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·ABSTRACT 

The decay of naturally occurring uranium-238 and thorium-232 produces 

radon-222 and rndon~220 isotopes which can escape into the atmosphere. If 

these radon gases become concentrated in air, their daughter products may 

present an inhalation hazard to man. The airborne concentrations of 

radon-222 can usually be measured very accurately in the presence of normal 

airborne concentrations of radon-220 and its daughters. 

In contrast, the measurements ·of the airborne concentrations of radon-

220 daughters ate usually complicated by the presence of radon-222 and its 

daughters even at normally occurring airborne concentrations. The complica-

tions involved in these measurements can be overcome in most situations by 

. using an alpha particle spectrometer to distinguish the activity of radon-222 

daughters from that due to radon-220 daughters collected on a filter. 

A practical spectrometer for field measurements of alpha particle 

activity on a filter is discussed. Also discussed are methods that can b~ 

used to make measurements of either radon-220 or radon-222 daughter concen-

trations in air, or simultaneous measurements of the airborne daughter 

concentrations of both radon isotopes. 

* . Research sponsored by the Department of Energy under contract with Union 
Carbide Corporation. 
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INTRODUCTION 

Over a period of about five jears we have ~ade extensive measurements 

of radon-222 daughter concentrations in air using a modification of an 

alpha particle spectrometry technique suggested by Martz et al. (1). In 

our radon-222 daughter measurements, the concentrations of RaA, RaB, and 

RaC in air are calculated from one count of the 6.00 MeV alpha particle 

activity of RaA and two counts of the 7.69 MeV alpha particle activity of 

Rae• collected on a filter. Various aspects of these measurements and some 

results have been discussed elsewhere (2-5). 

Recently we have used a modification of an alpha particle spectrometry 

method suggested by Duggan (6) to measure radon-220 daughter concentrations 

in air as well. It is impossible to resolve the activity on the filter due 

to the 6.05 and 6.09 MeV alpha particles from ThC and the 6.00 MeV alpha 

pa r't i c l es from RaA, but the dct 1 vi·tY can be partitioned between RaA and 

~hC using the 8.78 MeV alpha particle activity from ThC'. In our radon-220 

daughter measurements, the concentrations of ThB and ThC in air are calcu­

lated from two counts of the 8.78 MeV alpha particle activity of ThC' 

collected on a filter. 

METHOD OF MEASUREMENTS 

Our alpha particle spe~trometer shown in Fiy. 1 utilizes a modified 

gas flow proportional counter to house a 450 mm2 silicon diode (3). Normally 

this type of detector is 'used in a vacuum, rather than air, to improve the· 

resolution of the measurements. The need for vacuum equipment in our mea­

surements is eliminated by flowing helium through the chamber at atmospheric 

pressure. This provides considerable gain in resolution compared to counts 
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of filter activity made in air and eliminates filter handling complications 

encountered when using a vacuum (2). It is not necessary, for example, 

to cycle the bias voltage on the diode because there are no changes in 

pressure. The resolution of our spectrometer for an air sample collected 

at a flow velocity of about 50 em per sec with a membrane (Metricel, Gelman 

GN-6) and glass-fiber (Acropor, Gelman An-450) filter havin~ a median pore 

size of 0.45 ~are compared with a more porous filter (Whatman grade 4) in 

Fig. 2. Either the membrane or the glass-fiber filter with a median pore 

size of 0.45 to 0.80 ~allows easy resolution of ·the 6.00 and 7.69 MeV 

alpha particles emitted by RaA and Rae•, respectively. At flow velocities 

of up to 100 em per sec, these filters are normally more than 99% efficient 

in collecting aerosols (7). . .. 

