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MEASUREMENT OF RADON PROGENY COWCENTRATIONS
IN AIR BY ALPHA-PARTICLE SPECTROMETRY*

George D. Kerr

Health Physics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

A technique is presented for measuring air concentrations of the shoru-
lived progeny of radon-222 by the use of alpha-particle spectrometry,
In this technique, the concentration of RaA, RaB, and RaC are
calculated from one integral count of the RaA and two integral counts
of the RaC' alpha-particle activity collected on a filter with an air
sampling device. The influence of air sampling and counting intervals
of time on the accuracy of the calculated concentrations is discussed
in the report. A computer program is presented for use with this
technique, It is written in the BASIC language. The program will
calculate the air concentrations of RaA, RaB, and RaC, and will estimate
the accuracy in these calculated concentrations.

*Research sponsored by the Energy Research and Development Administration
under contract with Union Carbide Corporation.






Introduction

The concentrations of short-lived progeny of radon attached to dust
particles in the air can be measured by taking three counts of alpha-
particle activity collected on a filter with an air sampling device.

In a technique reported by Tsivoglou_ggiik.(l), the concentrations of
RaA, RaB, and RaC in air are calculated from three count rates of the
combined alpha-particle activity of RaA and RaC' at 5, 15, and 30 min
after the collection of an air sample and in modification of this tech-

(2)

nique reported by Thomas "’ , they are calculated from three integral counts
of the combined alpha-particle activity of RaA and RaC' from 2 to 5, 6 to
20, and 21 to 30 min after the terminatior of the air sample collection.
An advantage of these two techniques is that a rather simple counter
operated with air in the small gap between the detector and filter can be
used, since the 6.0 and 7.7 MeV alpha-particle activity from RaA and
RaC', respectively, dc~s not-have to be resolved; but these techniques do
not offer the accuracy, especially in the calculated concentration of RaA,
provided by a spectrometry technique reported by Martz gg;gl.(s) In this
spectrometry technique, the concentrations of the short-lived radon
progeny are calculated from one count rate of the RaA and two count rates
of the RaC' alpha-particle activity on the filter at S min and at 5 and 30
min, respectively, after the collection of the air sample.

In measurements using the alpha-particle spactrometry technique,
the filter could be counted in a vacuum with a silicon surface-barrier

detector, but to insert the filter either an elaborate counter with an

air interlock would be required or the counter would have to be cycled



from the vacuum to atmospheric pressures. Because of potential breakdown
of diode detectors at about 0.1 Torr, the bias voltage on the detector
should also be cycled making the latter method of inserting the filter
both complicated and time consuming. A counter which is more convenient
for routine use with the spectrometry technique and a modification of this
technique which improves the accuracy and sensitivity of radon daughter
measurements have been developed at this 1aboratory.(4’5)

In this counter, helium is flowed between a diode detector and
filter which are separated by a distance of about 0.5 cm. By using
helium to replace the air in the small gap between the detector and
filter, the counter can be operated at atmospheric pressures with little
loss in resolution and considerable gain in filter handling simplicity
compared to measurements in a vacuum,

In the modified spectrometry technique used with the counter, the
concentrations of RaA, RaB, and RaC are determined from one integral
count of the RaA and two integral counts of the RaC' alpha-particle
activity collected on the filter. A computer program has been written
in the BASIC language for use with this technique. This program
will calculate the concentrations of RaA, RaB, and RaC in air and will
estimate the accuracy in these calculated concentrations for the air
sampling rate, the air sampling time, the counting times, and the
detection efficiency of the counter used in counting the activity
collected on the air filter. The matrix equations used in the computer
program are discussed below. Sampling times and counting times are
recommended which give a good overall accuracy in the calculated

concentrations for a wide range of RaB/RaA and RaC/RaA activity ratios.



The computer program and an example of the printout of this program are
given in Appendices A and B, respectively.

Theory of the Modified Spectrometry Technique

In developing equations descriptive of the time dependence on the
collection and counting of radon progeny on a filter, the alpha particle
decay of Ral' occurs almost instantenously after the decay of RaC and
can be attributed to RaC.

