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ABSTRACT 

The radioactive daughters of radon-222 pose a serious indoor 

air quality problem in some circumstances. A technique for measur

ing the concentrations of these radioisotopes in air is presented. 

The method involves drawing air through a filter; then, for two 

time intervals after sampling, counting the alpha decays from 

polonium-218 and polonium-214 on the filter. The tiae intervals 

are optimized to yield the maximum resolution between the indivi

dual daughter concentrations. For a total measurement time of 50 

minutes, individual daughter concentrations of 1.0 nanocuries per 

cubic meter are measured with an uncertainty of 20%. A prototype 

of a field monitor based on this technique is described , as is a 

field test in which the prototype was used to measure radon 

daughter concentrations as a function of ventilation conditions in 

an energy-efficient house. 

*Correction added in proof: 

The alpha source originally used for calibrating the RRDM has 

an uncertainty of twenty percent, rather than five percent as stated 

on page 37. Recently a five percent uncertain source was used for 

calibration and the detector efficiency was found to be 14% rather 

than 12%. Due to this correction, the radon daughter and potential 

alpha energy concentration measurements presented in Figures 11 and 

12 are actually 15% lower than indicated. 
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Abstracts 

3. I . CONFORMATIONAL ANALYSIS OF CYCLIC PCPTIDFS 
I I . MULT[NUCLEAR NMR SPECTROMETER FOR THE 

STUDY OF BIOLOGICAL SYSTEMS 

Wil ly Chao-Wei Shin 

Ph.D. Thesis, Universi ty of Cal i forn ia (1979), 
LBL-10097 

A systematic approach to the employment of ̂ H 
NMR data to the analysis of the solut ion confor
mations of small polypeptides is out l ined. Two-
dimensional homonuclear J-spectra along with the 
corresponding 45° projections and contour maps 
s impl i fy the task of homonuclear decoupling ex
periments, and the assignments of l ines is made 
very stra ight forward. The v ic ina l couplings that 
are l i k e l y to vary as the conformation changes are 
then examined. Spectrum simulations coupled with 
x-ray data for model systems allow the formulation 

of Karpljs ro'at mn'.hips f.i'- t hp v u 1 n,i i i rnj-
plings, and solution conformations nay then bn 
inferred. 

This approach tn conformational analysis was 
applied to an examination of the tietal affinities 
of eye 1<I-[-,- ' 4-f< -ami noet hy 1 j -phonyloxypropanoyl 
I-prolyl^] and cy_c ln-[3-('l-S< -N-methy 1 aminoethy 1) -
phenylnxypropanoyl-L-prolylJ. The NMR data 
revealed that the metal affinity of the former is 
probably a result of the oripntation of both 
carbony! groups towards the same face of the ring; 
the sharply lowpr affinity of the N-metryl cyclo-
peptide for divalent rations is likely a result of 
the carbonyl facing opposite sides of the ring. 

Part II of this thesis describps the design 
approach, major construction details, and the test 
and characterization procedures associated with 
the construction of a broadband multinuclear NMR 

*See Abstracts. 
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PAEC Potential alpha energy concentration (uni t s : working 
l e v e l ) numerically given by PAEC » X . _I . 

A D 
: ' Act iv i ty of Ray on f i l t e r a f ter (A) or during (D) aam-

y pling (nCi) . 
Q 

R 

R, 

3-vector ( 1 , R 1 § R 2) 

h 
h' 
I„ 

R 2 I 
A 

216 Decays of Po during 2nd count interval divided by 
Po decays during 1st con decays during 1st count Interva l . 

H ( t 0 ) Unit Btep function - 0 for t > t 

» 1 for 0 < t < t 

Volume flow rate of sampling pump ( l i t e r s per minute). 

H - s M2 

X 3 vector satisfying PAEC - X . I 
~ X - (0.00103, 0.00507, 0.00373) • 

n Detector efficiency (counts per disintegration). 

on 8 Overlap of two alpha channels due to energy abBorpti* 
by f i l t e r and a i r . defined as counts in 2 Po channel 
due to decays of * l*Po divided by counts in ^Po chan
nel due to Po decays. 

A v Decay constant of Ray (mln - 1 ) : A A - 0 .227, A B -

0.0259, A c - 0.0352. 

<f„ Standard deviat ion in measurement of Ray. 

OQ U Standard deviat ion of 8 or tL . 



1. INTRODUCTION 
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Air quality is an important environmental concern. Among the 

-jnsequences of polluted air are adverse health effects, such as 

increased respiratory disease, ecological disturbances, evidenced 

by acid rain and increased atmospheric concentrations of carbon 

dioxide (CO-), and direct economic loss, from damage to agricul

tural crops, for example. In the past decade the level of activity 

on many aspects of air pollution has increased dramatically: iden

tifying and quantifying pollutant sources, studying atmospheric 

chemistry, monitoring pollutant concentrations, assessing the 

health impact of pollutant exposures, and regulating pollutant 

emissions and concentrations. Virtually all this attention has 

been directed towards outdoor air. Standards have been written to 

limit emissions from the primary pollutant sources — industrial 

processes and combustion for transportation and electricity genera

tion; standards have also been adopted to limit outdoor pollutant 

concentrations; epidemiologists have attempted to link outdoor pol

lutant concentrations with adverse health effects. 

More recently, it has been shown that substantial sources of 

air pollutants exist Indoors. Of particular concern are radon 
222 
C " R n ) and its progeny, organic compounds (e.g. formaldehyde), and 

combustion products (carbon monoxide (CO) , oxides of nitrogen (N0X) 

and sulfur (S0 X), and fine particulates).1 Indoor radon sources 

include soil beneath the building foundation, earth-based building 

materials, and, in some cases, tap water. Large exposures to 

radon's radioactive progeny have been linked to an excess incidence 

of lung cancer in uranium miners. A wide range of organic 
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compounds arise from certain building mater ia l s , furnishings and 

household cleaning products. For example, formaldehyde, a chemical 

which causes mucous-membrane Irr i ta t ion and headaches, may be off-

gassed by particleboard and urea-formaldehyde foam i n s u l a t i o n . 

Hollowell and Traynor showed that in an experimental k i tchen, the 

concentrations of NO, and CO generated by a gas stove could exceed 

the outdoor air standards. Smoking i s another source of combustion 

products. 

Currently not enough i s known to determine whether indoor air 

p o l l u t i o n i s a widespread problem. If i t i s , the Implications are 

quite ser ious . Regulation, monitoring and control are inherently 

far more d i f f i c u l t indoors than o u t s i d e , s ince even in adjacent 

structures the pol lutant concentrations may be markedly d i f f e r e n t . 

Epidemiological s tud ies based on outdoor pollutant measurements are 

of l imited value i f the majority ol' the exposure r e s u l t s from 

Indoor sources. A further and part icularly timely consideration i s 

that indoor air qual i ty problems may become worse with the appl ica

t i o n of energy conservation measures in bu i ld ings , e spec ia l ly those 

which reduce v e n t i l a t i o n . 

Pollutant measurement techniques are a cornerstone for any 

assessment of indoor a i r qual i ty . However, measurement techniques, 

even for a part icular contaminant, vary widely. This paper 

addresses techniques for measuring concentrations of radon progeny 

i n indoor a i r . 
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2. THESIS PURPOSE 

The goal of the work reported In this thesis was to develop a 

portable, relatively Inexpensive instrument for field measurements 

of radon daughters at concentrations typical of indoor air• At the 

outset there wa6 no commercially available instrument with adequate 

sensitivity for Indoor air measurements of radon daughters.-1 Two 

field instruments had been developed at research laboratories: the 

Environmental Working Level Monitor (EWLM) developed at the Mas-

aachuasetts Institute of Technology and Argonne National Labora

tory, and a radon daughter monitor developed in the United Kingdom 

by Cliff, James and Strong. Both instruments have shortcomings as 

iB discussed in the text. 

The starting point for my work was to develop a basis for 

evaluating and optimizing the sensitivity of radon daughter moni

toring techniques. The literature provided a foundation for this 

development; the evaluation and optimization presented here is more 

precisely defined and broadly applied than any before. 

The analysis revealed that the measurement Bensitivity of the 

Cliff-James-Strong method could be considerably Improved upon by 

counting alpha decays from polonium-218 and poloniun-214 separately 

rather than in sum. Furthermore, this improvement could be real

ized in an instrument of coaparable complexity to the one developed 

by Cliff, James and Strong. The EWLM, which uses alpha spectros

copy, as well as beta decay measurement, Is potentially more sensi

tive than an Instrument based solely on alpha spectroscopy; how

ever, I deemed the gains from beta detection to be insufficient to 
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o f f s e t the additional cos t and weight. 

A prototype f i e l d instrument based on alpha spectroscopy, named 

the Residential Radon Daughter Monitor (RKDM) , was developed = The 

RRDM was f i e l d tested extensively during a two-week experiment in 

which radon and radon daughter concentrations were monitored under 

a var ie ty of v e n t i l a t i o n conditions in an energy research house. 