Figure 3 shows several counts of RaA, Rae•, The, and The• al~ha 

particle activity collected on a filter. Instead of count rates used by 

Martz et al. (1) _and Duggan (6), we use counting intervals of 10 min or mofe 

to improve the accuracy and sensitivity of the measurements. Our counting 

intervals of time are always measured from the termination of air sample 

collection. Air sampling periods of 5 to 15 min are normally used in our 

measurements followed by a 2 to 12 min count of the 6.00, 7.69, and 8.78.MeV 

alpha particle activity from RaA, Rae•, and The', .respectively. Note that· 

the 2 to 12 min count of the 6.00 MeV alpha particle activity from RaA in 

Fig. 3 contains a small contribution from the 6.05 and 6.09 MeV alpha 

particles from The. Alpha particles having these energies are emitted in 

about 36% of the The decays, while ~.78 MeV alpha particles are emitted in 

the remaining decays. Thus, the 8.78 MeV alpha particle count from 2 to 12 

min can be multiplied by 36/64 or 0.56 to obtain the The contribution to the 

2· to 12 min count of RaA activity on the filter.· 
··· .. 

_ _.._ ...... ~ 
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A second RaC' count from 15 to 30 min plus the first 2 to 12 min counts 

of the RaA and the RaC' alpha particle activity on the filter and a computer 

program written in BASIC are used to obtain the airborne concentrations of 

the radon-222 daughters. This program, designated as RPCON4, will calculate 

the concentrations of RaA, RaB, and RaC in ai~ and will estimate the accuracy 

in these calculated concentrations for variable air sampling rate, air sampling 

time,. counting time, and detection efficiency of the alpha particle spectrom­

eter used to measure the activity on the filte1· (4). A modification of this 

program, designated as THOR2! is used to obtain the airporne ThB and ThC 

daughter concentration of radon-220 from the first 2 to 12 min count of the 

8.78 MeV alpha particle activity of ThC' plus a second ThC' count of 10 min or 

more starting at least 200 min after the termination of the air sample 

collection. The concentration of ThB daughters in air is determined pri­

marily from the second count of ThC' act1vity on the filter, while the 

concentration of ThC daughters in air is determined primarily from the first 

count of ThC' activity on the filter. These two counts are, however, very 

complex mathematical functions of the air sampling time, the counting times, 

and the activity ratio of ThC:ThB daughters in air. 

METHOD OF ANALYSIS 

The THOR2 computer program is usPrl to calculu.te 'Lin:! concentrations of 

ThB and ThC in air and to estimate the accuracy in these calculated concen­

trations as follows. First, the two counts, c1 and c2, of the 8.78 MeV alpha 

particle activity are related to the number of ThB and ThC atoms; n1 and n2 

respectively, on a filter at the en~of a sampling period by the matrix 

e.quation 

C = 0.64 g L N ( 1 ) 
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or 

c, ,, ,,2 nl 
= 0.64 g ' . (2) 

c2 112i 122 n2 

where capital letters are used in Eq. (1) to represent the matrices shown 

in Eq. (2). The elements 1 .. of the matrix L are lJ 
-A t -A t . . -A2 t, s -A2tle ,, = A2 ( e 1 1 s -e. l-le)/(A2 - A,) - Al (e e )/ ('-2 - A,). 

,,2 
-A2tls -A2tle 

= e e 

-A, t2s -A t . · -A2t2s -A t 
121 = A2(e e 1 2e)/(A - A ) - Al(e e 2 2e)/(A - ~.,) 

2 . 1 . . 2 

(3) 

where t 1s and t 1 ~ are the starting and endi~g times·of the first counting 

interval, t 2s and t 2e are the starting and ending times of the second counting 

interval, and Al and A2 are the decay constants of ThB and ThC, respectively. 

In Eqs. (1) or (2), the factor 0.64 is the number of 8.78 MeV alpha particles 

emitted in the decay chain of either a ThB or ThC atom, and the factor g is 

the detection efficiency or geometry factor of the spectrometer used in. 

measuring the 8.78 MeV alpha particle activity on a filter. 

Next, a relationship between the number of ThB and ThC atoms on a filter 

at the end of a sampling period of time, t, and the concentrations of ThB 

and ThC atoms in air, q1 and q2, respectively, is established by the matrix 

equation 



N = 

or . 

nl I kll 

= v 

n2 k2l 

where 

-;\ t 
e 1 ) I >-1 

-;\ t 
k2l = (1 - e 2 )/>.2 + 

-A2t 
k22 = (l - e )/>.2 

6 

v K Q 

kl2 

k22 

->. t. 
(e 2 

ql 

q2 

and the factor vis the air sampling rate used in the measurements. 

