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AB5TRACT

The appZieation of S-a deZayed eoineidenee to the

measurement of 214 bismuth/214 poZonium has been

investigated. A teehnique using simpZe eZeetronie

eireuits and deteetors is demonstrated, and shows

promise as a Zow eost 'working ZeveZ' meter for

uranillm mining. The deviee wouZd be isotope speeifie

for 214 poZonium and have high baakground rejeation for

environmentaZ monitoring.
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INTROVUCTION

ln the dosimetry of radon and its daughters, it is important to

determine not only the gross activity but also the proportion

of the activity due to the individual daughters - i.e. the state

of equilibrium. Counting techniques of various levels of

sophistication have been developed for these purposes. This

report considers an investigation of a technique new to this area.

A survey of the literature [Il0LADAY 1956, BUDNITZ 1974, CLIFF

1978, PERDUE 1980] showed that the common techniques for

measuring the concentrations of the short lived daughters of

radium did not exploit the very short half life of 164�s for

RaC' C214po). The decay scheme below for the 238 uranium series

shows this half life to be many orders of magnitude lower than

that of the other short lived daughters - RaA, RaB, RaC.

1h Pa U
I I

,

Pb Bi Po
, , I

, ,

,

Ra
,

218 222 226 230 234

a: year1
d: d�y "[; : Half-life
m: mln 1J2

,

I ,

, ,

206 210

FIGURE 1 DECAY SClI£1.1E FOR 238 URANIUM
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- 2 -

Detection of two near coincident decays would be specifie fOl"

RaC/RaC' and virtually free from background interference.

RaC may even be considered as a double decay with RaC' as an

intermediate metastable state.

Random coincidence associated with high count rates would be

expected to be negligible as environmental air activities of

samples containing these short lived daughters produced by the

decay of 222-radon gas would be unlikely to give rise to count

rates of hundreds of counts per second in any detector.

1. 1 Sc.ope 06 RepoJtt

This report investigates the application of these near coincidence

decays to measure radon daughters lVi th a method ca11ed "delayed

coincidencç". The investigation covers a feasibility study and

the development of a prototype instrument. A short analysis of

sorne of the results fo11olVs. The Appendices cover some of the

mathematical aspects of the study, 1V0rking dralVings of apparatus

and detail not directly related to the study.

1.2 Veiayed Coincidence

A decpcr search of the literature towards the end of the study

revealed the concept of delayed coincidence had been used

previously in different forms in environmental monitoring. The

closest to the present technique is that of RANKIN (1963) IVho

used S-a delayed coincidence to reduce the effect of radon and

thoron backgroun� on an air filter to allolV the determination of

239 plutonium. Though unimportant to the technique, the analysis

appears confused since radon does not collect on filters,

although the more chemically active daughters do. (This is the

principle of the "tIVO filter method" for radon (11I0MAS, 1970)).

-
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- 3 -

The activity on the fi1ter wou1d be a1most entire1y due to

daughter activity which may or may not be in radioactive equilibrium.

An immediate estimate of 239 p1utonium activity may be made by

app1ying a correction factor ca1cu1ated from the incidence of

detection of RaC B decay followed just before a RaC I a decay

as shown in the figure be1ow. The a background is reduced and the

estimation may be made without having to wait for the radon and

daughter background to decay.

a-B COINCIDENCE COUNTING OF RaC'

lOTAl AlPHA COONT 1 (OI�CIDENT COlJM I

FIGURE 2 after RANKIN (1963)

The ha1f 1ife of RaC' has been demonstrated by ERLICK (1971)

using a number of methods based on de1ayed coincidence. A

simi1ar technique was used in the feasibi1ity study in this

report and in a test of the prototype instrument.

A "fast pairs" technique using a-a de1ayed coincidence was used

by GIFFEN (1963) to determine actinon (219 radon, T', 3.92s)

and thoron (220 radon, T� 54.5s) concentrations in a scinti11ation

chamber. The technique is 1imited to very 10w 1eve1s of mixed

isotopes to ensure that main1y true de1ayed coincidence decays,

not spurious decays are detected.

-

The a-a "fast pairs" technique has been brief1y reviewed by

CHERRY (1964) as an a1ternative to a-spectroscopy and reconunends

its use in ana1ysing environmental samples for the short lived
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- 4 -

a-emitters 216 Po10nium (T� 0.158s) and 215 Po10nium (T� 0.0018s).

True coincidence methods have bcen uscd to determine radon

daughter 1eve1s by a-y coincidcnce. Simu1tancous dctcction of

a a partic1e in a p1astic scinti11ator and surrounding y dctectors

has bcen used by BRAUER (1968) to dctect "226 radium and

daughters". A decrease in scnsitivity but a 1arge reduction in

background is reportcd.

A review by KIEFER (1972) of de1ayed coincidencc tcchniques for

RaC and 216 po10nium statcs "the method is of Umited pl'acticaZ

use because of the fl'equency of l'andom coincidences". A mode1

is deve10ped in this study and tested to show that at expected

environmenta1 1eve1s this is not a prob1em. Though the concept

of de1aycd coincidence has been app1ied before, it seems that

it has not been app1ied to the det�rmination of radon daughters

in a Working Leve1 monitor.

1.3 HeaUh HazCVld6

The need to measure radon and daughters is most important in the

mining and processing of uranium ore (FRY 1975), though other

types of mines (HOLADAY 1969, DUGGAN 1970, BOYD 1970) can produce

high 1eve1s of radon and thoron.

The main area of interest is the radiobio10gica1 effect on the

1ung resu1ting from inha1ation of radioactive materia1 suspended

in the air. This may be in the form of radioactive atoms or

ions and may a1so be attached to various aeroso1 partic1es

present. The physica1 properties, especia11y diffusivity and

size of the attached and unattached fractions are very different

(GEORGE 1972), but were not measured in this study.

The 1ung may be considered 1ike a be110ws - with air moving in

and out with respiration. The function of the 1ung of primary

importance is its £il tering action (Cm1ROE 1966). Partic1cs 1argcr

than 10p (10-5m) are fi1tcrcd by the nosc, but partic1es down to
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- 5 -

211 are trapped on the walls of the trachea, bronchi and bronchioles.

Only particlcs between 211 and 0.311 are likely to reach the

alveloli. Aerosols of smaller particles tend to stay suspended,

but if deposited, may enter the bloodstream.

Against this tendency to depos it in the lungs is the co-ordinated

wavo action of the cilia lining the bronchioles to the nose,

which transport a protective mucus sheet to the pharynx, carrying

with it any deposited dust. The combination of this, the size

distribution of the aerosol activity, the thickness of the mucus,

the varying sensitivity of the basilar layers of the broncho­

trachael epi thelium, the rate of movement of the sheath of mucus

and variations in the pulmonary geometry in individuaIs all

contribute to a wide range in radiosensitivity to a given concentration

of daughters. For control of the short-lived radium daughters

(more commonly called radon daughters) a quantitative measure

of the combined effect is needed. The "Working LeveI" is such

a measure.

1.4 Wo�klng Leve!

The necessity to quantitate the potential radiobiological harm

from inhalation of mine aerosols was developed to enable control

of radon (and thoron) daughters. The Working LeveI (WL) is

defined as any combination of the short lived daughters in one

litre of air that will result in the ultimate emission of

1. 3 x 10 SMeV of potential alpha energy. To apply this to

miners, the concept of the Working LeveI Month (WLM) is applied.

The WLM is an exposure for 170 hours to l-lI'L concentration.

In Australia, the Australian Government has published a "code

of practice" for the application of this concepto The code

stipulates a maximum exposure of 4-W�I per year as well as other

rules to limit exposure (AUST. GOVT. PUB. SERV. 1977).

To understand the reasoning behind the concept of the WL the

following table will help.
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- 6 -

Nuclide
a Energy

Half-Life

Atoms U1timatc a

in 3 7Bq Energy/Atom

Total Ultimate

a Energy.

�lcV (100pCi) M.cV McVx10S/

3.7Bq)

218p
RaA 6.00 3.05m 977 6.00(RaA) (10%)0, 0.134

+7.ltXRaC')

2l4pb
RaB 0.00 26.8m 8580 7.69(RaC') 0.660 (53%),

214B.
RaC 0.00 19.7m 6310 7 .69(RaC ') (38%)1, 0.485

214p
RaC' 7.69 164\1s 0.0009 7.69(RaC')0, 0.0

TOTAL 1. 279x105MeV

Round up to

TABLE 1 COMPOSITION OF 1 WL FRO�I AN EQUlLIi;RILi.! lIIX

OF RADON DAUGHTERS

It is interesting to note that the contribution of RaB to. 1WL

from equilibrium mix is 53%, eventhough RaB is not an a emitter.

It is the 7.69 ��V a from RaC' which contributes most of the

dose, so a very good estimate of the number of WL's present could

be made by just determining the integral RaC' activity, with no

assumptions as to the degree of equilibrium. The 'older' the

air is, the better the approximation.

The same concept of the WL is applied to thoron daughters

(220 radon).

A review of the shortcomings of the WL has been made by CROSS (1979).

-
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2. METfiOVS OF SN.lPLIk'G AND ANALYSIS OF RAVON VAUGffTERS

2. 1 Intltodue-Uoll

The measurement of radon daughters requires a sampling process

and a measurement process, but the two may be inseparable. The

techniques currently used are alI based on a small number of methods,

generally determined by the sampling process. These may be

loosely groupedas fiUer, scintiZZation and integrating methods.

Each will be discussed briefly before the new technique, based

on filter collection, is discussed.

2.2 FillVL Me.thocU,

...

A rapid aspiration of respirable air through a membrane or glass

filter effectively removes alI of the radon daughter activity

(PALTRIDGE 1967, 1l0Ll-lGREN 1977), al though appreciable "burial

los ses" - from a radiation being stopped wi thin the fiI ter when

activity is captured beneath the filter surface,may occur with

some types of filter. The advantage of a fiIter collection

method is that rapid concentration of low levels of activity

occurs, with a counting geometry determined largely by the

filter. A non-uniform deposition of this activity does not

matter (see Appendix 1) if the detector placed over the filter

is larger than the filter. Recoil losses may also occur

and are discussed in Appendix 6. If the gross activity of

alI the daughters is counted, then in the absence of any

assumptions regarding the degree of radioactive equilibrium,

three separate measurements need to be made (TSIVOGLOlJ, 1953)

to determine the activity of eachof.: the radon daughters RaA,

RaB and RaC. The activity uf RaC' is taken as that of its

parent, RaC. If a degree of equilibrium can be assumed, then

a single measurement gives an approximate error of 13% due to

this assumption (KUSNETZ 1956, HARLEY 1969, GROER 1972)
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- 8 -

Another more elaborate approach is the use of silocon surface

barrier detectors to perform alpha spectroscopy (��RTZ 1969,

TRHIBLAY 1979). This is the basis of one commercial instrument

(llARSHAW "ENVlRONMENTAL WORKING LEVEL �IONITOR").