The set of differential equations describing the rate at which radon

progeny atoms are collected on a filter with an air sampling device is

dni(t)
s AR LI IR RO L N O (1)
1 for RaA
where i = 2 for RaB
3 for RaC
n, = number of the ith type of atom on filter
A; = decay constant of ith type of atom in min,”}
q; = air concentration of ith type in atoms/liter

v = air sampling rate in liters/min

These linear differential equations are of the form

Lo+ ay = £(0) 2)

with a general solution

y = e 2% Yo +jf(x)eaxdx . (3)



where Yo is a constant of integration. In the solutions to equations(1l),
the constants of integration are evaluated using the initial conditioms
that each ni(t) is equal to zero at the start of the sampling interval
of time, i.e. ni(t) =0 at t = 0. For a sampling interval of time t',
ie, t = t', measured in minutes, the number of radon progeny atoms which

collect on the filter is

-2 t']
1 -e 1
. 1 = T ————t e et
RaA: nl(t ) Qv i J (N
_l ’lzt' -klt' M
- ¢ [ - €
RaB: n,(t') = q.v +
, a, T oo, (5)
.
-A,t!
SAgtt -t S e
RaC: my(t') = quv | Syt S - ey
3 37 "2 37 %2 3771
- t - !
Azt "lt
e e
E 2 - 2
CR3m ) Oy =2 7 Oy =30 Oy =) |
Attt YR A -A.t! -At!
3 3 2 3
1 -e¢ e - e q.vi 1l - ¢
+ qu + - + 3 R 6)

Equations (4), and (5), and (6) can be written matrix from as

N=vKQ (%



or
nl(t') Rll(t') klz(t') Rls(t') aQ
nz(t') = v kZI(t') kzz(t') kzs(t') a,
n.(t') Ko (t') Ko (t') K..(t') (83
2 31 32 33 a3

where capital letters are used in equation (7) to represent the matrices

shown in equation (8). The elements of the matrix N are

kp(E) = (1 -e 1/
k(e =0
k(") =0
-)\.,t' ~A.,t' ~A1t'
Lyt =(-e 7 )i+ (e 7 - )/ Oy =3
B
kyp(t) = (1 -e = /2,
Ky(t") = 0 )
-agt! SAgtt At (9)
ksl(t') = (1 - € )/AS + (e -e ~ )/(AS -Az)
A, tt
3 “Att
- e [z = 25) (g - 2y) e 27 (g - 20, -2
-t
- Ae /Oy = A Oy = A)
—)‘St' w)st' »th‘
kop(t') = (1 - e Mg+ (e - e )/ G - A)
-Agt!
kag(t') = (1 - e )/ A5

By letting v equal zero in equation (1), another set of differential

equations is obtained which describe the decay of radon progeny atoms on



7
the filter once sample collection is terminated. These linear differ-
ential equations are also of the form given by equation (2) with a
solution of the form specified by equation (3). In evaluating the
constants of integration in the solutions of these equations, the time
t is measured from the start of the counting interval of time, ie, t = 0
at the end of the sampling interval of time, and the number of radon
progeny atoms on the filter at the start of the counting interval of
time ni(t) is set equal to the number of atoms on the filter at the end

of the sampling interval of time ni(t'], ie. ni(t] = ni(t') at t = 0.

At a time t measured in minutes from the start of the counting

interval of time, the number of each type of radon progeny atoms on

the filter is

{ At (10)
RaA: nl(t) = nl(t ' e
-2t ~t
r Ae 1 A.e N (t") e_>‘2t
RaB: n,(t) = n,(t') | —— — — |+ 2
2 1 AZ - Al Az - Al (11)
-t “A,t
A hge 1 A he 2
RaC: n, (t) = n, (t") —_
3 1 (AS - AI)CAZ - Al) (A3 - Az)(xz - Al)
R W
AAe ° At Agt
172 iy | Ane A,e
' Og = 205 - 2y) mp(th) Az - A “"'xz - A
3 2 3 2
-Agt (12)