The RRDM proved to be a re l iab le instrument with su f f i c i ent p r e c i 

s ion for some important information to be gleaned from the r e s u l t s 

of the f i e l d t e s t . With further development, part icularly towards 

reducing s i ze and weight and improving ease of operator u s e , the 

RRDM could become a very practical f i e l d instrument for low- leve l 

radon 6.1 • hter measurements. 
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3. BACKGROUND 

3.1 Characteristics of Radon and Radon Daughters 

Radon ( 2 2 2Rn) Is created by the alpha decay of radium ( 2 2 6 R a ) , 

a trace element In the earth's crust. Since radon Is an Inert gas, 

If the newly formed atom ends Its recoil In the Interstitial (pore) 

space of the parent material, it can move to the surface and enter 

the air. As shown in Figure 1, radon decays by alpha emission to a 

series of four short-lived radioisotopes (known as radon 

daughters). These atoms are chemically active and readily attach 

to aerosols, Including particles, in the air. When these aerosols 

are inhaled, some of them are retained on the surface of the lung. 
210 

Subsequent decays of the radon daughters to lead ( Pb) result in 

a radiation dose to adjacent tissue. Of primary concern is the 

dose due to alpha decays of polonium ( Po and Po) Bince all of 

the energy of the short-range alphas 1 B deposited near the atomic 

decay site. Studies of uranium miners demonstrate a correlation 

between exposure to high concentrations of radon daughters and lung 
A cancer. 

A parameter that reflects the health risk associated with expo

sure to the radon daughters is the potential alpha energy concen

tration (PAEC), measured in terms of a unit called the "Working 

Level" (WL). The PAEC 1B a measure of the alpha decay energy 

available for exposure of the lungs resulting from the Inhalation 

of radon daughters. This parameter does not depend on the concen

tration of radon which, being chemically inert, is thought to con

tribute negligibly to any health risk. One WL 1B precisely defined 
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as "any combination of radon daughters in one liter of air such 

that the ultimate decay to 2 1 0 P b will result in 1.3 x 10 5 MeV of 

alpha energy."5 Air containing radon daughters in radioactive 
•a 

equilibrium with 100 nanocuries per cubic meter (nCi/m ) of radon 

has a PAEC of 1 WL. Radioactive equilibrium i s es tabl i shed i f the 

only removal mechanism for radon daughters i s radioact ive decay. 

Under typica l indoor condi t ions , however, radon daughters are 

removed from the air by v e n t i l a t i o n and attachment to surfaces at 

suf f ic ient rates to resul t in considerable disequil ibrium. When 

t h i s i s the case , more than 100 nCi/m 3 of radon i s necessary to 

generate 1 WL. The relat ionship between the FAEC and the i n d i v i 

dual daughter concentrations i s given by the expression 

PAEC - 0.0010 I + 0.0051 Ig + 0.0037 I c 

(1) 

where the PAEC is in units of WL and the daughter activities are in 

units of nCi/m 3. The coefficients of equation (1), which indicate 

the relative contribution to risk of the three daughters under 

equilibrium conditions, are not equal due to two factors. First, 
218 210 since two alpha emissions result from the decay of Po to Pb, 

inhalation of an atom of Po causeB more damage, on average, than 

inhalation of an atom of 2 1^Pb or *TJi from which only one alpha 

is emitted in the decay to 2*"Pb. The second factor reflects the 

distinction between number concentration and activity concentration 

(which 1 will refer to as activity). The activity of a radioiso

tope is given by the product of the number concentration and the 

decay constant, denoted A- Radioactive equilibrium, which means 
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equal activity for consecutive elements in a decay chain, thus 

implies that the number concentrations of the radioisotopes are in 

inverse proportion to their respective decay constants. For the 

radon daughters, then, radioactive equilibrium Implies that the 

number concentrations, and therefore the health risk, are greater 

for 2 1 4 P b and 2 1 4 B i , which have relatively small decay constants 

(0.026 and 0.035 minute" 1, respectively), than for 2 1 8 P o (A. «= 
A 

0.23 minute' 1). This factor also explains the absence of the 

fourth radon daughter, 2 1 4 P o , from equation (1); its large decay 

constant (2.5 x 10 s minute'1) Implies an exceptionally small number 

concentration for reasonable activities. For the definition of the 

WL, the decay sequence considered ends with Pb because its decay 

constant is so small (0.1 yr ) that biological processes effect 

its removal from the lung before it decays. 

A useful parameter for expressing the degree of equilibrium 

between radon and its daughters is the 'equilibrium factor', 

denoted f. It Is defined by 

£ • 100 PAEC (WL) 
I_ (nCi/m3) 

1 1 1 1 (2) 

The value of f can, in principle, range from zero, if no daughters 

are present, to one, if the daughter activities are equal to the 

radon activity. Typical values for buildings lie in the range of 

0.3 to 0.7. 6 

The problem of measuring exposure is more complicated than this 

discussion might suggest. One problem is that retention 
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character i s t i c s of lung t i s sue are dependent on the s i z e of the 

radioactive aeroso l . A second but related problem concerns the 

estimates of dose due to the so-ca l led "unattached fract ion" of 

radon daughters. In atmospheres whete the aerosol concentration i s 

low, large fract ions of the radon daughters may e x i s t in small 

molecules or atomic c l u s t e r s . The unattached fraction i s defined 

for any daughter as the rat io of atoms in t h i s c luster s t a t e to the 

t o t a l number of atoms present. These c l u s t e r s are characterized by 

high diffusion c o e f f i c i e n t s compared with aerosols and thus are 

more e f f ec t ive ly co l lec ted by the respiratory system. However, 

there i s no consensus as to whether a higher unattached fract ion i s 

more harmful, s ince the clusters may be largely f i l t e r e d by the 

nasopharanx passages where they do l e s s harm than in the lung . In 

s p i t e of these shortcomings, a l l of the current standards l imi t ing 

exposure to radon daughters use PAEC as the measure of that expo

sure . 

As instrument requirements are determined in part by the con

centrations one wishes to measure, i t i s ins truct ive to consider 

the standards for PAEC which have been es tab l i shed . In uranium 

mines, where natural radon daughter concentrations are t y p i c a l l y 

the highest , the U.S. federal standard l i m i t s a miner's integrated 

exposure to 4 working leve l months (WLM) per year . ' One WLM i s 

rea l i sed by exposure to one WL for a working month of 173 hours. 

Assuming an average equilibrium factor of 0 .5 , t h i s standard 

corresponds for f u l l - t i m e workers to an average radon concentration 

in the mine of 67 nCi/m . In order to l imi t exposure of miners 

outs ide the mines, the Federal Provincial Task Force on 
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Radioactivity in Canada established a standard for average FAEC of 

0.02 WL in houses in four communities associated with uranium min-

ing and processing. In the United States, the Environmental Pro

tection Agency has recommended a similar standard to the state of 

Florida for houses built on land reclaimed from phosphate strip 

mining (resulting in high radium concentration in the soil). Again 

assuming an equilibrium factor of 0.5, these guidelines correspond 

to an average radon concentration of A nCi/m . 

3.2 Radon Daughter Measurement Techniques 

A number of measurement schemes for radon daughters have been 

reported in the literature. A brop-i division exists between those 

methods that measure only PAEC and those that measure individual 

daughter concentrations (from which, of course, the PAEC may be 

computed). Techniques for measuring individual daughter concentra

tions involve, at the very least, greater computational complexity 

In data analysis, and may require more hardware to realize than do 

the PAEC-measuring methods. In many applications, however, one is 

interested in obtaining more information than simply the total 

PAEC. Specific examples include measurements in mine atmospheres 

where the 'age', or degree of radioactive equilibrium, is of 

interest, and scientific applications where one wishes to study in 

detail the dynamics of radon daughter behavior. On the other hand, 

for routine survey work measurement of PAEC is probably adequate. 
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3.2.1 PAEC Measurements - the Kusnetz Method 

The most widely used PAEC technique in both mines and indoor 

radon daughter studies is based on work by Kusnetz, in which he 

showed that, between 40 and 90 minutes after sampling, the alpha 

decay rate of radon daughters per WL on a filter is relatively 

independent of the degree of radioactive equilibrium. The pro

cedure, then, involves drawing air through a filter for a specified 

time (up to 10 minutes) at a known flow rate and subsequently 

measuring the alpha decay rate at some time during the 40 to 90 

minute post-sampling interval. In mines, where the radon daughter 

concentrations are high, the decay rate can be determined by either 

using an alpha decay ratemei-er, or a one minute count with an alpha 

decay counter. Longer counting intervals can be used to improve 

the sensitivity for sampling indoor concentrations. Although a 

number of other PAEC techniques have been proposed, none seems to 

have the widespread acceptance of methods based on Kusnetz' work. 

3.2.2 Individual Daughter Concentration Measurements 

The situation h techniques for individual radon daughter 

measurement at low concentrations is not as clear as for PAEC tech

niques. Methods originally designed for making individual daughter 

measurements in mines cannot be easily extended to measure low con

centrations as was the KuBnetz PAEC method. Recent advances in 

integrated circuit technology, on the other hand, have allowed 

fairly sophisticated instruments to be built with acceptable size 

and weight for field applications. 

All daughter measurement techniques are based on the detection 

of radioactive decays due to radon daughters that have been 
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collected on a surface by filtration or electrostatic deposition. 
In Appendix I, the differential equations for the activity of each 
daughter on a filter are solved. It is shown that, for a given 
sampling period (t Q), at any tine (t) the activities are linear 
combinations of the sampled concentrations of that daughter and the 
previous daughters in the chain. Equations (8A1) state 

V t» to ) " W t' to ) V XA • 

V ' - V ^ ' V V IA +«»B ( t' to ) V IB ' 

QC ( t' to ) * W t ' t o ) V *A + «CB ( t' to > V X B 

+ 8 C C ( t ' t o ) V l C • 

where the Q's are activities of radon daughters on the filter and 
the g's are constants which depend only on the sampling period and 
time. 