The 222 radon concentratioll in the sample air may bc determined

by placing a second fil ter a distance behind the first fil ter

(ROLLE 1969). The RaA formed by 222 radon decay iII the volume

between filters is collected on the second filter and its

activity gives an indication of levels of 222 radoll in the air.

The method is used as the basis for a number of atmospheric

radon monitors (NEWSTEIN 1971, SCHERY 1980). The method is

reviewed by TlIO��S (1970).

The techniques using scintillation have gellerally applied more

to the measurement of 222 radon than radoll daughters. Such a

technique is to coat avolume internally with zinc sulphide

and observe the scintillations with a photomultiplier when a

sample of air containing radon and radon daughters has been

1eft to decay for a few hours, to leave only 222 radon amd

fresh radon daughters for counting (LUCAS 1957). Zinc sulphide

scinti11ators have been used in continuous monitors for a

activity in air. The problem of "plating out" of daughter

activity on sensitive surfaces may be avoided with a protective

air sheath. (AGOPSOWICZ 1979, RANDOLPH 1971) A variation

of this method is the use of electrostatic collection of radon

daughters followed by zinc sulphide a detection (ROBERTS 1966,

DALU 1971, PERDUE 1980).

Liquid scintillation for a1pha radiation is another. technique

which can be used. The problems associated with a-liquid

seintillatioll (McDOWELL 1979) are energy resolution, quenehing

and high background. The method has been applied to environmental

radon measurements (PRIClIARD 1977) and radium measurements

(DARRALL 1973).
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A third seinti llation technique, uses the detection of gamma

rays from radon daughters by Na I (Tf) scintiIlators. A cryogenic

method of sampling radon is discussed by PERDUE (1980) in

conjunction with gamma ray spectroscopy. It may be possible

to apply S-cx delayed coineidence techniques to liquid seintillation

to give a measure of RaC. However, time did not permit an

investigation of this possibility.

2.4 IntegJta..Ul1g Me.thocú.

These methods (TLD and Track etch) are applicable to personnel

dosimetry, although some WL monitors also incorporate them.

The detectors are light, cheap and of small size. However,

the equipment required to analyse them is not; an automated TLD

(thermoluminescent dosimetry) reader may cost $60,000 upwards

and relating the readings to 'Working LeveIs' is difficult.

There are a number of papers (GUGGENllEHl 1978, �Ic CURDY 1969,

FRIED�D 1980, Gfu\��GE 1976) related to the use of TLD and

similar methods for radon and radon daughter measurement.

An excel1ent review on the application of track etch films

to radon dosimetry is given by FRANK (1977).

By their nature, these integrating methods are more suitable for

use in passive detectors requiring little Ol' no additional

electronics Ol' attention except when they are 'read'.
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The filter has alI its activity on, or very close to one surfac�

and is inserted active side up between the two GM detectors.

Membrane filtration of air containing radon and radon daughter

activity results in complete collection of the radon daughters

and no retention of any radon. With the parent radon removed a

slight build-up activi ty sti 11 occurs on the fil ter after the radon

daughters are deposited. Figure 4 below (after EVANS 1969) shows

that the filter activity continues to increase for a short time

fo11owing sampling, and only then decays. EVANS (1969)

gives an excellent.analysis of the proce�s.

\

I

I
,1

I

u

..
Slop

SQmplin9

I

I

I
,

"I "
"1Id /

I /
, , /

,0 1/

'.-----7

"....�/
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,,�/

.# /
Oi'/

�--..... /
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. / _...... I

I ... ,.. .....

/ I ..............
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I

>
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FIGURE 4 TOTAL DAUG�ITER ACTIVITY ON FILTER

WITH TUlE (after EVANS 1969)
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The mathematical description of the decay of the series

a Il R C Il � R C' a .. R D
RaA 3.0Sm ' RaB 26.8m' a 19.7m a l64\1s a

is based on the decay

described in terms of

constant À •. of each component,
1

the "Bateman equations"

and is

dNi

dt = N. 1 À. 1 - N. À. for i - l�i
1- 1- 1 1

The Slight increase in activity on the filter shown in Figure 4

post sampling is predicted by applying the equations and is

mainly due to the antecedent activity of RaA.

Appendix 5 applies the mathematics describing the decay of the

radon daughters to the "system performance".

The top GN 'T' in the system detects both a and Il radiation

from the decay series but the bottom GN 'B' can only detect Il

radiation, since the a activity is produced on the top surface

of the filter and cannot pass. through it. This means only RaB

and RaC are detected by 'B', not RaA and RaC'. For each count

registered by the scaler attached to 'B', a pulse of length G

(usually 400\15) is produced which opens the AND gate for any

pulse from 'T' during that time. 5ince the half life of RaC'

is only l64\1s, the probability of an a particle being detected

by 'T' during this sensitive period is high. A delayed coincidence

event is registered on scaler X.

The coincidence scaler gives information related to RaC

(and RaC'). The bottom scaler gives information relating to

RaB and RaC. From this RaB concentrations may be deduced. The

top scaler gives information regarding RaA, RaB, RaC and RaC',

so information regarding RaA concentrations may be elicited, but

with decreased certainty, especially in the presence of a back­

ground count.
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For a given initia1 number of RaA, RaB, RaC atoms on the filter,

a unique set of RaA, RaB, RaC and RaC' deca)'s is pre<!icted,

exc1u<!ing intrinsic statistica1 f1uctuations. TIle converse

a1so app1ies - a measure of the number of RaA, RaB, RaC and

RaC' decays during a counting period gives information re1ated

to the number of RaA, RaB and RaC atoms on the fi1ter. From

this the concentrations of each radon daughter and the WL may

be determined.

3.2 Fea6�b�j StllWj

To demonstrate that S-a de1ayed coincidence cou1d be used to measure

RaC, it was desirable to use a detector capab1e of discriminating

a and S radiation.

A gas f10w proportiona1 counter (EBERLINE FC-1) was used for this

purpose, since S-a energy discrimination, together with a 10w

dead time cou1d be obtained.

The counter was ca1ibrated with a 241 americium source, but a

severe prob1em was revealed that prevented its use past the

feasibi1ity stage. The initia1 f1ushing of the counter with

'P10' gas (90% Ar, 10% CH.4) produced an acceptab1e spectra,

but the gain increased with time. The spectra be10w shows the

change in gain between a measurement just after an initia1

f1ushing period (top) and a coup1e of hours 1ater (bottom).

GAS FLOW PROPORTIO."AL COUNTER SPECTRLJN FOR 241 Al-IERICIUM

-
FlGURE 5
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TIle markcr 'l' above delincates between the S and cl part

of the spcctrum. It shows a distinct shift from the upper

spectrum. A mcasuremcnt of cl radiation based on a-S discrimination

would show a fa1se incrcase in the count attributed to a1pha

partic1es as the gain incrcased with f1ushing. The rcason for

this changc in gain is the cxtrcme sensitivity of this type

of detector to any impurities. Attempts to overcomc this

problem are discusscd in Appcndix 9.

To demonstrate that RaC' cou1d be detected by de1aycd coincidence,

the cxpcriment indicated by the block diagram bc10w was

performed.

GfP'C. PRE'AMP 0<+(3 am

""f.> trig

(3

P 10 H.\' 5UPPL

(1750 V)

5f.A.

N015E DI5CRIM1NATED 5PECTRUM

I
o:
UJ

co
:£
::>
z

FIGURE 6
PUL5E HEIGHT�

....

A speck of 226 radium from a 1uminous badge was glued to a

fi1ter and p1aced in thc countcr. Though it produccd a high

radium background, it was fe1t that sufficient RaC/RaC' would

accumu1ate to be detccted, despite the f1ushing action of the

P10 countcr gas. The output of the gas flow proportiona1 counter

(GFPC) was amp1ified (Canberra pu1se prcamp1ifier mode1 1406) and

fed into the amp1ifier of the mu1tichannel ana1yser (Canberra

4100 MCA). The MCA input discriminator was set to count on1y cl

partic1es. The preamp1ifier output was a1so discriminated by

a single channc1 analyser (Nuc1ear Data mode1 ND-S20) against

noise and cl partic1es and used to triggcr the MCA in its
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multiscaling mode. In this mode, the MCA is triggered by 8

radiation and any alpha radiation in the following 100us is

counted and the total placed in the first �ICA channel memory.

The �ICA automatically increments at 100us intervals untiI

its swecp ends, and it awaits another trigger signaI. In this

way any 8-0 delayed coincidence counts,from RaC/RaC' wilI

produce a discernable decay curve of half life 164us, on top

of a noise count. The display of the MCA is sho�n below from

a 24 hour run.

COINCIDENCE SPECTRUM - GFPC

FIGURE 7

The average background from channel 10 to 50 was subtracted

from the initial decay curve, and the counts in the first, few

channels plotted on 10g graph paper (see FigureS). A least

squares fit to the first five data points gave a slope

corrcsponding to a half life of 159us, whilc if the sixth
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SOURCE: 226 radium speck

DETECTOR; gas flo\\' proportional
counter

GAS FLOW: 2 bubbles/ sec
•

07

SLOPE "159ps

10
0 1 2 3 4 5 6 7 8 9 10

CHANNEL TIME (x100ps)

RaC/RaC' COINCIDENCE COUNTS FROll FIGURE 7 FIGURE 8

point is considered, then the result is T� of 170us. The

error analysis is complex, but is discussed for a similar

measurement in Appendix 10.

Both these compare well with a similar measurement using a

multiscaling interval of 20us (of 100us here) made by ERLICK (1971)

using a 230 uranium solution evaporated onto a film and placed

between two silicon surface barrier detectorS.
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The resul ts obtained by ERLICK are sholffi in Figure 9.

10'
11
:.

Holf life of 214pO

1 channel. 20 fLs

i'!
z

8

10'

BockQfOUnd
"

.' ,

'.' .' .. ..... ". .' ...,.,
" . :. .. ... ' .'

" '"

10'
o 20 40 60 80 100 120 140. 160 180

CHANNEL NUMBER

COINCIDENCE DETERMINATION OF T11

after ERLlC K (1971) 2

•
RaC

FIGURE 9

Both results show that RaC' can be positively detected, even

in the presence of a high background.