+
=]
(93}
~
(nd
~
(]



Equations (10) and (12) can be used toc relate an integral count ¢,

of alpha-particle activity on the filter in a counting interval of time
designated as tj to the number of atoms of each type of radon progeny

on the filter at the termination of the sample collection by the relar.on

[ e
e5(t) = g Z f agmg (1) de (133
1 t.
JS

vhere tjs and tje are the times at the start and end of the counting
interval tj, respectively, and g is the detection efficiency or the
geometry factor of the cvunter. The sum in this relationship is over
i = 1 and 3 for integral counts of the combined RaA and RaC activity,

i . 1 for integral counts of only the RaA activity, and 1 = 3 for in-
tegral counts of only the RaC activity., Substitution of equations (10)
and (12) into equation (13) and integration with respect to time an
equation of the type

ey (e = & [ 153(em (e 1,(eny (81 Ls(epng(e)]

since the ni(t')'s are independent of t. Three integral counts of the
alpha-particle activity on the filter can, of course, be related to the
number of radon progeny atoms of each type collected on the filter ac
the end of the sampling period or at the start of the counting period

by a matrix of the form



3 (1)) 1.6 1,0 1)) fn )

() )= 8 |15, (1) 15(t)  1,.0c,)] |ny(eh)

(15)

Jes(zy) 1., (t)  1,(t M ng(eh)

or
C=g LN (16}
where capital letters, as before, are used in equation {16) to represent
the matrices shown in equation {15).
In this modification of the spectrometry technique, the three
integral counts of sipha-particle acvtivity are related to the number of
atoms of each type of radon progeny on the filter at the start of the

counting period by the equations:

tle
ReA in t;: ¢ = gf An, (8) dt
tls
. t2e
RaC in t2: ¢, = g A3n3(t) dt
t
2s
. tSe
and RaC in Ts: €z = B A3n3(t) dt. (173
« t..,
3s

The two time intervals t; and t, are selected to be equal in the
measurements of activity on the fiiter, but this in not necessary.

Elements of the matrix L for this technique obtained by substitution
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of eguations {17) and (12) into eaquations (17), integration with

respect to t, and comparison with equation (14) have the following forms:

-At -At,

_ 1°1s 1 ie
11](1) = e - e
la(t) =0
1 3(t) =0
1 (t.) = AZAS (e—AItZS _ eukltZe)
21727 O - A0, - A
B A2 (e‘*2t25 i e'*stze)
(g = 205 - Ay
. Mo o 325 _ Thst2e
(g =2p) (g =2y)
L) = A3 (e'lztz “Mte Ay tAgtyg Agta
22\) 7 T - € ) = o (e - € )
37 3" A
“Aztys “Aztoe

123(t2) = e - €



ALA -A.t. -A.t

23 17°3s 1 " 3%e
1..(t) = — (e - e ) (18)
3173 (AS - Al)(kz Al)

123 2t3s

(e - e 2 ae)
Oz - AR - Ay
. 3 (e'A3t3$ . ’A3t3e)
O, - A YA, - AL)
LI A SS
(e = B o2t Thfsey M Nsss Tsfse
AT T W 3 -
-A t '}\ t
_ 37 3s 3" 3e
133(t3) = e ~ e

Equations (7) and (16) can be combined to obtain the matrix relation

C=pgvLKQ (19)
and inverted to give
1l .-1.-1._ 1
Qz-g'T-I\LC—E-\-’—MC (20)

which yields a set of equations relating the three integral counts of
activity on the filter to the air concentration of the radon progeny.

The equations of this set have the following forms:

. = L ' '
RaA: q) = & ["ﬁl(t ,tl)cl + mlz(t ,tz]c2 + ml3(tv,t3)c3]



-~
-~

A ]
RaB: a, —[gv mZI(t"tl)cl + mzz(t',tz)d2 + m23(t',t3)c3 (21)

—

. <11 ' -
RaC: -, “[gv mSl(tv,tllcl + msz(t ,tz)c2 + m33(t',t3)»3

-

where the coefficients mij are the elements of the matrix M obtained
by the relation
M=K~ L, (22)
In the above relation, the matrices K™} and 17! are the inverse
matrices of K and L, respectively.