In the early days of radiation monitoring, measurements of 
activity were made using decay ratetneters • With advances in elec
tronics, fast and lightweight counters are now available, permit
ting individual events to be recorded. Host radon daughter meas
urements are nov made with decay counters since the resulting pre
cision is far better than that obtained with a ratemeter. The 
equations for counts registered due to the decay of n given 
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daughter during time in terva l [ t f l l t^] are obtained by integrat ing 

equations (8A1) ; 

c b 
WS-V-^A* V t «AA(t'V d t ' 

a 

t b t b 

W W " nB V X

A ' « B A ( t ' t o ) d t + n B v J

B ' 8 B B ( t ' t o ) d t 

a c a 

and 

t b t b 

W W * nC V X

A ' 8 C A ( t . t o ) dt + r,cv I B / 8 C B ( t , t o ) dt 
a a 

c b 
+ n c v i / g c c ( t . t o ) dt , 

a (3) 

n i p ? 1 A 

where n» B c i s the e f f i c i ency of detecting decays of i i o P o , i x ^Pb 

and z Bi , respect ive ly ( counts /d i s in tegrat ion) , and ^A B C i B t n e 

t o t a l count recorded due to the decay of 2 1 8 P o , 2 1 ^ P b , and 2 1 ^ B i 

respec t ive ly , during the time interval (t , t b ) . 

Within the constraint that Ii>Ig>.Iri the airborne concentra

t ions of the daughters are regarded to be independent v a r i a b l e s . 

To determine the concentrations without any prior assumptions about 

the ir re la t ive a c t i v i t i e s , we must measure three independent param

e ter s , i . e . three decay counts , of the f i l t e r . In se lec t ing the 

three countB, three decay types and up t o three counting in terva l s 

are p o s s i b l e . The only condition to be s a t i s f i e d i s that at l e a s t 

one of the measurements must include decays from Bl. We see from 

equation (3) above, that unless P c i s detected for some time during 
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9 1 A 
the measurement, we obtain no information on BJ 

The three decay measurements that can be made are alpha decay 

from Po, alpha decay from Po (considered spontaneous emission 

from Bi since the half-life <jt ^Po is microseconds), and total 

beta decay from z l*Pb ana (The beta's cannot be practically 

distinguished.) It is possible in principle, but unsatisfactory in 

prat ice, to measure the gamma radiation from z l^Pb and 2 1 ^ B i . The 

difficulties that have precluded the use of gamma detection result 

from the complex gamma spectra of nuclear decays and from the rela

tively long range of gamma rays. Because of these properties, good 

gamma measurement of radon daughters would require pulse-height 

analysis with high resolution, and would inherently have lower sig

nal levels and higher backgrounds than alpha or beta measurements. 

In order to appreciate the factors that lead to the choice of which 

decays to measure, it is necessary to have some understanding oi 

the characteristics of alpha and beta decay. The Important differ

ences from a measurement standpoint are in the energy spectrum and 

the range of the decay particles. 

Nuclear decay OCCUTB between states with well-defined energies 

and, as a result, the decay products share a fixed amount of 

energy. For alpha decay, only two products result4 the alpha par

ticle, which is a doubly Ionised helium atom, and the product atom. 

In order to satisfy conservation of momentum the energy divides 

between the particles in a fixed manner. Thus, alpha decay from a 

given radionuclide is monoenergetlc. It is this property which 

allows one to readily do alpha spectroscopy. In beta decay, on the 
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other hand, three products are created: the beta p a r t i c l e , which i s 

an e l ec tron , the product atom, and a neutr ino , which i s p r a c t i c a l l y 

undetectable- Since three part i c l e s resu l t from the. decay, the 

d i s t r ibut ion of energy among the p a r t i c l e s i s not unique* Beta 

p a r t i c l e s are therefore emitted with any energy between zero and 

some maximum which i s determined by the t o t a l energy l iberated in 

the decay* Spectroscopy i s thus not a p o s s i b i l i t y for beta decays 

with similar energy maxima* 

The other important difference 1B that beta part i c l e s have a 

range which i s two orders of magnitude greater than that of alphas 

(10 m compared to 10 m in Bol ids) . This has two e f f ec t s on meas

urement systems. F i r s t , beta detectors must have a larger s e n s i 

t i v e volume than alpha d e t e c t o r s , and because the energy l o s s per 

distance travel led i s considerably l e s s for betas than for a lphas , 

beta measurement faces a larger problem in dealing with back

grounds. The second Impact i s on f i l t e r s e l e c t i o n . For alpha 

spectroscopy, the radioact ive part i c l e s must be deposited on or 

near the surface of the f i l t e r to avoid substant ia l energy degrada

t i o n . For beta measurement th i s 1B not an important cons iderat ion. 

Since the number of counts recorded during any time Interval 

for any decay type 1B a l inear combination of the concentrations of 

the daughters in the sampled a i r , we can wri te general equations 

for the counts recorded for each of the three measurements. 

M l " < h ' l l J A + h ' l 2 h*h'i3 V V » 

M2 - ( h ' 2 1 I A + h ' 2 Z I B + h ' 2 3 I c ) V , 
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M3 - ( h ' 3 1 I A + h ' 3 2 I B + h ' 3 3 I c ) V . 

In matrix notation t h i s becomes 

M - (H' . I) V, 

(4) 

where M [- (M-.M^.M,)] i s the net count v e c t o r , 

B' i s the 3 x 3 conversion matrix between sampled a c t i v i t y 

and counts , which depends on the type of radiat ion 

detected , the counting i n t e r v a l ( s ) used and the sampling 

time t Q l the detec t ion e f f i c i e n c y , and 

1 [- ( I A , I g , I C ) ] i s the vector of concentrations of radon 

daughters in the sampled a i r . 

If H' 1B non-s ingular, eqn. (4) may be inverted to obtain 

i - (K' . M) / V , 
(5) 

where K' - ( H * ) - 1 . 

For any given measurement scheme, we can use the equations 

(8A1) and (9A1) along with measured efficiencies to calculated 

the matrix elements of H". Inverting H' gives us K* which 

permits the calculation of the sampled daughter concentrations 

from the measured counts. Before doing the calculation, the 

raw counts measured must be corrected for background and, if 

alpha spectroscopy is used, for overlap of the z T"o and z l 8 P o 

peaks resulting from energy degradation as the alphas leave 
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the filter. This will be discussed further in Sections 4.2 

and A.A. 

We now examine some of the methods for measuring radon 

daughter concentrations that have appeared in the literature. 

The methods selected for examination were chosen because of 

either common use or the possibility of good sensitivity. We 

use the following notation for measurement timing. 

t « the end of the sampling period (i.e. the time at 

which the pump is shut off), 

t • the beginning of the first counting interval, 

t, - the end of the first counting interval, 

t » the beginning of the second counting interval, 

t, " the end of the second counting Interval, 

t z » the beginning of the third counting interval, 

t-2 » the end of the third counting Interval. 

All times are referenced to the beginning of sampling, and are 

expressed in minutes. 

3.2.2.1. The Tbomas-Tslvoglou Method 

This method was originally developed in 1953 by Tsivoglou 
l 9 

et al. After sampling air for 5 minutes, the total alpha 

decay rate is measured as a function of time. Decay rates at 

5, 15 and 30 minutes after sampling are obtained from a plot 
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of the count rate versus time. Thomas, in the early 1970's, 

reported on modifications of this method to allow for counting 

over finite Intervals. 3 Given that the constraint on total 

measurement time, t~, is 35 minutes, he suggests the following 
n ID 

timing to maximize the s e n s i t i v i t y for fcioPo: ( t 0 , ^ - t j , t -

t 2 , t z - t 3 ) - (5 , 7-10, 11-25, 26-35 minutes) . 

This technique i s not s ens i t i ve enough for environmental 

appl icat ions; concentrations on the order of tens of nCi/nr 

are required to get reasonable u n c e r t a i n t i e s . The main d i f f i -
21S 

culty is in obtaining a good number for Po. Since the 

half-life of this isotope is only three minutes, more than one 

half of the 2 1 8 P o which is deposited on the filter will have 

decayed before counting begins with the times Thomas sug

gested. Furthermore, at reasonable equilibrium conditions, 

the number concentration of 2 Po in the sampled air will be 

considerably smaller than the number concentrations of the 

other two isotopes. 
3.2.2.2. The Cliff-James-Strong Method (CJSM) 

An Improvement in the 1 8Po sensitivity of the Thomas-

Tsivoglou method can be made by overlapping the sampling 

interval and the first counting interval. This Idea was first 

suggested by James and Strong * who proposed a two count 

method measuring total alpha decays for rapidly determining 

the concentrations of 2 1 8 P o and 2 1*Bi in mines. Cliff later 

reported on modifications of this method to allow for three 

counting intervals and thus for an exact determination of the 
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three daughter concentrations. Cl i f f recommends the fol lowing 

timing to obtain maximum s e n e i t i v i t y : 

1. ( t p . ^ - t j . t - t 2 , t a - t 3 ) - (10,0-10,11-26,27-42 minutes) 

and 

2 . ( t

0 > t x ~ t l ' c y ~ t 2 ' t z " t 3 ^ * (15,0-15,16-36,37-57 minutes) . 

While the Cliff-James-Strong method offers improved s e n s i 

t i v i t y over the Thoma6-TsivoglJU method, i t does pose some 

d i f f i c u l t i e s i n cal ibrat ion and requires more complex 

hardware. In part icu lar , the sampling head must have the 

alpha detector mounted facing the f i l t e r to allow for simul

taneous sampling and counting. This geometry makes the air 

flow pattern much more complex than with a simple open-faced 

f i l t e r holder . I t i s not c l ear that part iculate c o l l e c t i o n 

w i l l be uniform over the f i l t e r , or even whether a l l the par

t i c u l a t e s w i l l reach the f i l t e r . 