(ERLICK used delayed a-a coincidence between the decay of 218

radon and 214 polonium (RaC') shown in the chain below.

a 222R
-+ a

30.9m

a -+ 218Rn a-+

385 0.0355

6.68MeV 7.26MeV

214 a 210
Po -+ Pb

164\1s

7. 835�leV

22y

5.991MeV 6.45MeV

Silicon surface barrier detectors and alpha spectroscopy were

. used.)
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4. EXPERIMENTAL PROCEVURE

The main purpose of this report is to investigate a new delayed

coincidence technique for determining RaC/RaC' in a sample of

air containing 222 radon and its daughters. Before describing

the detectors, electronics and experimentation associated with

the main study, some peripheral investigations will be briefly

considered.

4.1 O� Expe4iment

A short experiment was devised to investigate the possibilities

of using an organic liquid to colleet radon from air for liquid

scintillation. The collection efficiency was determined by

spectroscopy. TIle details and results of this experiment are

discussed in Appendix 8.

4.2 Two FiliVl. Tube

A simplified two filter tube for simultaneous determination of

radon and radon daughters was designed and constructed. Only the

first filter was used, but a superior performance of the second

filter stage is indicated. The design considerations and working

drawings are discussed in Appendix 4.

A 250ml "Quickfit" jar was used to contain a 226 radium chloride

solution. A "Quickfit" sintered glass bubbler was modified to

extend to the bottom of the jar and glass stopeoeks fitted to

the inlet and outlet, forming a gas tight seal for radon.
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11le radium chloride solution was made by dissolving a luminous

radium badge (0. 2�lBq, 6�Ci) in dilute hydrochloric acid in a

f1ask. 11le phosphor was left as a sediment Ivhen the solution

(40.1 ml) was transferred to the radon generator several days

later ..

4.4 The "SY-6;(;em"

The concept of the system was discussed brief1y in Section 3.1

but is described in more detail here.

Two organically quenched GM tubes (GEC EID12S) Ivere arranged

in a lead castle (Nuclear Enterprises type 710) so that a

memQrane filter could be placed between them.

,------, CASTLE
,. '/

,

I �,

'T'

" GM 'I' \
I \

, __ .,.,--\ FILTER
I ,

I ,

, ,

, G M 'B' ,
I \
I \

I \
IL_ _ _ _ _ _ _ _ _ _.1

BLOCK DIAGRAM OF COINCIDENCE

FIGURE 10

SETUP

The output of the two GM tubes were placed into identical scalers

'T' and 'B' (ESl Nuclear type 5360). The output of the lower

scaler, B.triggered a pulse generator 'G' (Intercontinental

Instruments Inc. model PG2) which opened an integrated circuit

"AND"gate for the predetermined length of its pulse. A pulse from

'T' was recorded by scaler 'X' (ESl Nuclear model 237) when the

gate was open.
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HV

PRE-AMP

SPEC.

AMP.
MCA

XY REL TAPE REC. TTY

FIGURE 11

y ray SPECTROSCOPY OF TIlE FILTER ACITIVTY

4.7 ExpvUmel1.:tat P/toc.edu.tte

The filter tube was loaded with filters (Millipor� O.8�

membrane filters) and connected to the air pump (THmlAS 7A

230V general purpose pump) and radon jar as shown below.

FILTERS

-2

o
FILTER TUBE I

! FLOW
METER

AIR

..g: �
- u- _0_ RADON
-0" .;-

� 'i!r 8- JAR
PUMP

FIGURE 12

COLLECTION OF RADON DAUGHTERS

,�

�
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The flOl' meter preceded the radon jar to maximise any daughter

activity in the air to be filtered. Control of the flow was

performed at the pump rather than at the flow meter.

Several stop watches were started ",hen sampling began as a

reference time for the y spectroscopy and system data collection.

The radon jar ",as "de-emanated" for five minutes at 14 l/min.

The first filter was removed and cut in half with scissors.

One half was placed on the Ge (Li) detector and the other between

the tlW detectors in the GM system with the activity facing

upwards. The three runs were performed with the jar undisturbed

for 10, 3, and 19 days, so that different degrees of equilibrium

between 222 radon and 226 radium ",ould occur. TIlough most of

the daughters were expected to 'plate out' in the jar, it was

hoped that some variation in radon daughter concentrations would

occur.

It was found with experience that a geometrically increasing

counting periods produced the best reSUlts, since the most rapid

changes in activity occurred at the beginning of the sequence

of counts. The Ge(Li) data was placed on a data cassette

whereas the "system" data was recorded as a running total for the

three scalers. In addition, a damped chart recording of the

T and B scaler ratemeters was recorded (RIKADENKI 2 channel

recorder). The coincidence input pulse was stretched and recorded

either directly or divided by 10 or 100 and recorded using the

recorder event marker. A continuous record of the "system" data

was produced.
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5. RESULTS

A number of short experiments relevant to the system response "ere

performed. TIlese are described sequentially.

5. 1 Mu£.:UcfJanne.f. SCClŬng (MCS I

To demonstrate that the GM-system "as capable of detecting RaC'

in the coincidence channel, a multiscaling experiment, similar

to that in the feasibility study was performed. A ne" multi­

chann9l analyser (NORLAND INOTECH 5300) capable of a d"ell time

of 10lls/channel in the �ICS mode "as used. A pulse stretcher

and interface electronics "ere built to trigger the mode. The

follo"ing block diagram illustrates the set up.

GM 'T'
0( .. (1.

'f MCA TAPE TTY

I
REe.

.... .. . '.0 ,

f

0(
PULSE

GM "B' 'B'
STRETCH

XY REC

SYSTEM COINCIDENCE SPECTRUM DETERMINATION

FIGURE 13
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ll1e figure \Jelow shows �ICS spectra from two overnight runs ",ith

a channel ",idth of lO�s per channel.

200 ''2.'''' COINCIDENCE CDUNTS ABOVE BACKGROUND
o 0'" 0 FOR SYSTEM

o

(b)

o

20

SOURCEo 226 radium
,

",0 D

on tilter ........0
0,

,

1\, • 168! 9/,s "
I 0 ,

'0,
,

,

'0,

0
,

"
0

,

0

Oo

0

,

2 3 4 5 6

� 50
'"
,5

....

z
:::>

o
u

10

o

GATED TUlE SPECTRA OF SYSTEM WITH FILTER

PAPER NOR��L AND INERTED

FIGURE 14

TI1e spectrum (a) decays to an average background count of

7.6 counts/channel at longer times .. TI1is average background

has been subtracted from the first fe", channels and plotted

Iogarithmically against time (b). TI1e corresponding half life

168 I 9�s compares weIl with that obtained by ERLICK(197l) of
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l70:tlO)ls for RaC I by a similar method, but using silicon surface

barrier detectors. 111ese resul ts show that after background

subtraction the coincidence channel is definitely isotope specific

for RaC.

The bottom spectra (c) further proves the efficacy of the system.

The source used "as a small amount of 226 radium from a luminous

radium badge plated onto the top surface of a membrane filter,

of the same type used to collect radon daughters. ��en inverted

iIi the system, the background �ICS spectrum (c) was obtained,

indicating a total lack of detection of any a radiation from

RaC' on the bottom G�I since any RaC' detected this way would

have produced a spectrum similar to (a). This � specificity

is certain, since the range of the RaC' a (7.6 �leV) was greater

than any other a radiation ( 5 MeV) in this decay series. The

combination of the stopping power of the filter (3 mg/cm2), the

air gap and the GN window (2.1 mg/cm2) prevents the detection

of any a radiation through the body of the filter. The count

on the bottom detector for measuring radon daughters was due

to the � radiation from RaB and RaC only (and a negligible y

ray count since these GM tubes were relatively y insensitive).

The implications of this are discussed in section 6.

Part of spectrum (a) from the previous figure is presented on

an expanded time base in Figure 15.

II
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111 EXPANDED MCS DISPLAY

NET COUNTS (400ys) - 7 4
BA[ KGROUND ' - •

------

40lfs segment

�fl �

/1\1 \
I i I:ln
I i �1

! f , ,�

l' N' la')

i. tAul/htl nl\1 fl . A � background
- - - - - - - ',-- -. - - - JlJ-�qI:Jjn� n...'ln�" �,\ ',.'

, If � iU 'uilvr.,q;y; n-rJ
___.�!___ '. I

----

FIGURE 15 EXPANDED SECTIONS OF FIGURE'i4(a)

NET COUNTS (800 �s) �4

BACKGROUND

SECTION OF I a)

The area of the 40 channel segment (a) represents the total

coincidence count obtained when the gate length is 400�s.

Spectrum (a') shows the effect of lengthening the gate to

increase sensitivity. The gain is offset by the increase in

background count.

The spectrum obtained had a greater contribution to background

random coincidences than that expected for an environmental

sample, since with the 226 radium sources used the top counter

registered an equal number of a particles from 226 radium, 222

radon as well,as those from RaA (218 polonium) and RaC' (214

polonium). An environmental sample collected on a filter would

have an a count contribution from only RaA and RaC'. TI,at the
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system performanee is good in the present experiment illustrates

the degrce of baekground rej eetion obtained with the eoincidenee

eounting mode.

The system was set up in the manner deseribed and the eount rate

recorded for different gate lengths. The 226 radium souree

used in the previous seetion I;as used.

90

80

�
- - ci -1- - -

0
0

0
,

0
,

� 60 ,

c>
,

..-
0 ,

t- O
W

,

�40
/

/

�
I

Z 0

::>

:3 20
background contribution

2 4 6

GATE}vs x 100)

8 10

FIGURE 16

EFFECT OF GATE LENGTH ON BACKGROUND AND SENSITIVITY
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For a gate length G, the possible fraction of RaC' detected

is given by

F ; 1 _ e-G/T

where T is the mean life of RaC' (236.6�s)

GATE (�s) F(%)

200 57

400 82

� 100

TABLE 2 DETECTABLE FRACTION OF RaC'

i

This is shown in the above graph, but an optimisation of the

gate length had to be made - too short and the detection lacked

sensitivity, too long and the problems of random coincidence

counts became evident. A value of 400�s was selected as a compromise

between high .sensitivity and background rejection. The system

performance could be slightly enhanced by adjusting the individual

channel deal times to the same value of 400�s, thus decreasing

the random coincidence count since scaler retriggering would

not then occur. �leasured dead times were between 200 and 250�s.

5. 3 Channe..t Vea.d T.une

A check on the dead times of the system was performed. The

electronic dead time imposed by the scaler was stated to be

400�s, and exceeded the intrinsie GM dead time.

The standard dead time method of split sources was applied

(Appendix 12), but two techniques were used. The first involved

placing one split source, then the other and then both near the

GM tube and calculating the dead time. The count rate was

adjusted to produce about 10% dead time with both sources in

position, by changing the source-detector distance.
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5.4 F!ow M�e� C�b�ation

111e volumetrie flow of air throllgh the fiI ter during sampling

in part determines the aetivity deposited on the filter, so an

aeellrate determination of the flowmeter ealibration was needed.