Mathematical expressions can be obtained for mij from the equations
given in the paper, but these are very complicated functions of the
sampling and counting times, In our use of these equations, the
coefficients mij which are elements of the matrix M are obtained by
first calculating the magnitudes of the matrix elements of K and L
given in equations {9) and (18) for the sampling times and counting
times used in the measurements. Next, the matrices are inverted to
obtain the magnitudes of the matrix elements of K—l and L-1 which are
then multiplied together to yield the matrix element mij of M. A computer
program, RPCON4, has been written to perform these matrix operations,
to calculate the air concentrations of the radon progeny, and to
estimate the accuracy of the calculated concentrations. In this
program, the accuracy of the calculated concentrations of tﬂé radon

progeny are estimated by the equation

3 3 /
2 2 2 2 2 2
sz_ e '3 Se; EE:mij N (23)
i (@? ] 3= 31 2z
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where s = uncertainity in the calculated concentrations with
i i =1 for RaA, 2 for RaB, and 3 for RaC,

s = statistical uncertainity of one standard deviation in

j a count of the activity with j = 1, 2, and 3,

2]
1]

systematic uncertainity in the air sampling rate,

2]
=1
o
n
1]

systematic wicertainity in the detection efficiency of
£  the counter.

A copy of this program and an example of the printout of the program are
given in Appendices A and B, respectively, of this report,
Discussion

The systematic uncertainities in the air sampling rate and the
detection efficiency, which must be estimated by the user of the pro-
gram, are difficult to evalute, but with care are usually in the range
of 2 to 5 percent., A statistical uncertainty of one standard deviation
in each of the three counts is used automatically in the program for
estimating the accuracy in the calculated concentrations. The statis-
tical uncertainties of the counts and, therefore, the accuracy in the
calculated concentrations are influenced by the sampling rate, the sam-
pling time, the detection efficiency of the counter, and the counting
times. Of these factors, the influence of the sampling and counting
times on the accuracy irn the calculated concentrations, are the most
difficult to evaluate., In evaluating the influence of the sampling
and counting times, only the statistical uncertainties need be con-
sidered because the systematic uncertainties of the measurements are
not influenced by these factors, A starting time of 2 min for the
first counting interval was selected because this was the shortest

practicable time for transferring the filter with the very short 3.05
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min half-1ife RaA activity from the air sampling device to the counter,
and an ending time of 30 min was selected because a counting period of
this length has become standard for techniques of this type.(l’z’s)
For sampling times of 5 to 15 min, one RaA counting interval from 2 to
12 min and two RaC' counting intervals from 2 to 12 and 15 to 30 min
after the termination of the air sample collection were found to give
a good overall accuracy for a wide range of RaB/RaA and RaC/RaA activity
ratis<. Sampling intervals of time greater than 15 min were also
investigated, but were not found to offer any great improvement in the
accuracy of the technique. Coefficients mij for use in hand calculations
of the air concentrations of the radon progeny in air by equations (21)
and the accuracy in the calculated concentrations by equations (23)
are given in Table Cl of Appendix C. Three sets are given in this
appendix: one for a sampling time of 5 min, one for a sampling time
of 10 min, and another for a sampling time of 15 min. All of these
sets are for a RaA counting time of 2 to i2Z min and RaC' counting
times of 2 to 12 and 15 to 30 min. In Table C2 of Appendix C, a
comparison is made of the estimated accuracy in the calculated con-
centrations for each of the abcve air sampling intervals of time.

