC offers advan-
tages over the single~count, total alpha methods commonly used. The
Kusnetz method7, while introducing a smaller procc¢ _ural error, typically

requires about 45 minutes fur a single measurement. The Rolle method8
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is not well-suited to measurement times below 16 minutes and, even 1if
this total time is used, a 6-minute delay hetween S-minute sample and
counting periods is required for maximum precision. The long delay
results in a greater random error than is obtained using the alpha
spectroscopic procedure with a 1l6-minute measurement time. Finally,
the rapid spectroscopic procedure allows us to obtain an indication of
the radon daughter equilibrium by comparing the independently measured

218Po concentration and the estimated PAEC.

CONCLUSIONS

The alpha spectroscopic procedures presented can be used effectively
for measuring indoor concentrations of radon daughters in the field. The
two-count-interval technique permits more precise measurement of indivi-
dval radon daughter concentrations indoors than other procedures. For
field surveys, where rapid PAEC determination is often the goal, the
single-count-interval procedure presented here requires less measurement

time than the total alpha procedures commonly used.
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PROCEDURAL ERROR IN Ry Ry PLANE FOR RAPID SPECTRO-
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Fi1GURE 2. PROCEDURAL ERROR IN RAPID (SINGLE-COUNT)
SPECTROSCOPIC TECHNIQUE. CONTOURS ARE LABELED WITH
THE PERCENT OVERESTIMATE (+) OR UNDERESTIMATE (-) OF
PAEC ASSOCIATED WITH THE UNCERTAIN EQUILIBRIUM

CONDITIONS, /LSO PLOTTED ARE DATA FROM ONE RESEARCH
HOUSE OBTAINED BY THE TWO-COUNT-INTERVAL PROCEDURE.
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TaBLE 2. COMPARISON OF TECHNIQUES FOR MEASURING RADON DAUGHTER CONCENTRATIONS

MeTHOD To TeTL Ty Ty ToTz | MG MMGT  mcgT  mMces
(MINUTES) (pC1/L.)

THomas-Ts1vosLou 5 7-10 11-25 26-35 | 30.9 6.5 9.9  11.3

CLIFF-JAMES-STRONG © 10 0-10 11-26 27-42 3.2 1;8 2.5 2.2

EWLM ¢ 3 3,2-6.2 2.9 4.2 2.6 3.1

ALPHA SPECTROSCOPIC ° S 6-15 24-40 1.4 1.7 1.0 1.2
10 11-19 27-40 1.2 13 0.9 1.0
10 11-21 31-50 1.1 07 0.6 0.7

® VALUES COMPUTED FOR EQUILIBRIUM RATIOS R2:R3 = 0.6:0.4.
® Thomas,J.W. (1972). HEALTH PHys, 23:783-739.
 CLIFr,K.D. (1978). Phys. Mep. Bror. 23:55-65.

4 OverLAP 8 = 0,24, WITH RELATIVE SD OF 0,12, Keere, D.J,, ET. AL, (1973)

Ine EnviroNMENTAL WorkING LEVEL MoNITOR.

¢ Overcap 9 = 0,05,

ARGONNE HAT. LAB. REPORT No. P7628C.




TABLE 3. KRESULTS OF A TEST OF THE RAPID SPECTROSCOPIC PROCEDURE

a a a b _HZEAEL_
PAEC Rz R3 W PAEC

(WL) (WL)

c.05s1 0.27 0,23 0.057 +0.118

0,082 0.29 0.14 y.979 -0.037
0.152 0,70 0.45 0.157 +0,049
0.161 0.68 0.58. 0,174 +9,081
0.178 0.73 0.61 0.199 +0.113
0.167 0.76 0.60 0,133 +0.U96
0.15%6  0.75 0,57 0.165 +0.058
0.146 0,72 0.5¢ 0.160 +0.096
0.132 0.69 0.62 0.149 +0.128
0,125 0.70 0.61 0.141 +0.128
6.095 0.59 0.57 0.113 +0.18y
0.079 0.49 0,41 0.988 +0.113

a
YEASURED BY THO-COUNT-INTERVAL PROCEDURE.

OBTAINED FROM 5-MIN. SAMPLE, 5-MIN COUNT WITH
ONE-MIN. DELAY.

A=7.25 x 10™°, B=1.93 x 1074
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