A reasonable ealibration at flow rates of interest was performed

using water displaeement.

FLOW METER

o

:-0__:..::­

- o--=�
:-:O�-=

��AJER_-
::0==
-0 _

.- --­
-- -

5,BI

PUMP

FLOWMETER CALlBRATION

FIGURE 18

The flowmeter (FI5HER and PORTER TRIFLADwas of a tapered

triangular bore design and lifted a metal ball to various

heights depending on the flow rate. No instruetions were

provided with the meter as to the seale marking or method of

reading. 111e ealibration graph below was produeed by timing

the water displaeement from a 5.81 eontainer with a stopwateh.

16

�
12

lLJ

...J

<1:
u

Vl8

0::
lLJ

�
lLJ

L:

�4
...J
u-

DO
4 8 12 16

Q ( l /m)

FIGURE 19 FLOW METER CALIBRATION

An approximately linear response in the range of interest was found.
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The second methed involved placing both sources near the detector

as before, but a1ternately covering each with a 2mm piece of

lead, and then uncovering both for the combined count.

GM

STAND--

2mm Pb

SPLIT SOURCES

FlGURE 17 GM DEAD TUiE DETERmNATION

This avoided moving the sources, but gave a significantly shorter

dead time, perhaps due to a small degree of scattering from

the lead. The lead reduced the count to background levels

when it covered both sources, demonstrating that its shielding

effect was adequate. Autoradiography of the split sources

showed the active parts to correspond exactly with the 2.5m

diameter depression5 in their 5urfaces.

For 5caler5 T and B

Method 1 (305 count)

Method 2 (3005 count)

DEADTUæ T(lJs)

200 :!: 70

DEADTHIE B(1J5)

350 :!: SO

160 :!: 20 260 :!: 20

TABLE 3
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There were seven distinct areas to be considered during testing

of the system.

(1) The dynamic response to radon daughters. Previous tests

showed the static response to RaC/RaC' in the presence of

226 radium, 222 radon, RaA and RaB in secular equilibrium but

showed nothing of the response to RaA and RaB. This test would

also demonstrate the degree of background rejection expected in

the presence of radon daughters alone.

(2) The response of the bottom detector "B" to the presence of

RaB and RaC. This could be confirmed by the half lives of the

detector counts and by parallel y - spectroscopy of RaB and RaC.

(3) The ability of the system to indirectly differentiate RaA.

(4) The coincidence response for RaC/RaC' was repeatable and

corresponded to the RaC levels obtained by parallel y - spectroscopy

measurements.

(5) The calibration factors for the system, for each daughter.

(6) The lower level of detection for each daughter.

(7) Investigations into measurements necessary to determine RaA,

B, C and C' under various conditions.

Three runs were performed with the system and Ge(Li) detector in

parallel. The degree of equilibrium of the 222 radon with 226

radium in the radon jar was estimated to be 84%, 42% and 97% for

the three runs. Secular equilibrium of the radon daughters with
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radon would be expected, so daughter activities in air bubbled

through the radon jal' should be in the same ratios, assuming the

degree of removal of each daughter on each run was the same.

TIlis could only be vel'ified to a limited degree since positive

identification of only RaB and RaC by y - spectroscopy could be

perfol'med. Examination of the chart l'ecording of the system

performance is probably the best indicator of the degree of

disequilibrium between the daughters since the transient RaA

activity would not be sho\;J1 as well on an integrated response.

5.5.1 rlU-tUte. VaugitteJt EqlUli.bJL.i.um

For secular equilibrium between RaA, B and C the activities of

the d&ughters would be the same. For air sampled by filtration,

the activity on the filter builds up until the rate of decay of

each daughter equals its rate of collection plus its rate of

formation. At the end of sampling, the RaA activity decays but

the activities of the other daughters follow a more complex process

of build up and decay .
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The scetion of the ehart reeording above shows this feature. The

very high (off scale) 'T' traee after the sample was inserted

is due almost entirely to the RaA aetivity indieating a large

degree of disequilibrium towards RaA. TIle gradual buildup and

deeay shown in ehannel 'B' is due to the buildup and deeay of

RaB and RaC. This buildup is also cvident in ehannel 'T' onee

the dominant RaA aetivity has deeayed. (The dashed line for

ehannel 'B' represents an average value, sinee several seal e

ehanges were hastily made to both ehannel T and B to allow for

the large initial aetivity in ehannel 'T'.

1he mean life of free RaA (i.e. not attaehed to eondensation

nuelei) is about 305 .(DUGG��, 1969). A proportion of RaA

was expeeted to bc present in jar air (NIO%). A lesser

proportion H%) of RaB and RaC remains free sinee they ",ne

eithei' attaehed to the jar walls on formation or during their

longer half lives. This produeed a larger degree of disequilibrium

towards RaA on de-emanation.

From y - speetroseopy measurements of the RaB and RaC aetivity

in the radon before and after a run, an almost eomplete removal

of radon was dedueed.

B RAOON JAR 't - SPECTRA

[

226Ra

(Oifferent harizantal seale 1

B B B [

POST- RUN, shawing 3Z regrawthPRE-RUN 3h

B = RaB

C = RaC

FIGURE 21
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This high efficiency (>99'6) of removal of the radon suggests

that mast of the radon and airborne daughter activity had been

removed in the first,e.g. 30 seconds of de-emanation. Since

this time \;as unknown, an accurate estimate of the daughter

activities on the filter at the end of sampling was impossible.

A short discussion of the data from the three runs is presented

as a prelude to an assessment of the seven points outlined at

the beginning of section 5.5.

For all the runs a sampling time of 5 minutes at 14 l/minute

was used.

5.5.2 RWl 1 Ða-ta.

Ii) Ge (ul da.ta. I RW1 1 )

To capture the changes in high initial activity on the filter,

the first 500s were recorded in the MCS made with a channel width

of Is. Due to a technical fault in the tape recording this data

was last. Consequently, the y ray spectra did not show the

initial high activity. The form of the spectra is shawn below.

C
I •

�jJ� , c �
.1 M

� L
(j)

� ,l I, ...
@

.. . . .

•

lJJ�!�
kt.�----..a..-

l-Jk .

FIGURE 22

RUN I, SEQUENTIAL y ray SPECTRA OF FILTER (400s)
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(.u) S!f!.>;i:em datft [Rult 1 J

The gate interval was set at 200�s and the filter paper placed

betl<een the GM tubes. A good counting geometry I<as ensured by

clamping the tl<O GM tubes together. The record for -three hours

(10000 seconds) is shown.

10

RUN 1 SYSTEM DATA

'1'
--- -.-0. - -- -- --- .. Q..----- ...

- - - -.-

D--.[}---D- ... _

0' --0,'- •. _._0-

'.
".

-----
--------0

'B'

'-0-.

".

'.

NOTE (il tl'<! slatistical error for

T and B in RUN 1 & 3

is the size of the points

C1il counts include background (for system)

(oil£11 times are from the

start of sampling

'x'

...f- f" "'" -?--, - , .. - "- .?" - , - - __ . " __

t/t - ... - ... --
t/ .. -.-.------- J,.

--or

'.

'0

0,01

°
9 10

1 2 3 4 S 6 7

TNE I s x 10001

FIGURE 24 RUN I, CHANNEL T, B AND X RESPONSE

8

The expected buildup and decay of RaC' is reflected in the bottom

curve of similar shape to the RaC curve in the Ge(Li) results

shown earlier.

The T channel shows an initial high activity from RaA decay and

the B channel shows an initial buildup and then a decay. The

residual activity'in the T. B and X channel was due to gross

contamination of the castle with radon gas from a previous measurement.
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1110 resultant daughter activity on the G�j tubes, especially the

poorly ventilated top GM tube gave a background rate close to

the final count rates shOlm .

5.5.3 Rwt Z Vata

The degree of equilibrium of radon in the jar was about 42%, so

half the daughter activity in Run 1 was expected. A gate length

of 400�s was used.

(il Ge(Li) data (Run Zj

The levels of radon daughters were so low that the daughter

activity did not show above background.

(U) Sy-6tem data (Run Z)

The graph below

against time.

'"0.
u

FIGURE 2S

CIIANNEL T, B AND X

RESPONSE

shows the T, B and coincidence channels plotted
1

RUN 2 SYSTEM DATA

0,1

0.01

". "i
I 1

O,O�L_---L�---�2�---3�---4�--�5---6

TiME (5,,0001

/
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A similar result to Run 1 was obtained except the measurements

were stopped after 11, hours. Althoueh y ray spectroscopy could

not give any information on the daughter concentration,

comparison of the graph above wi tlt the system graph for Run 1

shows a tenfold reduction in count rate for all three channels

and not the twofold reduction expected. The reason for this

is not knmm.

5.5.4 RWl 3 Va-ta

Experience obtained from the previous two runs permitted optimisation

of count periods so that this was by far the most successful

run. The degree of equilibrium (97%) ensured a high initial

activity. All the scalers and chart recorders were turned

on before the start of pumping so that they were operational when

the filter was inserted between the G1II tubes, but an uncertainty

in this time made the first count after 100 seconds uncertain,

so it was not used. A gate length of 400�s was used.

(.i.J Ge[U) Va-ta (Run 3)

The data below is similar to the data in Run I, but the buildup

and decay of RaC is much more dramatic.
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B

B

B (5) C
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4005

.L .J...

@

�OOs

@ @ @
40(, I . 800s 800s
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FIGURE 26 RUNS SEQUENTIAL y RAY SPECTRA OF FILTER (SCALED)

The spectra have been scaIed ta accaunt far the change in sampling

peri ad as the experiment pragressed. The changes are pIatted

belaw. FIGURE 27 RaB AND RaC ACTIVITY Of .Y RA�.SPECTROSCOPY
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lül SYlJtem Vata (Rull 3 J

The system data is plotted belOIL The difference betNeen the

position of the T pIot here and in Run 1 and Run 2 is due to an

aecidentaI ehange in geometry prior to the run.

20
8 -'0- ,,(). - -0" • - __ 0

"0_--0__ -0-. �: - - - - " - 'o�a:.
. ' .

. '.

RUN 3 SYSTEM DATA

10
"

"
". -0..

'.
"

.,. '0-.
"

". "

"
"

" -- -"�
...... v

'-0'"c.
u

A--1-- ... .-?-.,. 'X'

:? "", ....,.
, y •

f
. "

".

'" "'-
r"

-.

--

1 2 6 93 4 S

TIME (s.1000)

7

FIGURE 28 RW 3, O1ANi,EL T, B AND X RESPONSE

The daughter activity is about fives times higher here than in

Run 1. This gives a range in activity.