In a similar modification of the spectrometry technique, Jonassen

(6)

and Hayes recommended one RaA counting interval from 120 to 320 sec
(2 to 5.33 min) and two RaC' counting intervals from 120 to 320 sec
(2 to 5.33 min) and 1200 to 1600 sec (20 to 26.67 min). A comparison

of the accuracy of the modified spectrometry technique for these

counting times and those recommended for general use in this paper



are given in Table 1 for a 10 min sampling interval of time and for
several diffzrent RaB/RaA and RaC/RaA activity ratios. 1In this table,
the comparison is made in terms of fractional standard deviations with
units of (gvr)'l/2 where r is the activity of RaA in pCi per liter of
air, v is the sampling rate in liters per min of air, and g is the de-
tection efficiency. A similar comparison of the accuracy of the mod-
ified spectrometry techniyue with that offered by other counting tech-
niques has been given by Jonassen and Hayes.

The fractional standard deviations of Table 1 give an estimate of
the cverall accuracy of the calculated concentrations only for small
values of r where counting statistics are poor and dominate. For larger
values of r where counting statistics are good, the systematic uncer-
tainties in the air sampling rate and detection efficiency must, of
course, be considered in estimating the accuracy of the calculated
concentrations. It can be seen from the table that the counting intervals
of 2 to 12 and 15 to 30 min yield a greater accuracy that the counting
intervals of 120 to 320 sec (2 to 5.33 min) 1200 to 1600 sec {20 to
26,67 min).

By use of the shorter counting intervals, Jonassen and Hayes were,
however, able to suggest the use of two additional counts of the Ra(’
activity from 480 to 580 sec (8 to 11.33 min) and 1800 to 2200 sec (30
to 36.67 Min) to improve the accuracy in the calculated concentrations
of RaB and RaC. These two additional counts of the RaC' activity and
the count of the RaA activity from 120 to 320 sec (2 to 5.33 min) are
used to calculate a second set of concentrations of RaB and RaC, By
averaging the two sets of calculated concentrations for RaB and RaC,

their standard deviations are slightly improved. The computer



Table 1. Comparison of the accuracy of the modified spectrometry technique for a sampling interval
of 10 minutes and (A) two counting periods from 2 to 12 and 15 to 30 minutes and (B) two
counting intervals from 120 to 320 and 1200 to 1600 seconds after the termination of the
arr sample collection. The fractional standard deviations in the table are given in terms
of (gvr)-1/2 where g is the detection effeciency, v is the air sampling rate in liter per
minute, and r is the activity of RaA in pCi per liter of air.

(A (B)
RaB/RaA and RaC/RaA
Activity Ratios sq1 sq2 sq3 Sq1 qu qu
% % as % - 4
1 and 1 0.213 0.259 0,187 0.277 0.311 0,228
0.6 and 0.4 0.213 0.313 0.322 0.277 0.374 0.387

0.4 and 0,2 0.213 0.368 0.505 0.277 0.455 0.586

91
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program, RPCON4, can be used with three different counting intervals,

and therefore, can he used to analyze the second set of counting data

on a filter, as well as the first set of counting data, in this method
of improving the accuracy of the RaB and RaC concentrations.

With the two counting intervals of 2 to 12 and 15 to 30 min recom-
mended for general use, it is possible to measure equilibrium concen-
trations of 1, 1, and 1 pCi/1 of RaA, RaB, and RaC with relative standard
deviations of about 15, 18, and 13 percent, respectively, This assumes
an air sampling time of 10 min, an air sampling rate of 10 1/min, and a
counter efficiency of 0.20. For these same typical sampling ana
counting conditions, disequilibrium concentrations of 1, 0.4, and 0.2
pCi/1 of RaA, RaB, and RaC can be measured with relative standard devi-
ations of about 15, 26, and 36 percent, respectively. If the air
sampling time is increased to 15 min and the air sampling rate to 17
1/min, the disequilibrium concentrations of 1, 0.4, and 0.2 pCi/}l of
RaA, RaB, and RaC can be measured with relative standard deviations of
about 11, 18, and 26 percent, respectively, and the equilibrium concen-
trations of 1, 1, and 1 pCi/l of RaA, RaB, and RaC can be measured with
relative standard deviations of about 11, 12, and 10 percent, respectively,

The counter developed by Perdue g}_gl.(d) has been used with this
technique in studying the effects of sealants on radon emanation from

(7)

concrete, in making measurements of radon daughter concentrations

(8)

in homes in the Grand Junction area of Colorado,

(9

and in calibrations
of radon daughter dosimeters. The computer program, RPCON4, has

been of great help in analyzing the data in these studies.
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APPENDIX A

A listing and summary of the computer program, RPCON4, is provided

in this appendix.