A d i f f i c u l t y a r i s e s i n ca l ibrat ion of the Cliff-James-

Strong monitor. Calibration of radon daughter monitors i s not 

typ i ca l l y done d i r e c t l y , as i t i s not at a l l a t r i v i a l matter 

to generate a constant , known concentration of radon 

daughters. Instead, detectors are usually cal ibrated by using 

a ca l ibrated alpha source , such as americium (2**Am) or p lu-

tonium ( " * P u ) , uniformly plated on a disk the s i z e of the 

ac t ive area of the f i l t e r . One then assumes equal detection 

e f f i c i e n c y for 2 1 8 P o and 2 1 * P o alphas, that the f i l t e r s are 

nearly 100Z e f f e c t i v e and that the c o l l e c t i o n i s uniform 
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across the f i l t e r . The e f f ec t iveness of membrane f i l t e r s for 

co l l ec t ing radon daughters has been demonstrated, however, the 

d i f f i c u l t y with cal ibrating the James-Strong monitor i s that 

unless the daughter deposit ion i s uniform across the f i l t e r , 

the actual de tec t ion e f f ic iency w i l l be different from that 

determined with the standard source. The poss ible magnitude 

of th i s e f f e c t has not been addressed in the l i t e r a t u r e . 

3 . 2 . 2 . 3 . The Environmental Working Level Monitor (EWLM) 

The EWLM16 i s an extension of the Instant Working Level 

Monitor (IWLM) developed at MIT and Argonne National Labora

tory by Groer, e t a l . 1 ' The IWLM was designed to provide a 

rapid measurement of radon daughter concentrations in a mine 

environment. The most recent vers ion in fu l ly automated and 

can provide measurement re su l t s s i x minutes after the begin

ning of sampling. The EWLM i s b a s i c a l l y the same des ign , with 

the addition of a more powerful vacuum pump, which draws air 

at 30-40 l i t e r s per minute through the f i l t e r . The f i l t e r 

material i s formed in a long r o l l and i s automatically 

advanced a f ter the three minute c o l l e c t i o n time to a counting 

s t a t i o n . Here, the alphas are counted by means of a s o l i d -

s ta te di f fused-junct ion detector and a single-channel analyzer 

that discriminates pulBes re su l t ing from " ° P o and t l H P o 

decays. Beta emissions from 2 1 ^ * and 2 1 *Pb are counted using 

a p las t i c s c i n t i l l a t o r coupled t o a photomultiplier tube . The 

alpha detector faces the top of the f i l t e r while the beta dec-

tec tor faces the back. The t o t a l counting time i s three 
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minutes s tar t ing 13 seconds a f t er the end of sampling to allow 

a stepping motor to advance the f i l t e r . Microprocessor con

tro l permits preprogramming the sampling repet i t ion rate and 

to ta l number of samples to be taken. 

The high repet i t ion rate of the EWLM has been obtained at 

the cost of measurement s e n s i t i v i t y , as discussed in Section 

4 . 2 . This could , of course, be overcome by using longer meas

urement t imes . However, as the EWLM i s now implemented, the 

sampling and counting intervals are f ixed. I t i s not clear 

how d i f f i c u l t i t would be to modify the software to allow 

variat ions in the timing. 

There i s the p o s s i b i l i t y of some d i f f i c u l t y in using a 

system with multiple detectors in detailed s tudies of radon 

daughter dynamics, due to uncerta int ies associated with the 

ca l ibra t ion . In the t o t a l alpha counting systems presented 

above, an error in the ca l ibra t ion would re su l t in a sys 

tematic fract ional error in the measurement of PAEC and each 

of the daughters, but t h i s error would cancel i f one looked at 

rat ios of daughter a c t i v i t i e s . In the EWLM, on the other 

hand, errors in the ca l ibrat ion of either the alpha or beta 

detector w i l l result in errors in the r e l a t i v e daughter 

a c t i v i t i e s as well as in the measurement of FAEC. A further 

problem i s that accurate beta measurements tend to be more 

d i f f i c u l t to make than accurate alpha measurements. Beta 

detectors are sens i t ive to gamma radiat ion, causing a higher 

and more variable background (the EWLM accommodates th i s by 
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doing a background count during each sampling Interval.) Also 

the efficiency of a beta detector depends on the beta particle 

end-point energies for the radioisotope of interest; the effi

ciency differs for z l^Pb and ***Bi, again introducing calibra

tion difficulties. Finally, since betas are emitted in a con

tinuous spectrum, the detection efficiency will vary if the 

threshold voltage for background discrimination drifts. 

The Bize and weight (roughly 30 kg) of the EWLM are handi

caps for survey work, although this would not be a problem in 

a more detailed, longer term study, where the automatic 

features of the EWLM become very useful. 



22 

4. RESIDENTIAL RADON DAUGHTER MONITOR 

4*1. Integrated Alpha Spectroscopic Method 

The use of alpha spectroscopy alone to measure radon 

daughter concentrations was first suggested by Martz, et al., 
1 O 

in 1969. They recommended a sampling time of 5 -linuteB, fol-

lowed by measurements of the alpha decay rate due to * Po and 
2 ^Po at 10 and 35 minutes after the beginning of sampling. 

Jonassen and Hayes, in 1973, published a study of radon 

daughter measurement by alpha spectroscopy using finite count 

intervals, analogous to the Thomas extension of the Tsivoglou 

method.1' The recommended time schedule for their method is 
( to' tx~ tl l ty~ t2^ " (10.0,12.0-15.33,30.0-36.67 minutes). 

Alpha spectroscopy improves the detection sensitivity of 
218 

Po to the point where i t i s no longer the s e n s i t i v i t y con-

s t r a i n t . This i s because decays of f i l t e r e d " ° P o do not 

depend on the concentrations of the other daughters, so t h i s 

atom i s measured d i r e c t l y . The hardware required for the 

alpha spectroscopy 1P somewhat more sophist icated than for 

t o t a l alpha counting, but not nearly so complex as for the 

EWLM. Jonassen and Hayes used laboratory equipment: a m u l t i 

channel analyzer interfaced to a terminal which printed out 

the spectrum. The diode junction detector was housed in a 

small vacuum chamber. Vacuum i s used to minimize energy 

degradation as alphas travel from the f i l t e r to the de tec tor . 
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An ana lys i s of s e n s i t i v i t i e s showed t h i s measurement 

scheme to be more sens i t ive than the Cliff-James-Strong 

method, so t h i s technique was chosen for the Resident ial Radon 

Daughter Monitor (RRDM). Considerable computer-aided analys i s 

was undertaken to optimize the timing for maximum s e n s i t i v i t y . 

A prototype portable instrument wa6 bu i l t based on c i r c u i t s 

designed for the EWLM and for the RRDM. 

A further extension of the Integrated alpha spectroscopic 

method to include counting while sampling was t h e o r e t i c a l l y 

explored by Tremblay e t a l . They demonstrate that such a 

method would of fer shorter to ta l measurement times for s e n s i 

t i v i t y comparable to the Jonassen and Hayes method. However, 

the d e t a i l s of a sampling head that permits simultaneous alpha 

spectroscopy and sampling have not been worked out. 

4.2 Radon Daughter Monitor S e n s i t i v i t y Analysis and Optimiza

t ion 

In t h i s s e c t i o n , I develop a bas i s for ca lculat ing the 

s e n s i t i v i t y of a radon daughter measurement technique. The 

calculated s e n s i t i v i t y i s used for optimizing the counting 

intervals of the RRDM. These ca lculat ions are a l s o applied to 

the measurement schemes discussd In the previous s e c t i o n , 

affording comparison of the s e n s i t i v i t y of the various t ech

niques. 

F i r s t , I introduce the idea of a minimum measurable con

centration (MMC). The MMC i s defined for any of the daughters 
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or the PAEC as the concentration in a ir such that the uncer

t a i n t y in the measurement i s 20% of the concentration. The 

s e l e c t i o n of 20% uncertainty for MMC i s a departure from past 

work. Thomas, who f i r s t used th i s concept to optimize the 

timing of the Thomas-Tsivog]ou method, defined the minimum 

s e n s i t i v i t y a6 the concentration at which the uncertainty i n 

21 

the measurement is 50% of the concentration. For optimizing 

any technique, we shall see that the number selected is 

irrelevant. However, in terms of the quantitative results 

there is a difference. Using 50% as Thomas does, one arrives 

at a minimum detectable as opposed to measurable concentra

tion. Since the RRDM is designed for research rather than for 

survey applications, it seems more reasonable to use, as a 

benchmark, a value which can be measured with fair precision. 

1 selected 20% in order to remain in a region where one can 

ignore contributions to precision due to background, flow rate 

and timing uncertainties. In residences, radon daughter con

centrations can vary over an order of magnitude or more, so 

that a twenty percent measurement uncertainty is adequate to 

observe variations resulting from changes in the controlling 

parameters. 