RUN 1 RUN 2 RUN 3 T 10 1 50
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5.6

111e analysis of the system data is presented under the seven

points outlined in section 5.5,

5.6.1 V!fl1anú-c. RUpol1-6e

The response of the T and B channels can be viewed in terms of

decay of RaA, B, Cand C I. A mathematical treatment of the

Run 3 data is given in Appendix 5, but was only partially

successful because of a lack of empirical data on efficiencies.

This would have required the construction of a high quality

thin source to test the data.

On analysis of the Run 3 system data, it was noted that the

initial decay of the tap counter corresponds to a half life of

about three minutes, the half life of RaA. Thereafter, there was a

gradual change in the slope of both Band T corresponding to a

half life of the sum of the half lives of RaB and RaC, and

eventuaIly a decay tending towards the half life of RaB.
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FIGURE 30 RUN 3, COMPARISON OF COINCIDENCE

CIIANNEL X AND RAC (609 keV)

5.6.3 RaA M-6e.6-6ment

Sinee the ehange in RaB eoneentration with time during sampling

was unknown, and the time before measurement was long relative

to the half life of RaA (3.05 min), little eertainty ean be

plaeed on any ealeulation of RaA aetivity in the aspirated air.

The ehart reeording in seetion 5.5.1, as mentioned, showed a

very high initial aetivity of RaA. This was also shown, to a

lesser extent in the presentation of the system data for Run 2

and Run 3, sinee the high initial eount rate has been smoothed

by the eounting interval.

5.6.4 Co�nC{dence Count Repeatab�if

The shape of the system eoineidenee ehannel output in the previous

figure matehed the RaC Ge(Li) response. Both the Run 1 and Run 2

eoineidenee plots were of a similar shape to the Run 3 plot and

were both the same proportion of the other speetra.
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5.6.5 CaUblta;t{.Oft

y - spectroscopy \Vas used to give total RaB and RaC activity on

the half filter presented to the Ge(Li) detector. An error of

3% from bisection of the filter l,as calculated, so the activity

on the filter presented to the 'system' \Vas otherwise identical.

The Ge(Li) crystal \Vas approximated to a 46mm dise, Snun behind the

front \Vindow of the detector to calculate the geometric

efficiency (0.4). The efficiency calibration for a similar

detcctor is shOlm below.

5
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FIGURE 31 Ge(Li) DETECTOR ENERGY CALIBRATION
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Thc count ratc ratio bet"ccn RaC by y spcctroscopy and thc systcm

coincidencc count was 0.7. TIlC abs01ute rc1atioll bet"ccn atoms

of RaC decaying and RaC y's dctccted gavc

312 Bq = 1 count/sec for RaC \;hich trans1ated to

233 Bq = 1 count/sec for RaC/RaC' coincidcncc counts.

The detection efficiency of RaB and RaC B radiatioll by GM is

virtually the samc, so thc dctcctioll cfficicllcy of RaB p1us

RaC tO\;ards the clld of thc runs whcn secu1ar equilibrium is

llear1y estab1ished can be used to ca1cu1ate their detcctioll

efficiellcies. The average ratio of chatme1 B count rate to the

coillcidence count rate was 25, so the detectioll efficiellcy for

was

20 Bq = 1 count for RaB p1us RaC

A simi1ar detcction efficiellcy for RaA would be expectcd, sillce

the samc gcometry "as used alld the "indow thicklless (2.1mg/cm2)

for thc GM tubes used is 1ess than the range of RaA a emissions.

The overa1 efficiencies may be expressed as percelltages

RaA .... 10% in challlle1 T

RaB -10%} in both channe1

+
RaC -10% T and B

RaC/RaC' 0.4% in challne1 X

The 10w efficiellcies for thc prototype were due main1y to

the GM window area to the fil ter paper ratio (-4).
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5.6.6 LoweJr Leve.e. 06 Vetee-Uol1

A mathematical technique for determining the lower limi t of

detection for a counter is described by ALTSIlULER (1953) using

an optimisation between type I and type 11 errors. TIlis is not

applicable for the coincidence counting, since the limiting

factor is the count time. Extended (lOOOs) counts of the random

coincidence with an unused filter rarely registered a single count.

If the mathematics is considered, this may be understood. If

the bottom counter B opens the gate G during a count of t minutes,

then the fraction of time available for counts from the top
. • BG

counter 1S 1: at low count rates. The expected count due to

random coincidence 'E' is simply (see Appendix 5).

E = TBG
t

For example, if the background count rate is 6cpm, for'T and

'8', then the expected random coincidence background using a

400�s gate during a 20 minute count is 0.0048.

An average background count rate in both detectors of 60cpm was

measured to give E � 0.5. This may be interpreted as an even

chance of registering one count.

If 2 x 10-4WL air in secular equilibrium is measured in an

instrument with detector and filter the same size then (for

geometry 0.4, detection efficiency for a and B = I, sampling

la l/min for five minutes, counting for 20 minutes (with a one

minute sample insertion time) then the counts recorded in the

absence.of background in channel T, B and X are

38 counts in the top channel, T

32 counts in the bottom channel, B

1.4 counts in the coincidence channel, X.

Doubling of the background rejection may be obtained for a 30%

decrease in sensitivity by reducing the gate length to 200�s.
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For a background count rate of 6 cps, the effect on channel X

is negligible. For the prototype system, the 10\�er limit of

detection is 10-3 WL, based on the expectation of a single count

For an optimized system (larger G�I tube Ol' smaller fiI tel'),

the lower limit of detection would be 2 x la -4 WL.

5.6.7 Me.CU>Wle.me.l1X: 06 II1cU.v.uLua1. Vau.gltX:eM -to VUVUn<-I1e. WL

TIlree ways of using the coincidence count to obtain usefuI

information are shown and their merits discussed. A method

of estimating the degree of disequilibrium is also presented .

. 5.6. 7. 1 IltcU.v.wtuti'. Vau.gMeM

If the approximate detection efficiencies for RaA, RaB, RaC and

RaC' are used, then the individual tota� disintegrations during

the counting interval may be calculated. There is a one-to-one

relation between these figures and the airborne concentrations

provided the method parameters are kno\� (pumping time, filter

transfer time, count interval, system response) and these

concentrations are constant during the pumping time. This is the

inverse of the relation described in Appendix 5 which gives the

number of each daughter decaying during the count interval and

is not discussed in this reporto

If the channel counts for channel T, B and X are T, B and X

and the number of decays of RaA, RaB and RaC/RaC' are A, B, C

for the same interval then

T = Ea VT (A+fC) + ES VT(B + C) + BT

B = ES VB (B + C) + BB

X = .g £a VT x ES VB x C

(I)

(2)

(3)

where Ea' £s are the a and S detection efficiencies

VT, VB are the geometrie factors associated eith T and B
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f = 1 - e -TC' /1 = 0.73 for T = 180�s (dead time of T) and

TC' = 23.6 (mean life of RaC');BT, BB are baekground eounts

of T and B;g = 1 - e-G/TC' = 0.82 for gate G = 400�s.

Sinee X is known, C ean be ealeulated. Substitution of C into

the second equation gives B; substitution of B + C and C into

the first equation gives A.

This can be used to provide an estimate of the WL without any

asswnption as to the degree of equiZibrium. However, the

problem of statistieal aeeuraey is inherent. This may be

illustrated by the ealeulations below based on (i) 1 IiL of

radon daughters in seeular equilibrium using an "ideal" system

(£"=£S=l, VT=VB=0.5, purnp time 5 minutes at 10 l/m, transfer

time 30s, eount time 20 minutes, no baekground one would expeet

T B X
---�---�---

22455 counts132205 104366

Solving equations (1) to (3) give statistieal errors from the

eounts

A = 4.2%

B = 1.0%

C and C' = O. 7%

These figures may be abtained with the present system provided

the geometrie factorsare optimised and the baekground kept low.

(As mentioned, they are not the eoneentrations in air, but rather

the total deeays of eaeh speeies on the filter paper, during the

count interval.) (ii) onZy 0.01 WL, but otherwiseidentical

conditions. The statistical errors in each estimate are

A = 37%

B = 7%

C and C' = 5%

The statistical error for the number of RaA decays, Ahas

increased considerably, but the errors for RaB and Rae decays

are acceptable.
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The graph represents the percentage of each daughter decaying

for a 5 minute sample time and a 30 second fiI ter transfer time

(from filter holder to the measuring system) for a variety of

counting times. The lines A, Band C refer to an initial

equiIibrium mix of RaA, RaB and RaC in the air. The lines B*

and C* are for "young" air when the initial concentration of RaA

in air is 10 times that of RaB or RaC. The dashed lines are

for background count rates of n, 2n, 3n, ..... and indicate that

an optimization between counting time and background must be

made.

The difference between C (secular equilibrium) and C* (O.l

equilibrium) in figure 32 for 20 minutes count time indicates

that a measurement of WL based on RaC' alone could create an

error (� of 25% in WL estimation if the degree of equilibrium

was not Enown. This error could be reduced if the degree of

equilibrium in the air is estimated. The high initial rate of

decay from RaA (T'7-,3.05 min) demonstrated in figure 32 could

be used in this respect.

100

..

a.

u

\RaA

\

\
�\-a'D"'Q.."<>, T

••••.0. .Q •.o".a.

" •••0.••.0. •.•
"...

.........lL ••••
a

......

-'oa.

26,8 ""'......,

30
2 3 4 5 6 7

TIME Is .1000)

FIGURE 32 RUN 3 CHANNEL 'T' SIIOWING 11lE HIGH

INITIAL ACTIVITY OF RaA
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A 1ack of knOl,ledge about changes in the concentration of

daughters during de-emanation prevented this ana1ysis being

performed, but the high equilibrium tOl,ards RaA is evident

when the proportion of daughter activity from the RaA decaying

on the fi1ter is subtracted from the data at 20005.

The main advantage of using just coincidence counts to estimate

WL's is the degree of background rejection. This makes a

direct WL estimate possib1e in the presence of other Cl emitters

on the fi 1 ters.

5.6.7.3 Veteromination 06 WL by RaB and Rae

The sensitivity of RaC to disequi1ibrium has been shown as

the main prob1em of using on1y RaC as an indicator of WL for a

limited (20 minute) count.

If the RaB decay is ca1cu1ated from equation (2) in section 5.6.7.1

using data from channe1 'B' and channe1 'X' then a better estimation

of WL can be made. Examination of figure 33 shows that RaB

has a 3% sensitivity for a 20 minute count. A ca1cu1ation from

this data shou1d give a tota1 error of about 10% in estimating

WL. This assumes the background count in channe1 'B' is we11

known.
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6. VISCUSSIOIJ

6. 1 SwnmaJLlf 06 ReAltU6

Tne purpose of this study was

(i) a laboratory investigation of delayed coincidence counting

for RaC' determination.