Line Numbers of Program

100- 130
140- 520
530- 580
590- 880

890
900-1220

1230
1240

1250-1260

1270-1350

1360-1380

1400-1500

The computer program can be summarized as follows:

Function

Dimension Statesients

Variable Input Data Supplied by User

Fixed Input Data

Calculation of Matrix Elements of K
given by equations (9) in text

Inversion of the Matrix K

Calculation of Matrix Elements of L
given by equation (18) in text

Inversion of the Matrix L

Calculation of Matrix Elements of M
by equation (22) of text.

Calculation of Matrix Elements of Q
by equation (20) of text.

Estimation of the Accuracy of the
Calculated Concentrations by
equations (23) of text and
calculation of concentrations in
terms of activity

Calculation of Activity Ratios of the
concentrations

Printout of Data



100
i10
120
130
140
150
160
170
1860
190
200
210
220
230
240
250
260
210
280
290
300
310
320
330
340
350
360
370
380
390
40
410
420
430
44)

DIM ASC3)s AC3)s CC3)s UC3)s ECI)s EICH)s £2C6)s E3ICAI2 F(3,52)
VIM G1€6)s, G2(6)s H2(6)s H33(H6I5 11C6Y, 12¢(6)s 13C6)s JC3)s» KC3,3)
DIM L(3,3)s M(323)s P(3), UC3), R(323)s 5(3,5,3)5 i(6)s U(I)

VIM v(3)s YC3)» £C3)

IV T"5AMPLE QESCRIPIIUN"S

{NPU! AS

PrRINT

PRINT *JHE AIR SAMPLING [IME IN MIN Is '3

INPUL T

PrRINI

PRINI "IHE AIR SAMPLING KATE IN LIIERS/MIN AND IHE'
Print JNCERTAINIIY IN IHIS JUANIITY IN PERCENT"
PeeINi " ARE';

INPJT Vs X

PRINI

PrRINI "IHE GEYMEIRY FACIUK UF IHE LEIECTIUR USED 10"
PrINL COUNI [HE SAMPLE ANu [HE UNCERIAINIIY IN"
PRINI ™ JHIS QUANLITLY IN PERCENY ARE'S

INPUY G ¥ .

PRINT

PRINI "INJIEGRAL COUNI> UF [HE INUICALFU RAVDUN UAJUHIER"
PeINE "ACLIVINY 1IN THE 1'IME INIExVALS 11, 125, AND i3:"

PRINL Y xA-A IN (1 =';
INFUE CC1)
PINI <A=-C IN 12 =";
INCUL CC2)
PRINLE " fA-C IN 13 =3
INrFd] C(3)

Fyn 1 =1 v 3

CCLY) = Suxk(CCII /gD

NEXL ]

PrINI

PRINI "STAxLING 1IMES (> ANUD ENUING 1IMeEs 3E IN MIN
PINE *WF (HE INDICAIEL CuuMiING [IME INIEXVALY Axee
FrIND 15, 1E SF 1) =3

(V14



50
460
410
440
450
R0
510
220
530
340

260
270
M0
>90
60V
510
420
630
640
%0

670
4580
/90
100
210
120
130
740
750
760
770
180U
iv0

INFUS
PrRIN}
INPUI
PrRINT
INPUI1
PrINT
PxINI
PrING
AS(1)
AS(2)
A%(3)
DC1)

Jw(2)

31gch]

F(2,1
r{3,1l
FC(3,2
17 (L
£l =

G 10
el =

IF (v
E2 =

Gy 1y
E2 =

IF (v
£3 =

vy v
3
G
Hl
He
11
12
13

1w ot g nn

1C1),

1¢32,

1¢5),

icer
ISs IE OF 12 =3
I¢ad

IS5, [E CF (3 =3
1¢6) *

.'NA-A"
"KA‘d"
"NA _Cll
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KC€lso1) = Gl