In order to optimize the timing of any technique, we must 

combine the MMC'a for the three daughters into a single param

eter. In the past, optimization was done in a rather ad_ hoc 

fashion. Cliff optimized his instrument on the basis of 2 1 8 P o 

Bensitivity. Jonassen and Hayes attempted a manual optimiza

tion of the Integrated alpha spectroscopic method which 
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limited both the complexity of their calculations, and the 

thoroughness of the analysis.1' The single parameter over 

-which I optimize measurement timing is a weighted average of 

the Individual daughter MMC's, denoted MMCS. It is defined by 

the following equation: 

MMCS - (MMCA + MMCB/Rj + MMCC/R )(Q)/3 , 
(6) 

where 

I 
Kl I » A 

R

2 - r • 
A 

and 

Q - 0.103 + 0.507 R a + 0.373 R 2 

Equivalent!y, the MMCS can be expressed as 

MMCS - \ $ p + fflSS + ISp) ( 1 0 0 PAEC) . 
J A B XC 

The MMCS is an average over the three radon daughters of one 

hundred times the PAEC corresponding to the combination of 

that daughter'8 MMC and the specified values of R, and R 2-

This parameter has several useful features. It weights each 
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daughter by the concentration of z 8 Po necessary to support 

i t . Empirically, we find that the timing which minimizes MMCS 

i s almost independent of the values of Rj and IU- Mult ip l ica

t ion by the factor Q reduces dramatically the dependence of 

MMCS for any part icular timing on R, and R~> 

In order to ca l cu la te the MMC's, I make the approximation 

that the number of counts observed in any channel for any time 

interval i s an independent, Gaussian distributed v a r ia b l e . 

Several conditions must be s a t i s f i e d for counts observed due 

to radioactive decay to be Gaussian d i s tr ibuted: the proba

b i l i t y cf an atom producing an observed count must be constant 

for a l l atoms of i n t e r e s t , the probabil i ty of any atom produc

ing an observed count must be much l e s s than one, and the 

number of counts detected must be f a i r l y large (20 or more) . 

The f i r s t condition i s perhaps the b iggest stumbling block for 

radon daughter monitor ana lys i s . This can be Been by cons id

ering the probabi l i ty of observing a count in the Po chan

nel when alpha spectroscopy i s used. For the radon daughter 

atoms on the f i l t e r t h i s probability w i l l vary widely depend

ing on whether the atom i s 2 1 8 P o , 2 1 * B 1 , or 2 1 4 P b . The second 

condition of small success probabil i ty i s not met when, for 

example, alpha spectroscopy with a high e f f i c i ency detector i s 

done for the short - l ived 1 8 P o atom. The number of counts 

observed w i l l be small only when very low concentrations are 

being sampled so the f ina l condition i s not usually constra in

i n g . While the errors in uncertainty est imates due to using a 

s impl i f ied analys i s are expected to be 6mall, a complete 



27 

statistical analysis Is beyond the scope of this thesis. 

Given this approximation it is possible to calculate the 

MMC's for any completely determined radon daughter measurement 

scheme. The details of the calculations for the RRDH, the 

CJSM, and the EWLM are shown in Appendix 11. 

Evaluation of the MMC's requires the specification of 

several variables. First, the product of the sampling flow 

rate (V) and detector efficiency (n) is specified to be 1.0 

(counts per disintegration - liters per minute). The MMC's 

are inversely proportional to this product, thus the optimiza

tion of a given technique is independent of the value assumed. 

Furthermore, the comparison of different techniques is, to a 

first approximation, independent of this specification. The 

practical limit on detector efficiency for any technique is in 

the range of 0.3 to 0.4 due to geometry and cost considera

tions. Sampling flow rates are also roughly independent of 

the measurement technique, with the decision being governed 

largely by considerations of cost, weight and noise of the 

pump. The sampling flow rate is further limited for indoor 

measurements by the requirement that the measurement technique 

not affect the environment. Sampling flow rates of greater 

than 60 1pm have been reported for the EWLM with its short 

sampling time; It is possible that frequent sampling or long 

sampling times at such high flow rates could disturb the 

indoor environment sufficiently to affect the results. The 

second condition to be specified is the degree of equilibrium 
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of the three daughters. This is denoted by two variables, R. , 

and R,, where 

« 21**Pb activity (RaB) 
1 2 1 6 P o activity ( R a A ) 

and 

R 
_ 2 1 A B i ac t iv i ty (RaC) 

2 2 1 8 P o a c t i v i t y (RaA) 

In the analysis presented here, I used three pairs of values 

for Rj.-R,- Conditions of extreme equilibrium are represented 

by the values R.zRj « 0 .9 :0 .75 , typ ica l conditions are 

represented by the values R, :R2 ~ 0 . 6 : 0 . 4 , and extreme d i s e 

quilibrium conditions are represented by R j ^ , » 0 . 3 : 0 . 1 . 

Another parameter which must be spec i f ied in order to 

evaluate the MMC's for a technique that uses alpha spec tros 

copy i s the energy overlap factor , 6. For the RRDM a n a l y s i s , 

a value of 0.05 was used, based on the resu l t s of the f i e l d 

t e s t described In Section 4 . 5 . As i s discussed in Section 

4 . 4 , the value of 9 for the RRDM i s computed from the data 

col lected with each sample, thus the uncertainty in 6 can a l so 

be calculated for each sample; the uncertainty in th i s factor 

i s included in the s e n s i t i v i t y analys i s presented in Appendix 

I I . For the EWLM, the overlap i s measured when the instrument 

1B ca l ibrated, then aesumed constant. F°efe reports values 

ranging from 0.2 to 0.3 for four recent instruments. " The 

RRDM f i e l d t e s t indicated some var iat ion of the overlap from 
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sample to sample, presumably resulting from varying particu

late concentrations and variations in the characteristics of 

the filters themselves. Based on this information, 1 assigned 

for analysis of the EWLM values of 0.2 and 0.02 for the energy 

overlap and its uncertainty, respectively. 

Computer programs vere written in Fortran to optimize the 

RRDM and the CJSM, as veil as to compute the MMC's for the 

EWLM and the Thomas-Tsivogolou method. The RRDM analysis pro

gram can be found in Appendix III. The optimization and com

parison is done under the constraint of fixed sampling time, 

t , (meaning the time during which the pump is drawing a sam

ple) and fixed total measurement time. It is usually true 

that one can improve the sensitivity of a technique by going 

to longer sampling and/or total measurement times. However, 

there are constraints on both of these numbers. All radon 

daughter monitors are based on the assumption that the concen-

tations of the daughters do not change during sampling. If a 

sampling time that Is too long is selected, thi6 assumption 

may not be met. Furthermore, the three minute half-life of 
21R 

"°Po places a practical limit on sampling time. Fifteen 

minutes is the longest sampling time that has been used. The 

constraint on total measurement time is a combination of prac

tical application and daughter half-lives. A short total 

measurement time 1B desirable from the standpoint of making a 

quick survey measurement, or in order to obtain a high repeti

tion rate in a detailed study. The daughter half-lives limit 
total measurement time to about one hour; beyond this only 
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small gains in sensitivity can be realized. 

The results of the optimization and comparison are summar

ized in Figures 2 through 7 and Table 1. 

Figure 2 shows a plot of the MMCS versus total measurement 

time for the RRDM, under various sampling times. A typical 

equilibrium condition of R.:R,«0-6:0.4 is assumed. Below 

forty minutes, the MMCS is seen to drop rapidly as total meas

urement time is increased. The gains in sensitivity for sam

pling times above forty minutes are less pronounced. Thus, a 

total measurement time between forty and sixty minutes is rea

sonable. It is further seen that the sensitivity improves 1 •-.-

measurement times above forty minutes by using a ten minute 

sampling time, rather than five minutes. Ten minute sampling 

also yields better sensitivity than fifteen minutes for total 

measurement time6 below sixty minutes. 

Figure 3 displays individual components of the MMCS for 

the RRDM. The sensitivity for 2 1 4 P b is the limiting factor 

for times below 40 minutes, while beyond thi6 point, sensi

tivity for * 1 8Po becomes the poorest. This figure illustrates 

the usefulness of the MMCS parameter. It appears to be 

roughly equal to the arithmetic mean of the MMC's of the three 

daughters. More importantly, perhaps, is the fact that the 

individual MMC's track each other well under these conditions ; 

this behavior is consistent with the goal of measuring indivi

dual daughter concentrations with roughly equal precision. 



31 

Figures 4 and 5 show the effects of varying two of the 

assumed parameters on the RRDM MMCS. In Figure 4, MMCS is 

plotted for the RRDM for three different equilibrium condi

tions. The three conditions chosen span the range of values 

likely to be encountered. Except for conditions of extreme 

disequilibrium, the effect of changing the specified equili

brium conditions on the MMCS is small for the RRDM. In Figure 

5 it is seen that the Influence of small changes in the over

lap parameter, 6, is minor, although the optimal timing does 

depend on 6. For the 0.8 micron millipore filter with sam

pling flow rates of 10 to 15 liters per minute, 8 was measured 

to be 0.05 ± 0.04. A filter of smaller pore size would likely 

reduce the overlap, but would require a larger pump to achieve 

the same flow rates. 

Figure 6 is a direct comparison of the RRDM, the CJSM and 

the EWLM technique" assuming a ten minute sampling time and 

Rj:R2»0.6:0.4. The EWLM technique is seen to give superior 

results for total times below forty minutes, with a minimum 

MMCS occuring at roughly 24 minutes. For the EWLM technique, 

the MMCS rises beyond 24 minutes due to the use of a single 

measurement time. Since the energy overlap is measured once 

and assumed constant, rather than measured for each sample, 

sampling times which are too long cause an Increase in the 

fractional uncertainty of counts recorded In the Po chan

nel. Presumably, further improvements in the EWLM technique 

for long total time6 could be realized by using a second 

counting interval and making no _a priori assumptions about the 
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overlap, but this hasn't been investigated. In a direct comparison, 

the RRDM offers clear advantages over the CJSM. In the range of 

total measurement times of 40 to 60 minutes, the MMCS of the RRDM 

is roughly a factor of two below that of the CJSM. Similar results 

are found at other equilibrium conditions. 