(ii) to invcstigate the application of this delaycd coincidence

count to WL estimates.

RaC' measurement by delayed coincidence counting was shohTI

to be a reliable technique using cheap detector s and simple

electronics. The background rejection in the coincidence channel

at a relatively high count rate (16 cps) was over 30 in the

presence of equal activity of 226 radium, 222 radon and RaA.

An enironmental air samplc collected on a filter would be unlikely

to present such a high a background nor such a high count rate.

Two types of background can be present with filter methods.

These are:-

(i) that due to high activity in the environment e.g. y rays,

radon (and thoron). These may lead to direct counts on an

instrument or a 'build up' of activity in the device. The GM

detectors used in this study are relatively (1%) y ray insensitive.

In addition, adequate shielding and a background count can reduce

this error.

(ii) present in activity collected on the filter from long

lived a emitters (238U 4.18 MeV, 234U 4.76 MeV, 2l0pO 5.298 MeV)

in the air. To determine the background, a count must be taken

hours after the radon daughter activity has decayed. An estimation

of these factors is impossible from laboratory data but a

reduction of background by a factor 30 has been sho\;n and perhaps

100 can be expected in the coincidence channel. (At very low
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count rates a reduction in background of several thousand could

be expected with extended counts.)

TI,e analysis in Section 5.6 shows that a variety of approaches

can be applied to the estimation of the individual daughter

concentrations. TI,e result is to optimise either (i) the capability

of the system to measure the degree of equilibrium with a low

background or (ii) the ability to estimate a low WL in the

presence of a high background. For the former, the intrinsic

statistical errors were shown to be (for secular equilibrium)

1 WL 0.01 WL

RaA decays 4.2% 37%

RaB decays 1.0% 7%

RaC decays 0.7% 5%

and for the latter -25% for a measurement of RaC aZone, in the

absence of information about radioactive equilibrium in air.

For a low WL, concentrating the activity by using a higher pumping

rate would permit a better estimation of each total daughter

decay •

.

..

6.2 CompaIW.on W.ah OtheJl. MethocU

Other methods vary in the minimum activity detectable. Unfortunately,

-most of the data on the equipment is laboratory based and give

little indication of the device performance in high backgrounds.

A few different methods are tabulated below with the times

necessary to perform the measurement.

LOWER LIMIT OF DETECTION

(WL)

...

BEDROSIAN (1969) Polaroid film/

'ZnS (3h)

KUSNETZ (1969) filter/ZnS (45min)

ROLLE (1972) filter/ZnS (20min)

MARTZ (1969) surface barrier

detector

CLIFF (1978) surface barrier

detector for secular equilibrium

NEW METIlOD based on RaC I

detection alone (20min)

1

0.3

0.01

0.01

0.0001

0.0002
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Although silicon surface barrier detectors show superior

results, they are more expensive, require more complex electronics

and are more fragile than the system proposed. Delayed Coillcidence

considerably reduces the background and gives an isotope

specific count, however, there is also a corresponding decrease

in sensitivity, mainly due to the geometry and only counting

one side of the filter. This is a necessary requirement when GM

tubes are used since they have a long dead time. If a counter

which could count CI and B particles were used, ,dth a small

dead time, then only one detector need be used. ll1is was

demonstrated in the feasibility study with the gas flow proportional

counter.

6.3 lmplLovemeiU:6

The two main problems preventing thorough analysis of data

were

(1) A poor souree of radon daughters. The radon jar was

unsatisfactory for this study since the rate of de-emana tion

of any daughter activity was unknown. This made application

and verification of the model developed difficult. A better

source - a large volume containing radon, wculd have produced

more useful results.

(2) A Zaek of knowZedge about system performanee.

(i) The CI and B detection efficiency of the GM tube used is

considered "essentially 100%". This \;as not properly demonstrated.

(ii) The uncertainties about determination of the various

geometric factors - from a purely theoretical view (Appendix 1)

to the practical view,of what were the effective geometric

distances.

(iii) Complete lack of knowledge about the radial distribution

of activity on the filter. It was assumed to be uniform for

this study. A detector larger than the filter would eliminate
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this problem. TIlis error was expected to be small. �Iost of

these three uncertainties could be overcome if a large

thin a alul a souree were available. The time limit imposed

on this study did not permit any of these problems to be

completely examined.

7. CONCLUSION

A device capable of measuring environmental radon daughter

activities in air has been demonstrated. A detectian efficiency

of 10% for RaA, B, C and 0.4% for RaC' for the protot)�e was

calculated, although this could be improved at least fourfold

by better selectian of counting geometry. Isotope specific

RaC' measurements were made in the presence of other a emitters

in far greater concentrations. A lower limit of detectian based

on a 20 minute count of 10-3 I�L based on RaC' detectian was

shown, but with better geometry a lower limit of detectian of

2 x 10-4 could bc achieved.

The device is the only non (l spectroscopy method capable of

providing definitive RaC/RaC' measurements and applicable to

field use.

,

I,
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APPENDIX 1

GEOMETRIC FACTOR

Thc convcntiona1 approach to dctermining the geomctric factor

of a coaxia1 disc source/dctcctor geometry is to usc the so1id

ang1e subtcndcd by a point to a dctector and intcgrate it over

the source. This gives an integra1 I<hich cannot be solved

exact1y but at a distancc can be approximated by a po1ynomia1

(JAFFEY, 1954). A Montc Car10 approach(CARCHON, 1975) may

also be taken, or the integra1 may be expressed in terms of

Bcsse1 functions or Legendre po1ynomia1 (WILLIAMS 1966,

RUBY, 1968). This approach appears in error since a point

sourLe is a volumc element and \;hen integrated ovcr a disc must

produce a volume integral.

A different approach is to consider a surface element of'the

source and a surface element of the detector (SPARROW 1978)

and to perform the doublc intcgral.

Comparing the integrals for the two approaches, shol<s the

formulation for the geometric factor V .. to be similar.
1-)

_i_

-j-

JAFFEY--

2
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A. -A.
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! !
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O J
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J J
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\,'hercas SPARROW -...

2
11 v =

A. -A.
1 J

J
A.
1

J

A'
J

dA.dA.
1 J

r4

=

211
J dO.
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O J

r. dr.
Ja J J

022[r.+r.-2r. r. eos(o.-e.)
1 J 1 J 1 J

2]2
+ e

o o

wherc X = a/e, Y e/b

A short program was written to ealeulate this faetor.

I�en the separation e is zero or infinite the solutions are the

same. (At C=O,V is thc ratio of the detcetor to sourec arca,

at largc distanees the sourec is similar to a point souree).

The graph bclow illustrates the differenee between the approaehcs.

The lower plots show the geometry used for this study.

....

!

O. SPARRQW 119"81

o .{RUBl' 1'1%81
'iorLllA!'IS 11%61
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The appraoch by SPARROW sho"s a shoulder at small distances

apparently not predicted by the approach of RUBY or the "�Ionte

Carlo" method of WILLIAMS. This "ould be expected, especially

for small detectors, "hen the source approximates to an infinite

plane at small separations.

111e second graph (belo,,) sho"s the geometric factor calculated

using SPARROW's method for the system. (Points 1, 2 and 3

are the geometric factors for the bottom channel B (1); the

top channel T in Run 1 and Run 2 (2); Run 3 (3).

0,5
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50URCE-DETECTOR SEPARATlON I c ml

GEOMETRIC FACTOR BY SPARROWS METHOD

Empirical tests of the new relationship "ere tried, but a

large uniform thin source "as not available. The diagram

belo" sho"s (i) an autoradiograph of the best distributed S­

source available and (ii) a plot of a geometry corrected

count at various distances for various dead times. A distributed

cr source was not available.

-

C
op

yr
ig

ht
 D

r D
av

id
 B

ro
m

w
ic

h 
19

80
-2

00
9 

w
w

w
.d

bo
hs

.c
om

C
op

yr
ig

ht
 D

r D
av

id
 B

ro
m

w
ic

h 
19

80
-2

00
9 

w
w

w
.d

bo
hs

.c
om



- 66 -

The plots for different dead times Here made because of

statistical uncertainties in the dead time calculations for

this experiment. A plot using the correct dead time Hould give

a horizontal line if the geometric factors were correct.

Nothing conclusive may be said from this study since (i) effective

source/detector distance was not knm;n; (ii) the source was

not uniform.

2,5

SOURCE 50I'Ci 11,9 MBq)

20411 : 763 keVf3

\5

�,.- - ­

,

2 ,0

I ACTIVE

I AREA

-

AU10RADlOGRAPH
OF SOURCE

5 10

SOURCE • OETECTOR lcm J

15

CHANGE IN OISTANCE-CORRECTED (SPARROl�)

COUNT FOR VARIOUS SYSTEM OfANNEL DEAD TIMES

C
op

yr
ig

ht
 D

r D
av

id
 B

ro
m

w
ic

h 
19

80
-2

00
9 

w
w

w
.d

bo
hs

.c
om

C
op

yr
ig

ht
 D

r D
av

id
 B

ro
m

w
ic

h 
19

80
-2

00
9 

w
w

w
.d

bo
hs

.c
om



- 67 ­

APPENDIX 2

RAPID DECAY CORRECTION

For a single isotope decaying at a rate comparable to the measuring

interval , the mean sampling time will over-estimate the average

count rate. This is because more decays occur in the first half

than the second half of the interval.

FREMLIN (1964) shOlvs a simple correction to the mean count time

to correct this error. For a measuring interval tl�t2' the

correction is

1LI

�
Cl:: I

I-
I

Z
I

::> I

0 I
LJ

I

I

T1 TIME-e- TZ

A short program was written to evaluate 6t for RaA, RaB or RaC

for different counting times. For example,

daughter count time (5) correction (5)

RaA 100 1.6

RaB 600 6.4

RaC 600 8.8

The correction was not applied

since the correction was small,

(buildup

for each

to the graphing of the results,

could be positive or negative

weighted

Also, the RaA

activity

or decay) and complex, since a correction

daughter activity would have to be used.

was negligible after the first 20 minutes.
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ΑΡΡΕΝΟΙΧ 3

PROPERTIES OF RADON

There is relatively little information οη tlle pllysical and

chemica1 properties of radon. nlis appendix summarises some

of the morc uscfu1 propcrtics.

CIIEMICAL

STEIN (1970) demonstrated the formation of stab1e radon f1uoride

from ha1ide f1unrides at room temperature, and suggests its

use for co11ection of radon. nlis may be a viablc tcchnique

for samp1ing, but as EVANS (1969) points out "heroic radiation

gamma ray shic1ding" wou1d be required οη a chemica1 scrubber.