Equations (1) and (4) can be combin.ed to obtain 

C = 0.64 gv L K Q 

and inverted to yield 

1 
Q = 0.64 gv 

1 M C 0.64 gv 

( 4) 

(5) 

(6) 

(7) 

(8) 

The computer pruyram THOR2 calculates the matrices K and L, inverts these to 

obtain the matrices K-1 and L-1, and multiplies these together to obtai.n the 

matrix M for the sampling and counting times of the measurements .. 

Finally, the elements m .. of the matrix M are used to calculate the 
lJ 

concentrations of ThB and ThC in air by Eq. (8) and to estimate the 

accuracy in these calculated concentrations by 

----·-··· ·-··-
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sv = 

sg = 

s = q. 
1 

the 

the 
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2 
sq. 

1 
--2 

2 2 
( miJ. sc 

= J . j 

q. 
1 

. 2 

(I m .. c ·) j 1J J 

standard deviation 

standard deviation 

standard deviation 

s 2 
+ _v_ + 

i 

of the two counts c1 and c2, 

of the air sampling rate, 

of·the detection efficiency, 

the standard deviation of the calculated concentrations 
ql and q? of ThB and ThC, respectively. 

'-

(9) 

The THOR2 program, which is available on request, automatically uses standard 

deviations of (c1)112 and (c2)112 for the two counts of the 8.78 MeV alpha 

particl~ activity on the filter. Table 1 shows an example of the data input 

and output of this program. 

DISCUSSION 

An example of the accuracy and sensitivity of our radon-220 daughter 

measurements in an area with a ventilation rate of about two air changes 

per hour is given in Table 2. These data are for a spectrometer with a 

detection efficiency of 0.25 and an air sampling rate of 12 1/min. The air 

sampling time is 15 min follnwed by 2 to 12 min and 200 to 220 min counts 

of the 8.78 tvteV alpha particle activity from ThC' on the filter. Estimates 

in Table 2 uf the standard deviation in the calculated concentrations of 

ThB and ThC in air are based only on the uncertainties in the two counts of 

the ThC' activity on the filter. These uncertainties dominate the accuracy 

of the measurements at very low con~entrations of ThB and ThC in air, \'Jhile 

the accuracy of the measurements at very high concentrations is determined 

mainly by the uncertainties in the air sampling rate and detection efficiency 

of the spectrometer. The uncertainties in the air sampling rate and the 
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detection efficiency are difficult to evaluate but with care are usually 

in the range of 2 to 5%. While our measurements provide information 

only on the ThB and ThC concentrations in air, they can b~ used in some 

instances to obtain additional information on the ventilation rate and 

thereby the airborne concentrations of ThA and radon-220 (6). 

The methods discussed here have been used to make simultaneous measure­

ments of the airborne concentr~tions of radon-222 and radon-220 daughters 

in areas contaminated with thorium-212 and in several buildings contaminated 

with raffinates from the processing of thorium ore. Recently, airborne 

concentrations of radon-219 daughters as high as, or higher than, the normallY 

more abundant airborne concentrations of radon-220 and radon-222 have been 

measured in a building contaminated with raffinates from uranium ore 

process1ng. A method developed for the simultaneous meas11rement of the 

airborne daughter concentrations of all three radon isotopes will be 

discussed else~here (8). 
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Table 1. Example of data input and output 
of THOR2 computer program 

SAt1PLE DESCRIPTION ? EXfi.MPLE 

THE AIR SAMPLING TIME IN MIN IS ? 15 

THE AIR. SAi'1PLING RATE IN LITERS/MIN AND THE 
UNCERTAINTY IN THIS QUANTITY IN PERCENT 
ARE ? 12, 2 

THE GEOMETR~ FACTOR OF THE DETECTOR USED TO 
COUNT THE SAMPLE ANti THE UNCERTAINTY IN 
.THIS QUANTITY IN PERCENT ARE ? 0·25, 5 

COUNTS OF 8.8 MEV ALPHA ACTIVITY FROM TH-C~ 
IN THE TIME INTERVALS T1 AND T2: 
COUNTS IN T1= ? 262 
COUNTS IN T2= ? 10L!8 