Figure 7 is a plot of the optimal intermediate count intervals 

for the RRDM with a ten-minute sampling time, as a function of the 

total measurement time. The figure is meant only to show the general 

shape of the curve, since a different value of 8 or a different 

sampling time would result in different solutions. 

Table 1 presents in summary the comparison of the four daughter 

measurement techniques considered. The Thomas-Tsivoglou method 

sensitivities were computed using the timing reported by Thomas. 

Both the EWLM and the CJSM, as designed, provide marked improvements 

over that method. The integrated alpha spectroscopy method used 

in the RRDM provides for a further improvement in sensitivity. 

As suggested above, this isn't the last word on the subject. 

For example, the EWLM could be optimized with two counting intervals 

to improve its sensitivity. Also the use of alpha spectroscopy while 

sampling has been suggested, although not yet realized in an instrument. 
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4.3 Prototype Hardware 

On the basis of the analysis discussed in the previous section, 

it was decided to build the RRDM based on integrated alpha spec

troscopy. The complexity and expense of the EWLM approach pre

cluded its use, while the CJSM technique did not offer the same 

level of sensitivity. 

A block diagram of the RRDM is presented in Figure 8. A small 

vacuum chamber contains the solid-state surface barrier detector. 

The filter to be counted is placed in a holder mounted in a sliding 

tray. After the tray is pushed into place with the filter directly 

below the detector, the chamber is evacuated to 4 inches of mer

cury, absolute, as Indicated on the vacuum gauge. Evacuation is 

easily accomplished in the field in 30 to 45 seconds by means of a 

small hand-operated vacuum pump. 

The detector 16 biased to +300 VDC. Alpha particles entering 

the depletion region of the detector generate electron-hole pairs 

which are separated by the electric field. The electrons appear at 

the preamp input, where their charge is senBed and converted into a 

voltage. This voltage is amplified by a unipolar differentiating 

amplifier. The amplitude of the output pulB= is proportional to 

the energy of the incident alpha particle. The pulses are 

separated into two streams according to pulse height by a single 

channel analyzer (SCA). Two five-decade counters record the number 

of pulses In the two outputs of the SCA. A five-digit display is 

controlled by a front panel switch to display the counts in either 

the high- or low-energy channel. Other front panel controls are a 
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power switch, a reset button, and a count/stop switch. The proto

type instrument, pictured in Figure 9, measures 27 cm by 30 cm by 

45 cm and weighs 10 kg. 

The electronics schematic of the RRDM appears in Figure 10. 

The charge sensitive preamplifier was designed and built at 

Lawrence Berkeley Laboratory. It requires both ± 24V and ± 12V 

power supplies, a disadvantage for use in a field instrument. The 

output of the preamp is a fast-rising voltage spike with a fairly 

long tail. Since it is a charge amplifier, pulses can follow each 

other closely and still pass through the preamp, with a voltage 

rise that is proportional to charge. The next stage is a differen

tiating, unipolar amplifier based on two operational amplifiers 

(op-amps). The op-amp selected (AD503K) has a fairly high slew 

rate (3 volts/microsecond), and FET inputs for low input bias 

current. The resi6tor and capacitor values for this stage were 

selected by observing the output of the amplifier in the lab. A 

unipolar pulse with low overshoot was desired, along with a peak 

output voltage of between three and five volts for the high energy 

alpha particles. 

The next stage is the single-channel analyzer. This circuit 

wa6 adapted from a design by Keefe, et al., for the EWLM. Pulses 

are separated according to height by a pair of comparators (LM306)• 

The output of the amplifier is fed to the positive input of the 

comparators; reference voltages, generated by a potentiometer 

between the five volt power supply and ground, are at the negative 

inputs. The reference voltages are adjusted during a calibration 
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procedure so that one comparator allows only the high energy alpha 

pulses to pass, while the other allows all alpha pulses to pass. A 

circuit built from three TTL chips blocks the lower level output 

when both comparators respond to the pulse. 

The two streams of pulses are counted using a pair of 5-decade 

counters (MC14534B). These chips are designed with the output data 

time-multiplexed. A one-shot (74L5123) is set up as an astable 

logic element, and is used to provide the digit-select clock for 

the counters. The output lines of the counters are tri-state, so 

the outputs of the two counters are tied together, buffered , and 

used to drive five display chips. These chips are 5x7 dot-matrix 

LED displays (HP5082 7300) with BCD input and data latching. The 

position of a front-panel switch tied to the tri-state control 

lines determines which channel is displayed. 

The power supply circuitry is complicated by the fact that the 

preaap requires 124V, mandating the use of a second (stacked) 

transformer, a second rectifier bridge, and a second pair of large 

capacitors, as veil as the additional voltage regulators. The high 

voltage used to bias the solid state detector is generated by means 

of a DC-to-DC converter (VENUS C8T). With five volts input, it 

generates a center tapped 600 VDC output. This converter easily 

supplies the input current requirement for the detector which is a 

few microamps. 
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4.4 Ca l ib ra t ion 

The c a l i b r a t i o n and adjustment of the monitor r equ i res a radium 

s o u r c e , a c a l i b r a t e d alpha source with the 6ame geometry a s the 

f i l t e r to be used, a pu l se -he igh t analyzer and a pulse g e n e r a t o r , 

p re fe rab ly with two independent channe l s . F i r s t , cons ider the 

adjustment of the d i s c r im ina to r s e t t i n g s . The output of the 

ampl i f i e r i s connected to the input of the pu lse -he igh t a n a l y z e r . 

The radium source i s placed in the chamber and counted u n t i l a good 

spectrum e x i s t s . Four peaks a re e v i d e n t ; i n order of decreas ing 

energy , they a re 2 1 ^ P o , 2 1 8 P o , 2 2 2 R n , and 2 2 6 R a . Next, t he p u l s e r 

i s used as input to the p reampl i f i e r . While d isplaying t h e radium 

spectrum, counts a re accumulated as the pulser amplitude i s 

adjusted u n t i l i t s counts appear in the appropr ia te energy l o c a 

t i o n s . If a two-channel pu l se i i s used , t h e two amplitudes should 

be s e t so tha t they f a l l j u s t above «"Ue Po peak., and below the 
n Of. 

Ra peak. Thus, the lower amplitude pulse is set at an energy 

corresponding to pulse from an alpha with an energy of about 3 MeV. 

The precise value of the lower-level discrimination does not appear 

important. However, a substantially lower setting would increase 

the background count rate, while a substantially higher setting 
« 

would cause some of the Po counts to be missed . The uppe r - l eve l 

discriminator corresponds to an energy l e v e l of about 6 .2 MeV. 

After the pulser has been adjusted, the pulse-height analyzer i s 

disconnected and the d i sp lay observed with the pulser s t i l l used as 

input . With only the high-amplitude pulses emitted, the h i g h - l e v e l 

comparator reference vo l tage i s adjusted u n t i l the pulses a r e j u s t 

not counted . The re fe rence vo l tage i s then proper ly s e t ; i t s va lue 

i s recorded for future r e f e r e n c e . The process i s repeated for the 
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low-level comparator reference voltage, using the low-amplitude 

pulses. 

The calibrated alpha source is used to determine the efficiency 

of the detector. Our source had a decay rate known to within five 

percent, BO a measure of counting rate gives an efficiency calibra

tion known tc five percent. The detection efficiency of the proto

type RRDM is 12%. An efficiency of 25-30% can be achieved with a 

detector assembly carefully designed to minimize the separation 

between the detector and the filter. 

4.5 RRDM Data Analysis Procedure 

In this section, I present the equations necessary to calculate 

the radon daughter concentrations from data collected with the 

RRDM. The notation for the four count totals resulting from a 

measurement are defined in the table below. Mote that these values 

are assumed to be corrected for background. 

Alpha Channel 

Count 
Interval 

218Po 
(Low Energy) 

2 " P O 
(High Energy) 

1 

2 

D l 
D ? 

D3 

The ratio of ileVo decays in the second count interval to those in 

the first count interval, denoted 8, depends only on the times 

selected, 
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The energy overlap f a c t o r , 6, i s then obtained 

(7) 

© -
(D2 - s Dj) 

<D4 " 6 D 3 } 

(8) 

Using 6 and the count totals, D, through D,, one obtains the 

corrected count vector, M, as 

M, - Dj - 9 D 3 , 

M 2 = D 3 (1 + 9) , 
(9) 

M 3 - D^ (1 + 6) 

Since the detection efficiencies for alpha decays from "°Po 

and z l*Po are assumed equal, equation (5) can be written 

I - (K . M) /TIV, 
(10) 

or equivalently, 
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h ' < £ kliMi> / T l V 

lB - ( ̂ k ^ ) /nv 

x c " ( £, Vi' "» 

The values of s and the matrix elements k.., for three optimized 

timing schemes are presented in Table 2. Evaluation of the matrix 

elements for other timing schemes may be done UBing the program in 

Appendix III vith some minor modifications. Given the k^'s, the 

data analysis can be done in the field with a hand-held calculator. 

A.6 Field Test 

In September 1979, the RRtlM prototype was field tested in a two 

week experiment in the Energy Efficient Residence (EER) in Carroll 

County, Maryland. This house was designed to use a minimum amount 

of energy. Some of its features are a vestibule "air lock" at the 

front entrance, 2.3 meter (7'-6") celling height to reduce interior 

volume, surface-mounted electrical outlets to avoid penetrating 

wall6, and double-insulating glass plus storm windows. Consider

able care WBB used in caulking and weatherstripping all cracks. As 

a result the house has a very low infiltration rate, ranging from 

0.05 to 0.15 air changes per hour (ach). (One ach means that the 

amount of air leaking into the structure in one hour equals the 
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structure volume.) For reference, typical houses in the United 

States have infiltration rates ranging from 0.5 to 1.5 ach. 