STEIN (1974) has revielVed a number of ne\� antimony a.nd bismuth

cornpounds based οη halide f1uorides. They rcact lVith radon

and produce oxygen, e.g.

(Sirni1ar reactions are suggested to capture xenon IVhich are

app1icab1e to safe disposa1 of 133 and 127 xenon in hospita1s).

WEINSTOCK (footnote in FIELDS 1963) suggests the forrnation of

a stab1e radon si1icate in a quartz rnicrowave discharge.

BARTLET (in COCKETT 1975) rcviews sorne \�ork inc1uding STEIN (1970)

and postulates rnore comp1ex sa1ts of radon. C1athrates of a11

tlle nob1e gas with the general forrnula 8G. 461120 havc been known

for rnany years. C1athrates of radon lVith hydrogen ch10ride,

brornide and su1phide have been used to separate radon frorn

he1ium and neon.

CΟCΚΕΠ (1975) states "radon is strong1y absorbed οη solid

radium surfaces".
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PHYSICAL

1\<0 books (COOK 1961, COCKETT 1975) contain tab1es of physica1

properties, though it is more like1y that the chemica1

p1'operties, inc1uding solubi1ity a1'e of mo1'e use at ve1'Y 10w

concent1'ations.

The solubi1ity of 1'adon in va1'ious f1uids was studicd many yea1's

ago (SCHULZE 1920). The solubi1ity of a gas may be defined as

the ratio of its concentrations above and in the solvent. The

fo110wing tab1es and g1'aphs show the solubi1ity of 1'adon in

va1'ious f1uids, and may p1'ovide the basis fo1' a samp1ing

technique.

The solubility of 1'adon in wate1' is greate1' than that of the

othe1' inc1't gases (LAWRENCE 1946).
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The s01ubility of radon in lVater has been cxamined by SCIiULZE

(1920) the tab1e and graph be101V sho\'ls this.

Results of SchulzeJ 1920

The r�sults are given in ter� of thc Ostv31d 301ubility expression

.{, vhich 13 the r�latlun of the ccnccntrat:on of the gas in the ljqu:d

� that ir. the gas space.

Solubili�y of Radi'� Enanaticns, { in:

/
A

,

t' Toluene Ether CHCIJ Acetone CS2. CHJCOOC.z:H, C.z:H,CH Hexa."1c

"
c. e 5 .. 1'- h

•
- 16 27.0 29.1 26.4 10.7 50.3 13.6 11.4 35.2

- 10 22.5 23.6 9.3 41.5 26.5

- 5 20.6 21.9 21. 6 6.5 37.0 25.7

0 16.4 19.9 19.6 6.0 33.4 9.41 6.26 23.4

.. , 17.0 16.2 16.1 7.4 21.4

10 15.7 16.9 16.7 6.9 27.2 6.0 6.93 19.6

15 13.9 15.6 15.6 6.5 17.9

16 13.2 1'.1 15.0 6.3 23.1 7.16 6.17 16.6

20 14.6 14.6 6.1 6.03

25 11.4 14.0 13.6 5.6 21.5 6.57 14.7

30 10.5 13.3 13.1 5.6 20.1 5.30 13.3

40 6.87 11.9 5.2 18.1 5.64 4.72

50 7.6 11.2 5.22 4.26

60 6.42 4.9

n.e soluhility -t 1n aniline 18 4.43 at 0° and 3.8 at 18-.
The solubillty <. in benzene 18 12.82 at 18°.
The 8uthor 8150 quotes deta for the densities of the 801vents at the

several tCl:l?cratures.
i -:: kJ ...�f
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APPENDIX 4

TI10 FILTER TUBE AND PLANCHET

I TIIO FILTER TUBE - DESIGN CONSIDERATIONS

It was intended to not only sample the radon daughters, but

to measure the radon concentration. A two filter tube was

buil t after the design in a revie\, paper by THmlAS and LeCLARE

(1970). A simplified design evolved, with a good aerodynamic

design and high (92%) utilization of the filter area. This compares

with 52% utilization for a commercial filter air sampler (ELECTRONIC

FLOW �IETERS LTD, HOUNSLOW, ENGLAND). This is important at high

flow rates �ince it reduces"the linear air velocity, the limiting

factor with membrane filters. If a portable pump is used, a lower

resistance to flow for a given flow rate would be found.

TIjO�� and Le CLARE found that a diffusion coefficient of 0.085 cm2/s
2

(c.f. 0.050 cm /s RAABE 1968) was needed for RaA (This may be

partly due to unsteady laminar flow through the tube due to

aerodynamic roughness imposed on the flow by the tube entrance.)

Examination of the attached working drawings show very little

interference with any flow stream lines. An excellent seal was

demonstrated between the filters and the '0' rings when left over­

night. A thin ring of filter paper broke away when the '0' ring

was removed from the filter. Only gentle forces are needed to

assemble and disassemble the system. The small contact area

between '0' ring and filter produced very high sealing pressures. "

The absence of a screw action made machining of the assembly easier

and meant that a washer was eliminated from the design.
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BACKING GAUZE

The backing gauze to hold the filtcr was punched from a sheet of

gauzc (40 mesh brass of 0.010 "thou" wire). A finer mesh (60 mesh)

was tried but lacked rigidity when used at a high pump rate, but

coarser gauze, when reinforced I<i th paper clip "crosshairs"

spot soldered lightly to the back, gave sufficient rigidity.

TIle mesh clipped securely into a 0.3mm angular groove.

lne assembly I<as pressurized to 200 kPa (30 psi) and when submerged

the abscnce of bubbles indicatcd air-tightness.

A half turn on the hose clamps locking the assembly together

quickly released the assembly for removaI of the filter. The

design of the system meant that only one '0' ring per section

was needed.

Should a different length decay tube betl<een the filters be

needed, it is a simple and cheap operation to cut another section

of plastic tube.

Only the first stage of the filter tube - to collect radon daughters,

was used in this study.
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II PLANCHET DESIGN

A small planchet to fit the gas £low proportional counter (EBERLINE

model FC 1) was constructed. The device was designed to make a

gas tight container with a thin window in lieu of a thin windo••

on the proportional counter, to reduce the flushing time of the

counter and to allow a build up of radon gas wi thin it.

The aim of this was to produce a calibration source of radon

daughters.

The figure below illustrates the design of the planchet and 'd'

ring loader. TIle sample is placed in the depression in the

planchet and seal ed by a thin film of mylar, held in place by the

'd' ring.

'O'RING

lOADER

I I
Ij ----------

I j I
PLANCHET

I ]- ------' I I

I ACTUAL SIZE I
L I

... -,

\�-;"r'�'R::-'::��::�=_<A-<.,:l;:� R11.
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APPENDJX 5

�lODEL OF SYSTEM

YANG (1978) gives a generalised formula for calculating the

numbers of each daughter nuclei decaying during a counting

interval TI-+T2 after sampling for time to for the decay

RaA-+RaB-+RaC.

+

(1)

+

where

TA' TB and TC are the mean lifetimes (in minutes) of RaA,

RaB, RaC; E is the counter efficiency referred to 4rr; F

is the filter coefficient including self absorption; CA' CB'
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Top_chanD.9��

13 S+0.730. «

d 0.1 st o.t sl 0.1 41 "t

13 (3

Bottom channc1 'B'

; x (0.73 + 1) = 0.86 of thosc o.'s dirceted up",ards. The

counts in channc1 'T' ",il1 be

.

T + VT[Co. (NA + 0.86 NC_ + cS(NB + NC)] + Bt

at 10\v count rates. Note that NC = NC' and the geometric

factor V (rcfcrred to 411) compcnsates for the 1ack of dcteetion
T

down",ards.

COINCIDENCE CHANNEL 'X'

111e number of eoineidence counts depcnds on the numbcr of RaC

s's detected in ehanne1 'B' followed by a RaC'

ehanne1 T, i. e.

deteeted by

X =

The coineidenee 'baekground' is eount rate, whieh ehanges

during the eount period. 111e random eoineidenee baekground
o

eount rate XB is given by

o

X = (VT[Co.(NA + .86NC) + cS(NB + NC)] + BT),

o

-6
For a 400�s gate ,G = 6.7 x 10 min. The random eoincidence

baekground eount rate is overestimated by

o 0 0

X = T B G and the tota1 random eoineidenee baekground

ean be undcrestimated by up to a faetor of 2 or 3 by

,'-

A good estimate of XB requires a pieee",ise integration of
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An attempt to fit the model to Run 3 l'as attempted but the

lack of knOldedge of the effective values for a number of

parameters made a partial fit only possible. A program l'as

written to calculate NA' NB' Ne and T, B, X. The difficulties

were:-

1. Geometry

The effective source detector distance is not the physical

distance since

(a) TIle detector sensitive volume lies behind the window.

AIso, the window is slightly curved.

(b) The detector does not have a 2� sensitivity since there is

a rim on the cap holding the detector.

WINDOW' ,'-
, ,

RIM

GM TUBE

CENTRAL

ELECTRODE

". " 2. Efficiency

TIle detection efficiency is going to depend to sorne extent on

the angle of incidence of the particle. This is going to be

more important for a than B particles since a particles have

a more limited range. TIle use of membrane filters ensures the

activity is very much on the surface of the fil ter. An estimate

of fil ter penetration of small «l�) particles from electron

microscopy (Appendix 7) is about l� so "burial losses" should

be little problem.
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3. RaC'

The detection cfficicncy of RaC', especially near the end of

thc count \1hen the activi ty of RaC' " RaB is important. This

is strong1y dcpcndent on the channe1 dcad timc. Most of thcse

difficu1ties cou1d be ovcrcome by the construction of a thin

source of the same size as the filtcr, and using a fil ter the

same diameter or smaller than the detector. This wou1d over­

come prob1ems re1ating to ununiform deposition of activity

(greater in centre) on the fi1ter during samp1ing.

4. Samp1ing

It is impossib1c to estimate the variations in daughter

concentration during sampling. This was especially so in this

study, where the sampling period was 5 minutes, but the effective

time wou1d have been c10ser to 30s. A bctter method of

generating radon daughters wou1d be to de-emanate the radon

jar into a weather balloon through a filter and wait for the

required degree of equilibrium between radon and new1y formed

radon daughters before sucking the mix through the filter.

Various radon concentrations cou1d be made by partially

filling the balloon with radon al1d then topping it up with air.

S. Background

A factor of 10 increase in background in the top channe1 was

measured during a run. This may be due to the radon 1eve1s

il1 the 1aboratory increasing (the fumc cupboard extractor fans

were weak) from de-emanated radol1. This is ref1ected in the

asymptotic behaviour of a11 channe1 hours after the run to

a background for higher than the pre-run backgroul1d, even with

the fi1ter removed.

The upper GM tube background was redllced by 'c1eaning' it

and removing the stagnant air surrounding it with compressed air,

during a test but not during a 'run'.