K(ls2) = 0

KC1,3) = O

KC(2,1) = H1 + H2
K(2,2) = HI

K(22,3) = 0

K(351) = I1 - 12 + 13
K(3,2) = 11 - 12
KC(3s3) = 11

MAL 5 = INV (KD

F2 = v(2) * b(3)

F3 = vCl) * pC2) * pd3)

Feh 1 =1 1€ 6

IF Cod1)*ECId) < 50 G¢ luw 960
E1¢1) = 0O

Go 19 970

E1CL) = EKRPC-DCIIXICI))

IF (u@2)%1C¢1)) < 50 uwu lv 1000

E2¢1) = D
aov 10 1010

E2C¢1) = EXFPC(=-DC(2)*{C]))

IF (DC3I%ICLY)) < S0 Gu U 1040

E3CIY = 0

uw Tk 1050

E3CI) = EXP(-0(3)*1(]1))

GICIY = E1CD)

wddl) = 23y

H2CI) = (DC3)XY*EZ2(1))/F(3,2)

H3CI) = (DC2I*EJCLIIIZF(352)

I1CI) = (D2I%VEBIRELCIIIZ(F(3,10%F(251))
1201) = (DCIIRDCIIREZCIII/Z(F(352)%F(251))
IBCI) = (UCLIRDC2IXEICIIIZCFC3,2)Y%F(3,51))

UN I G% 16 12205 1130, 1220, 1180, 1220,
J = 172
LCdal) = G1CI-1) =G1CDD)
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LCJa2)
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MAL
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Far
JCIY =
NEXT 1
Fux 1
Jerd
VL)
PCLd
ACI)
NeX 1
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E(2)
EC3)D
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PrRINI
PRING
PXINT
PrelNi
PrINI
FRINI
PrRIN|
Fiorg 1
PrIN{
NEXE 1
BN

— = XA

W= i

0
0

1220
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nnn pon

-

J

= I1Ci-1) -11¢1) -12¢1-1) «12C1) +13C1-1) ~13CI)
= H2CI=1) ~H2(1) -H3(I~1) +H3(D)
= ¢3(I-1) =531

INV (L)
Sk

M%C
CY/7Co%VII%XY

1 19 3

CCZCLI®RCCIII 7 ux(3Id 22

i fu 3

SAKCCMCILTII2)%xJCL) + (MlL,2212)%J(2) + (MC123)12)%J(3))
uCl>+«1003/7uwC]) o
SURC(VIIdTZ2) + (Xt2) + (Y$2))

(LCI) * QCINI/2.22

1.00
(SNIEIERIESB VIS DE IS D)
(DC3YRu(3)I7CuClY*IC]))
'LLLL T NS T RN 'Y I X A EER ] -4 et 4400
CONCENIRATIUNS ©F RAUUN UAdeHlEr RADIENJCLIVES 1IN AIR"

RAVDUYN DAULHLIER ;" CUNCENIRALIUN IN ALR";
FRACIIEN OF"
RAVD[UNJCLIVE ;" AJUVOVMD/ZLITER"; pPUL/s/LTIER"S
SIGMA EJUILs. CUNG.'

1 16 3
SING 13905 ASCIds J(I)s ACI)» (LY, ECD)
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APPENDIX B

An example of the printout of the computer program, RPCON4, is

provided in this appendix.



SAMPLE DESCRIPTIUN ? "EXAMPLE"
JHE Alx SAMPLING (IME IN MIN IS ? 10

THE AIR SAMPLING nATE IN LITES/MIN ANU (HE
UNCERTAINIFY IN THIS JQUANTITY IN PERCENI
ARE ? 10, 2

IHE GEGMEIRY FACTUr OF IHE DETECIOr USED 16
COUNT THE SAMFPLE AND THE UNCERTAINITY IN
THIS WUANTITY IN PERCENT ARE ? Q255 35