In preliminary measurements in the EER, we observed radon con

centrations on the order of 20 to 30 nCi/m , implying a much higher 

FAEC than the recommended limit of 0.02 WL for houses built on 
q 

phosphate reclaimed land in Florida.7 In addition, there were com

plaints of excessive humidity in the EER. As a result of these 

findings, a mechanical ventilation system with heat recovery via an 

air-to-air heat exchanger was installed in the house. During the 

first two weeks after the heat exchanger installation, intensive 

measurements of radon, radon daughters, and air exchange rate were 

made under a range of ventilation conditions. The RRDM was used 

extensively to make the radon daughter measurements. 

The complete results of this study are reported elsewhere ; in 

this report I summarize the findings obtained with the RRDM and 

describe the instrument's field performance. During the study 

approximately 125 measurements vere made with the RRDM. A few sam

ples were lost due to mechanical problems with the filter tray. 

About twenty percent of the Bamples were counted with incorrect 

timing due to operator error* (Each sample requires operator 

intervention at three critical times separated by roughly 10 

minutes.) The data from these samples was not lost, however; the 

data analysis program used to calculate concentrations and uncer

tainties from the data accepts arbitrary counting times. The 

mechanical problems arose from two sources. First, if the filter 

wasn't well-seated before the tray was pushed into the chamber, the 
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filter would be crushed between the tray and the chamber wall• The 

second problem arose when the operator broke the chamber vacuum 

with the tray instead of with the valve; the inrushing air swept 

the filter out of ltB seat and plastered it against the detector, 

necessitating the disassembly of the chamber for cleaning. 

Figure 11 presents a summary of the results of the radon 

daughter measurements. It is a plot of the measurements of PAEC 

versus time, with the five ventilation conditions labelled. The 

main feature of the figure is that the PAEC falls below 0-02 WL 

only when ventilation rates are greater than or equal to 0.6 ach. 

The measurements of radon daughter concentrations made on Sep

tember 15 illustrate the potential usefulness of the RKDM in 

obtaining a fuller understanding of radon daughter dynamics. The 

ventilation on this day Is due solely to Infiltration. The furnace 

fan, which moves air from the basement through ducts into all of 

the upstairs rooms, was on throughout most of the two-week experi

ment, in order to obtain good mixing of the ventilation tracer gas. 

At 8 AH on September 15, however, it was shut off for a 26-hour 

period. During this time the radon concentration increased by 302, 

from 21 nCi/m3 to 28 nCi/m 3, while the PAEC increased by 200Z, from 

0.05 WL to 0.15 WL. 

The time profile of the three daughters is shown in Figure 12. 

While the concentration of **^Po increased only slightly over this 

period, the concentrations of ***Pb and 2 1^Bi increased by a factor 

of five. Interestingly, the growth of these daughters is well-

fitted by exponential growth curves with time constants of 0-07 
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hr , corresponding to the a ir exchange rate of the house. As the 

growth of 1 0 P o cannot account for the growth of the two other 

daughters, and as the ir decay constants (1 .5 and 2.1 hr ) , are 

much greater than the growth rate i t seems that although the 

equilibrium factor was low throughout the experiment, the furnace 

fan did not d irect ly remove the daughters. For example, one might 

speculate that under the given conditions part icu lates entered or 

were generated in the house at a fa i r ly constant rate , and that 

radon daughters attached to part iculates did not plate out . As the 

rec ircu la t ion system has a coarse f i l t e r , i t 1B possible that the 

part i cu la tes were f i l t e r e d when the fan was operating, thus keeping 

the radon daughter concentrations low. Under t h i s hypothesis when 

the furnace fan was shut o f f , the part icu la te concentration would 

have grown with a time constant equal to the a ir exchange rate , and 

the Pb and Bi concentrations would have grown accordingly. 

The magnitude of t h i s e f f e c t would have been smaller for Z 8 P o , 

s i n c e i t s larger decay constant implies a smaller probabil i ty of 

218 

Po atoms interact ing with a surface before decaying. This 

hypothesis i s speculat ive ; further work incorporating measurements 

of part iculate l e v e l s and more thorough modelling are necessary. 
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5. CONCLUSIONS 

This work, extends the state-of-the-art in radon daughter meas

urements in several directions. The sensitivity calculation and 

optimization are more thorough and broadly applied than are any in 

the literature. The measurement of the energy peak overlap for 

each sample reduces the uncertainty in the results. The prototype 

instrument described could become the basis for an inexpensive 

field instrument for radon daughter measurements. 

Future development on the RRDM in the near term should Include 

the addition of automr.clc timing for the counting intervals. This 

could be accomplished with a simple controller. Timing information 

could be provided with thumbwheel switches and an internal clock. 

An additional pair of decay counters would allow complete filter 

counting without operator intervention. 

Another important near-term development goal is the reduction 

of the size and weight of the instrument. A preamplifier which 

requires only ± 12V would reduce the weight of the power supply 

considerably. The vacuum chamber, which is cut from a block of 

aluminum, is oversized. Another gain could be realized by reducing 

the size of the caBe; the current one is about 502 too large. 

The sensitivity of the RRDM can be further improved by the 

careful design of the detector assembly with particular attention 

to detector - filter spacing. 

Less urgent, but still interesting, work could be addressed to 

the assumptions made in the analysis and calculations: that the 
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daughter concentrations are constant during sampling, and that the 

count total observed in any channel during a time interval is a 

Gaussian-distributed, independent variable. 

The most important and perhaps the most difficult work of all 

is the intelligent application of daughter measurements in address

ing the question of indoor radon daughter behavior. More informa

tion on radon daughter dynamics could lead to new control tech

niques and a more precise estimation of the health effects of radon 

daughter exposure. 
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APPENDIX I. Derivation of Filter Activity Equations 

In this appendix, I derive the equations for the activity of 

the three radon daughters as a function of time both during and 

after sampling. The activities for each of the daughters are shown 

to be linear combinations of the sampled concentrations of the 

daughter of interest and of the preceeding daughters in the chain. 

A necessary assumption to obtain this result 1B that the daughter 

concentrations are constant during sampling. 

The following differential equations describe the buildup of 

activity of the three daughters on the filter during sampling. 

dQD 

dt V ^ A V 

dQD 

dQD 

-df-v-vW*' 

(1A1) 

where 

A A - decay constant of Po-218 « 0.227 min~ , 

A B « decay constant of Pb-214 - 0.026 mln~ , 

A c - decay constant of Bl-214 - 0.035 m i n - 1 , 

V « flow rate of the pump ( l i t e r s per minute) , 

QA B C " Act ivi ty of the radon daughters on the f i l t e r 
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and 

qg<t) - ^ ( l - e - V ) + ^ ( l - f C B e- A B t - f B C e^C t ) 

+ ¥ ( 1 ' f B A f CA f i " V - f AB £ CB e ' A B t - f AC £ BC e " A c t ) • A 

where 

A, 
f i . 

y * A y - A 2 * 

A second Bet of equations must be solved to determine the 

a c t i v i t y of the daughters on the f i l t e r a f ter sampling. The d i f 

f e r e n t i a l equations and the i n i t i a l condit ions are given below. 

The superscript A I s used to denote that the solutions w i l l be 

v a l i d only ' a f t e r ' sampling. 

d Q A A A D 

- d f - - V i » <(to>-QA(to>-

T!F-V£-MJ' • V - ^ V 1 

(4A1) 

Here t Q is the sampling time. 
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The solution of the6e equations follows those above. In fact, 

Evans" points out that we can write down the solutions to (4A1) by 

Inspection given (3A1) and the observation that 

Q j < t ) - Q j ( t ) - o ; ( t - t o ) , 

q j ( t ) - Q ; < t > - Q ; ( t - t o ) . 
(5A1) 

and Q* (t) - Q° (t) - Q£ (t-to>. 

Equations (SAl) can be understood by performing the following 

thought experiment. Imagine that for time t»0 to time t"tQ one 

samples by pulling air through filter fl. At t filter #2 is 

placed in the sampling train Immediately before filter #1. Assume 

that both filters are 100% effective. The total activity of Iso

tope X on the two filters Is then given by Q x(t), while the 

activity of X on filter #2 is given by Q„(t-t ) . Therefore, the 
x o 

activity of X on filter #1 Is given by oH(t)-Q„(t-t ), which 16 

identical to equations (5A1). 
Writing out the solutions to (4A1) explicitly, we find 

A 
I V Qj(t) --|- ,(e"V)(eVo - 1) 
B 
I V 

+ ~ T (^(""^XeVo - 1) + f f f l(e'V)(eVo - D ) , 
A 
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I V 

Q C ( t ) --J-fe'VXeVo ' 1) 
I V 

+ -f-Cf^e'V) (e*Bto-l)4fBC(e~ACt)(eACto-l)) 
B 

+ ¥<V C AC-V)(. XA to-l) 
A 

+ f A B f C B ( e " A B t ) (^B'o-D+f A Cf B C(e~ XC t) (eVo-1) ) . 

Equations (3A1) and (6A1) can be expressed as a single set of 
activity equations. 