STARTING TIMES TS AND ENDING TIMES TE IN MIN OF 
THE INDICATED COUNTING TIME INTERVALS ARE: 
TS,TE OF T1= ? 2, 12 
TS,TE OF T2= ? 200, 220 

CONCENTRATIONS OF THORON DAUGHTER RADIONUCLIDES IN AIR 

THORON DAUGHTER CON~~NTRATION IN AIR 
flADIONUCLlDE ATOMS/LITER PCI/LITER SIGMA 

TH-B 
TH-C 

2· 08E+03 
5. 8 8 E+ 01 

1. 02E+ 00 
3·03E-01 

+- 6e 3% 
+- 11.6% 



11 

· Table 2. Example of the accuracy and sensitivity of radon-220 
measurements in an area with a ventilation rate of 
about two air changes per houra 

. Radon-220 daughter Standard deviation in 
concentrations radon-220 daughter measurements 

in air in ~Ci 1 -1 in ~ercent0 
ThB ThC ThB ThC 

10.0 3.0 1.0 3.2 

3.0 1.0 1.9 5.9 

1.0 0.3" 3.3 10.2 

0.3 0.1 6.0 18.5 

0.1 0.03 10.3 32.6 

0.03 0.01 19.0 57.3 

aThese data are for a spectrometer with a detection efficiency 
of 0.25 and an air sampling rate of 12 liters per minute. 
The air sampling time is 15 min follO\~Jed by a 2 to 12 ul"in and 
a 200 to 220 min count of the 8.78 MeV alpha particle activity 
from The• on the filter. 

bThese standard deviations are based only on the standard 
deviations in the counts of alpha particle activity on the 

·filter. 
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Fig. 1. View of spectrometer used to count radon daughters collected 

on filters, showing silicon diode detector, housing; and 

sample tray. 

Fig. 2. Comparison of the alpha particle spectra of radon~222 daughters 

collected on filters of vary1ng composition and efficiency. 

Fig. 3. Illustration of alpha particle spectra obtained during several 

typical counting times of radon-220 and radon-222 daughters 

collected on a filt~r. 



:\.1 
'-1 

:::) 

::J) 
:\.1 

Q
 

i­Q
 

I Cl... 

·, 



Vl 

!z 
~ 
0 
u 
w 1o2 
..J 
u 
i= 
~ 
Cl. 

< 
:X: 
Cl. 

..;, 

r;;1 

Fig. 2· 

0.45}' 
METRICEL 

RaA 

RoC' 

-
OA5J.' . 
ACROPQR -

RoC' 
f-

RaA 

-I-

I J 
I 

40 50 60 70 90 90 ~0 

. CHANNEL NUWBER 

ORNL-DWG. 74.-:5384 

WHATMAN 
GRADE 4. 

. RaA RoC' 

2o 30 40 50 so 1.0 eo 90 · 100 

.. 



c 
E 

C\J -
0 r-
C\J 

~ 10
2 

0:: 
LL 

(f) 

t--
2 
~ 
0 
u 
w d 10,. 
t--' 
0:: 

0: 
<1: 
:c 
o..· 
_J 
<[ 

10° 
40 60 80 

c 
E 

0 
r<) 

0 r-
l() 
.... -
..,-- 102 
~ 

o· 
0:: 
LL 

Cf) 
1-
z 
;:) 

0 
0 

~· 10
1 

u 
1-' 
0:: 
<( 
0.. 

<! 
I 

·a.. 
_J 

<( 10° 
100 40 

RcA, .ThC The' 

60 80 100 
CHANNEL NUMBER 

ORNL-DWG 77-21199 

c 10 3 .------r----...-----. 

E 
0 
C\J 
'Q" 
0 
1-
0 
0 ,., 
..;t 1 ot:. 
2 
0 
0:: 
LL 
Cf) 
1-
z 
::J 
0 
u 
w 
_J 
u 
1-
0:: 

d: 
<!. 
I 

10i 

ThC 

Cl.. 
_j 
<( 100 ~-L--~~~L-~L-1 

40 60 80 iOO 

. ' 

.. \ 