INIZGRAL COUNTS OF THE INDICATED RADYN DAUGHIER
ACTIVIIiY IN THE TIIME INIExVALS [1, 12, AND T3:

rRA~A IN 1 = 7 55
RA-C IN T2 = 2?2 234
HA=-C IN T3 = ? 371

SIARIING TIMES IS AND ENDING TIMES TE InN MIN
OF THE INDICATZD CBJNIING TIME INTERVALS ARrE:

TS, TE GF 11 = 2 25 12
o, TE OF 12 = ?2 2, 12
IS, 1€ GF 13 = 2?2 15, 30

CUNCENIRATIDNS UF RADZN DAUGHIER RADIONUCLIUVES IN Alx

RALEN DAUGHIESR CUNCENIRATIUN IN AIR FrACIION JF
KADIONUCLIDE ALOMS/LITER PCI/ZLIIER  SIuUMA EdJIle CONCo
RA=A 9.79E+00 1.00E+00 += 14.57% 1,00
rA=8 S5.13£+01 6.00E-01 +=- 20424 0«60

RA=( 2452E+01 4.00E-01 +- 21 e 4% 040

-~

-



APPENDIX C

Matrix elements mij of the matrix M are given in Table Cl of this
appendix. These can be used in hand calculations of the concentrations
of RaA, RaB, and RaC and of the accuracy of the calculated concentrations
by equations (21) and (23), respectively. The matrix elements are for

one count of RaA activity, c¢., on the filter from 2 to 12 min and two

1

counts of RaC' activity, c, and Cg, ON the filter from 2 to 12 and 15

2
to 30 min, respectively, after the termination of the air sampling.
Three sets of matrix elements are given in the table: a first set for
a 5 min air sampling interval, a second set for a 10 min sampling
interval, and a third set for 15 min sampling interval. Estimates of
the accuracy in the calculated concentrations for each of these
sampling times and for several different RaB/RaA and RaC/RaA activity
ratios are given in Tahle C2. The fractional standard deviations of
Table C2 are in terms of (gvr)'l/2 where g is the detection efficiency,

v is the sampling rate in 1/min and r is the RaA activity in tne air in

rCi/l.
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Table Cl. Matrix elements m, of M needed to calculate the concentra-
tions of RaA, RaB, and RaC and to estimate the accuracy of
the calculated concentrations by hand using equations (21)
and (23). These are for one count of RaA activity, Cys from
2 to 12 minutes and two counts of RaC' activity, Cy and Cqs
from 2 to 12 and 15 to 30 minutes, respectively, after the
termination of the air sampling. The air sampling interval

of time are given in the table.

Matrix Elements Air Sampling Intervals of Tine

mij of M 5 min 10 min 15 min
my 0.5878 0.4449 0.4127
m, 0 0 0
m g 0 0 0
my -0.6254 -0.4819 -0.4514
m,, -1.7172 -0.9140 ~-0.6478
m, . 1.9622 1.0445 0.7402
My 0.08138 0.05120 0.05003
ngy 1,2147 0.7158 0.5547
m -0,4865 -0,3276 -0,2792

33




Table C€2. Accuracy of the modified spectrometry technique for sampling time intervals of 5, 10,
and 15 minutes. The counting times are 2 to 12 minutes for RaA activity and 2 to 12
and 15 to 30 minutes for RaC!' activity on the filter after the termination of the air
sampling. Fractional standard deviations given in the table arc in terms of (gvr)_ll2
where g is the detection efficiency, v is the air sampling rate in liter per minute,
and r is the activity of RaA in pCi per liter,
RaB/RaA and RaC/RaA Sampling Time Interval _
Activity Ratios 5 min, 10 min. 15 min, .
. n
s s S $ s 5 s 5 5
i 9 93 4 42 43 4 9z 93
4 92 3 9y 4 a3 4 9 43
1 and 1} 0.245 0.349 0.220 0.213 0,259 0.187 0.204 0.222 0,180
0.6 and 0.4 0.245 0.409 0.380 0.213 0,313 0.322 0.204 0.267 0,318

0.4 and 0,2

0.245 0.484 0.580 0.213 0.368 0.505 9.204  0.324 0,488