A permanent reduction in some of this background wou1d be

achieved by sea1ing the detector body from the air.
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APPENDIX 6

RECOIL LOSSES

RaB

The recoil energy from" emission following RaA decay is taken up

by the RaB nucleus. Since the binding energy to an aerosol

particle is about one electron volt, there is a good chance of

detachment of an attached daughter. Since the RaB nucleus could

escape by tunnelling out of or through a particle, the size and

stopping power of the particle is important. This will depend

on the range of the RaB nucleus in the particle. MERCER (1976)

tabulates ranges and graphs the probabilities.

Air UOz

0.035

SiOZ

0.057RaB range (�m) lZO
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"­
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"­
«
w

VI

W

..J 0,6
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w
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For a log-normally distributcd aerosol, the average reeoil eseape

probability illustrated above eorrclated I<ell I<ith experimcnt

(MERCER 1976), for a 0.2�m 101< density partielc. JONASSEN (1976)

has dcrived eorrcetion faetors for intcgratcd filter eounts for

various dcgrecs of discquilibrium of RaB.

RaB EOUILlBRIUM RATIO (RaB/RaAJ

o 0 0,5 1,0

'"o
G;'O,2
UJ

UJ

>
;::. 0 4

«'
--'
UJ

'"
a" 0,6
'"
'"

RaB RECOIL CORRECTlON FACTORS

The figure above illustrates the reeo il eorreetion for RaB for

various degrees of disequilibrium I<ith RaA for a 0.8� AA membrane

filter, assuming alI reeoils during sampling are redeposited and

alI reeoils during sampling eseape. This over estimatcs the

eorreetion sinee many reeoil losses during eounting will redeposit

(range O.lSmm in air) Ol' plate out on the deteetor, espceially with

a elose geometry. DURKIN (1979) reports a survey of 271 measurements

in a large number of U.S. mines. The data is normalised to 1 W.L.

to illustrate the degree of equilibrium found in praetiee.

2 POINT

1

2

3

A .B C

o 0 585

o 430 0

109 24 0

212 0 0

222 222 222((pm)o

t 76�

16&
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The square box D represents rauioaetive equilibrium of the

daughters, and sholVs gross ueviations from this are unlikely.

The ratio RaB : RaA should not be too small and no eorreetion

for RaB reeoil losses due to a mueh larger RaA eount neeessary.

RaC

When RaR deeays, the lighter B partiele produees less reeoil,

with a maximum of 2.7eV in RaC. The effeet of tunnelling through

or out of the partiele lVould be negligible. MERCER (1976)

postulates that eleetrostatie forees lVould tend to retrieve most

eseaping RaC nuclei; so only the reeoil effeets of RaB need be

considered •

...
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APPENDIX 7

ELECTRON MICROSCOPY

Examination of a filter specimen (Millipore AA 0.811) by electron

microscopy was performed.

A central portion of the filter a lcm + .3mm was excised and

attached to a carrier by double sided tape. A thin gold coating

\�as applied for electron microscopy. The surface morphology was

examined. Not surprisingly, no surface particles for attachment

of the radon daughters were seen.

In appearance, the filter appeared very like a staghorn-type coral,

with slightly large gaps between the irregular spicules serving

as pores. The spicule lengths were about half the size of the

largest pores.

A second sample exposed to air on the north side of the Physics

Building (IS min at 201/min pumping) produced a visible discolouration

of the fil tel'.

...

These showed some large particles (3-1011) at 3000 x magnification,

and a few pollen grains. Several stereoscopic views were recorded

by tilting the specimen 8°. (An alternative method of producing

stereoscopic views would be to move the specimen slightly laterally.)

Close stereoscopic examination of the pair of photographs most

likely to reveal information on the capture of particulate matter

did not reveal any of the expected sub micron dust at the surface

or more deeply attached. An apparent physical depth (exaggerated

by the method of obtaining stereopsis) for particles 0.511

would be about 111, which would not affect the alpha particle range.

PALTRIDGE (1967) postulates surface charge separation as a major

mechanism for removal of small charged ions (like that of the radon

daughters) but points out the neutralising effect of humidity.
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'-----'

STEREO ELECTRONMICROPHOTOGRAPHS OF FILTER }M
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APPENDlX 8

OlL EXPERlMENT

This section is not directly related to the measuremellt of radon

daughters, but was a preliminary experiment towards using et

liquid scintillation techniques.

1l0LADAY (1957) states "one gram of olive oU wUl. retain in

sol.ution 125 times as mueh radon as eompared with water".

If air containing radon is bubbled through an organi e liquid

(see Appendix 3) then the radon collected this way could be

measured direetl.y using liquid scintillation.

An experiment using domestic cooking oil was devised to £ind

its collaction efficiency for radon. A O.2�mq (6�Ci) radium source

was used as aradon source. The figure below shows the set up.

/ t \

H- II II �
0 I E � IF � G

"';: 010

""."
I SCJ..'ft1! .�

0

The gas tightness of the seals between the tubing and jars (below

left) was tested using hot water (below).

hot water

rr2�
hat
air

jar wall

silastie tubing

water

--7-

"- no leaks
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The pump (0.28 I/min) was an aquarium pump modified to suck air.

The inlet air was filtered (MILLlrORE 0.811 pore, membrane filter)

to ensure no extraneOllS activity cntered the system. The first

jar B served as a background reference.

TIle system was run for a week and the activity in each j ar

measured by y spectroscopy using a Ge(Li) detector.

The efficiency of detection, from the ratio of daughter

. .. . E F 90' Th h. h
act1v1t1es 1n B as to B was �. e tec n1que as possibilities,

perhaps using scintillation grade tolvere as the collecting

fluid, but there could be problems with evaporation.

,'"
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The above graph illustrates the prolonged flushing time required.

The source used ..as a speck of radium just covered by a layer of

domestic aluminium foil and glued to a small filter. The filter

and foil ..ere placed in a special planchet (see Appendix 4)

designed to fit in the turret of the gas flow proportional counter.

The aluminium foil was to reduce the radium background. To

contain the expected release of radon, the planchet was covered

with a thin (6.35�, O.6mg/cm2) polyester film (DUPO�T �WLAR)

to prevent escape of radon and provide a good window for a

particles. This would also prevent the contamination of the

detector by recoil nuclei (Appendix 6)

An effect of this approach rather than an open planchet was to

shift the alpha peak towards the a peak. Further layers of

aluminium foil completely eliminated any alpha peak. Apparently

radon is absorbed onto solid radium surfaces (COCKETT, 1975) 50

the aluminium would degrade the alpha spectrum initially, and in

the later experiment, totally stop it, since it would be restrained

beneath the aluminium umbrella.
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..

MYLAR Al FOIL 226Ra

� �

�ET/
PLANCIIET IHTI! 226Ra SOURCE COVERED BY

ALUMINIUM FOIL

Further experiments were not restmed when a better radon source
was developed.
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APPENDIX 10

MULTISCALING T� ERRûR

The data was groupodinto 100�s blocks to make a smallcr data

block. This only produccd six points, but was felt adequate

to accurately dcscribe the data.

x : time (\ls)

100

200

300

400

500

600

y : counts (background corrected

761

517

367

290

149

49

A linear regression of ln y on x was performed

-},x
"stat pac". For a relation y = ae ,a value

deduced. This corresponds to

using the IIP41-C

-1
0.004121 \lS was

T�
fn2

= -),- = 168. 19\1s

An error analysis was performed (SPIEGEL, 1975 p289) using

the foIlowing statistic

standard error (S.E.) =
t

,ln - 2

Syx

Sx

where t = 0.741 for 4 degrees of freedom at the 50% confidence

Iimit

n-2=4

S�x = [E(in y - tn Yest)2]/n

S2 = x2 (x) 2
x

Evaluated,this gave

S.E. = O.000277\ls-1

TL = 168 i 168.187 0.000277
., 0.004121

= 168 i 9�s
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APPENDIX 11

GEIGER MOLLER TUBES

The operating characteristics of the two G�I tubes (GEC model Em12S)

and scalers were checked to see whether the settings' used fell on

the "Geiger platcau". l1lC figure belo\, shOl's thc operating voltage

of 1500V is correct.

GM TUBE OPERATING CHARACTERIsncs

"o" o
t;b" - ••• _ •• - -8' - . --. o•.• - .-

Do.�'.-'D--- •.
D • 'r D � •• - D

: ò
. .

. .

p •

q :

. .

9b

.

•

l
i

, I
mo

n

loPffATMi
VOl "la

m

1"CO �)O

CJH VOllAClI 'IOlh �

The letters T and B refer to the top and bottom G�I/scaler

combination. The characteristics of T are poorer than that of

B .partly due to source/dctector geometry and partly due to age

of the GM tube.

A factor which \,as not measurcd was the effective aI'ea of the

window and the position of the sensitive volume of the GM tube

behind the window. The best approach would have been an

empirical determination of the effect of these factors using the

sources.
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APPENDIX 12

DEAD TI�'E

Consider the dead time correction to a count n. to be given
1

by
n.
1

mi = i-n.t
1

where , is the dead time.

TIlen for a split source producing three counts nl, n2 and n12.

Le.

Multip1y through by the denominator and rearrange.

Le. ,2(n1n2n12 + n1¡{n12- n1y{n12)

-,(n1n2 + n/12 + n1n2 + n�2 - n/12 - n/12)

This is of the form a 2 + b + C = O and

-b :!: ¡¡,2 -4ac
has roots , =

2a

:!: ¡4n� n; - 4n1n2n3(n1 + n2 - n12
2n1n2n12

, =

=
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The error in this measurement is solub1e using the chain ru1e

(BRAGG, 1974 p9S) and maximising the error. (The re1ation

ani = J"1\ is used.) The error in T is then

Separating the differentia1s for ease of handli11g gives

n12(111 +112-1112)"> J

111112
(1-

l
+ -­

1112 L+ -

=

The re1atio11s (i)
a

ax
IU=

l

2IU

au

ax

(ii) -(gh) l = g'h +gh' are used.

This may be writte11 as

6T
= ;1112 { a (n1"2+111+112-1 - lJ

111

112 }+
2a112

+
2a1112 111112

1112

where a �
[ l _ 1112(111+112-1112)] ">

111112
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This is a pessimistic approach anel gives the worst case, assuming

thc componcnts arc rclatcll. If it is assumcd thc componcnts

are independent,

thcn

or

Graphically this is just

b"t"

linear addition �diagonal of cube.

The analysis is a simplified case and assumes thc background

contribution is very small and can be ignored. The background

Sh01Il d still be subtracted from each count. A program was wri tten

for a small programmablc calculator (HP4IC) to calculate the dead

time and associated error.
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