Q A(t,t o) - u(t o) qA(t) + (i-u(t o» Q* (t), 

Q B(t,t o) - U(t 0) Qj(t) + (l-U(to)) Q A(t), 
(7A1) 

V ' - ' o ' ' U ( t o } Q C ( t ) + tl"0<t o» Q J ( 0 , 

where U(t ) 1B the unit step function defined as 

U(t )- 0 for t>t , o o 

and 

U(t )- 1 for 0<t<t o — — o 

Finally we observe that equations (7A1) are linear in I A, Ifi 

and I c. We can rewrite (7A1) in the following form. 
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v^v - w^vv v 

(8A1) 

QC ( t' to> " «CA ( t' to ) V *A + ^ C B ^ ^ V h + ^'V V V 

The functions g depend only on the constants A A ^ B ' ^ C ' t h e eam~ 

pling time t Q, and the time t. Thus for a given t 0, the activity 
of each of the daughters on the filter i6 at any time, t, a linear 
combination of the particular daughter and the previous isotopes in 
the decay chain. Writing out the functions g explicitly, we have 

y z 

g ^ U , ^ ) -j±- ((e"V)(eVo-l)+U(t o)(l-e" AA ( t" to ))) 
A 

g B B(t,t o) - y - ((e~V)(eVo-l)+lHt o)(l-e"V t" to ))) 
B 

g c c(t,t 0) -•£- <(e~ AC t)<eVo-l)-HJ(t o)(l-e~ AC ( t _ to ))) 

A 

•«( t Q) (1-f B A(e" AA ( t " t o ) )-f ̂ C e ~ V t _ t o ) ) ) 
(9A1) 
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W * ' ^ " 3 T < f C B ( e ^ B t > ( ^ B t o - 1 ) + £ B C l e " A c t ) ( ^ c t o - 1 ) 

•KI( t o ) ( l - f C B ( e ' V t " t o ) ) - f B C ( e " A C ( t _ t o ) ) ) 

A 

+ f A C f B C ^ " A c t > ( e A c t ° - 1 > + U ( t o > ( 1 - £ B A f C A ( e " A A ( t " t o ) ) 

£ AB £ CB ( e B ° ) f AC f BC ( e C ° } 

All of the functions g y z are of the fonn a y Z ( t , t 0 ) + U ( t 0 ) b y z ( t - t 0 ) . 
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Appendix II Calculation of Minimum Measurable Concentrations 

For Radon daughter Monitors 

The basis of all of the calculations of minimum measurable con

centration is the approximation that the number of counts in a par

ticular channel for a specified time interval has a Gaussian dis

tribution and is independent of the number in another channel or 

time interval. If we have a function of some Gaussian distributed 

independent variables, a., 

b •= f (aj, ..., a n ) , 

then the variance in b i s given by 

° b 2 " £ 
i - 1 

3f 
3 a i \ 2 

(1A2) 

For counting experiments, the variance in the number of counts 

observed simply equal s the number of counts. 

°b±

2 ' Di 

With this as a basis, we can proceed to calculate the minimum 

measurable concentrations for the daughter measurement techniques. 

Residential Radon Daughter Monitor (RRDM) 

The RRDM has two counting intervals, and two alpha counters. The 

elements of the raw-count vector are defined by the following 

table: 
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Alpha Channel 

Count 
Interval 

21 8Po 
(Lov energy) 

2 1 *Po 
(High energy) 

1 

2 

D l D 2 

910 

The variable s , represents the rat io of Po decays in the second 

count interval to those i n the f i r s t count i n t e r v a l . 

8 -^»t A-x > A C J (2A2) 

The energy overlap factor, 6, is then obtained as 

9 
s Dj) 

(D̂  - s D 3) (3A2) 

For the calculation of MMC'e, © is an input parameter* 

The corrected count vector M becomes [eqn. (4A2)] 

M, • D, - 6D, « Counts due to 2 1°Po decays in first time interval, 

1*2 • D, (1 + 6) « Counts due to **^Po decays in fir6t time inter

val, and 

"3 " D4 (1+9) « Counts due to *"Po decays in second time inter

val. 
These equations are inverted to find 
Di " M i + «2 TTe 
D 2 . 8 M, + M3 yfg 

'3 " 1 + e (5A2) 
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M„ 
D A 1 + e ' 
For speci f ied equilibrium condit ions Rj and R~ we define [eqn. 

(6A2)] 

M 2 h 2 1 + R l h 2 2 + R 2 h 2 3 

3 2 | h 3 1 + Rjh32 + R 2 h 3 3 ~ B | n 2 1 + R l n 2 2 + R 2 h 2 3 | 

and 

K m h m

 h 3 1 + R l h 3 2 + R 2 h 3 3 
"• ' M 2 " h 2 1 + R j h ^ + R 2 h 2 3 

(7A2) 

Now 1 - ( r *•„*%) / nV 
(8A2) 

S o , from e q n . ( 1 A 2 ) , 

f 3 
"A * k u V 2 

Li-1 i i 
I (nV)' 

(9A2) 

To f i n d MMCA we s o l v e MMCA - I A s u c h t h a t 

l A nv L Li» ^ ^ 1 V2 

0.2 
(10A2) 

Similar expressions are obtained for MMCB and MMCC. We solve ior 

o\, given that M i is a function of the D^'s. 



59 

%. 

4 K l 2 k fiH.12 

(11A2) 

The par t ia l derivat ives are solved to obtain [eqn. (12A2)] 

3Mj 

3Mj 

• 1 + 8 V 

- 9 ( 1 + 6 W) 

« e w 

3Dj 
3M 2 

is; 
3M 2 

w3 

3M 2 

3M, 

3M, 
- 1 + 9 + e s w 

• - © w 

3 D 2 

3M 3 

w2 

3M, 

85! 

- ^ s e w 

l + e - ^ e w 

S u b s t i t u t i n g (5A2) and (12A2) In to (11A2) we find 

(TM

2 - N . M 

Where Ofc2 - ( o ^ 2 , ^ 2 . ^ 2 ) 

and N i s a 3 x 3 matrix with elements 

(13A2) 

*11 (1 + s w)* + s v* 

n 1 3 - ©(1 + 6 w ) 2 

(1AA2) 

n 1 3 " e " 2 



n 7 1 * s ( s + l )w 

2 2 
n 2 2 * w 

n 2 3 * ** w ' 

(irij + < 1 + e + e 8 w > 2 [ -n r5 ) 

n 3 1 = &2 v2 s (s + 1) 

n 3 2 " e (A. w s ) 2 

n33 = T+~e ( 6 A 2 w2 + (i + s - A « e) 2) 

From Section 3*2.2 we have 

M «= V (H' . 1 ) 

If all the radioactive decays measured are detected with 

efficiency, the matrix H' can be written as ̂ H, and thus 

M - n V (H . I), 

or, written in terms of the vector R, we have 

h zc 
A - Rj - R 2 

substituting (15A2) and (13A2) into (1QA2) we have 
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_£ J . 
I A - T , V 

J l ( k i i ) 2 n v < M M C A ) (N • (H . R)) 1 

(MMCA) 

V2 

0.2 

°B °C 
with s imilar expressions for ~ and — . 

B C 
Solving these equations for MMC's one obtains 

(16A2) 

MHCA - -2 | 
tiV Z ( k U ) 2 [N . (H . K)"\t 

, i»l 

MMCB - ~ R 
T)V 

1 Z (k2 i> 2 [N • (H • R ) ] i 
(17A2) 

MMCC - 25 
nv R2 Z (k 3 1 ) 2 (N • (H • R)]J 

For the PAEC we have the expression 

PAEC - - ~ L . M where L - X . K 
nv — ~ — — (18A2) 

and X - (0.00103, 0.00507, 0.00373) 

Using an analysis similar to that above we obtain 

MMCWL ~§ (X . R) Z l ^ N . (H . K)]± 

(19A2) 
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Cllff-James-Strong Monitor (CJSM) 

The CJSM has three count intervals , counting total alpha decays 

during sampling and for two time Intervals following sampling. The 

net count vector M and raw count vector ID are equal 

M, « D, •= alpha counts during sampling, 
M 2 * D 2 ™ a^-P n a counts during the first post-sampling count 

interval 

M, •= D, - a lpha counts during the second post-sampling count 

i n t e r v a l . 

Since the M and I) vectors are identical, the N matrix elements 

(equation 13A2) are given by 

nij - S±i • 

where o^. «= 1 for 1 - j 

and S^. « 0 for 1 4 j-

Given this matrix, equations (17A2) and (19A2) can be used to com

pute the MMC's for the CJSM. 

Environmental Working Level Monitor (EWLM) 

Calculation of MMC's for the EWLM must be approached somewhat 

differently than for the RRDM because 8 is not calculated for each 

sample. Based on data in Keefe, et.al., I assign a value of 0.2 

with a standard deviation 0.02 to 6 for the EWLM. 1 6 The raw-counts 

vector, I), has elements: 

D. - alpha counts in low energy channel 
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D2 « alpha counts in high energy channel 

T>2 " beta counts 

The EWLM has a s ing le counting Interval . 

The corrected counts v e c t o r , M, has elements: 

Mj - Dj - D 2© 

M2 = D 2 (1 + 8) (20A2) 

M 3 - D 3 

The equations are inverted to obtain 

D i - M i + "2 ( r f e ) 

(21A2) 

D 3 - M 3 

We treat M̂  as a function of Dj , D 2 , D3 and 6 . Applying equa

t i o n (1A2) obtains 

<r 2 V M 2 2 

°M* - M. + e M 2 + ^ 
U + © r 

a- 2 °" e 2 M 2 2 

°M^ - M2 (1 + 9) + £ 5 
( 1 + 6 ) (22A2) 
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These equations can not be written In the form of (13A2), however 

(22A2) and (15A2) can be used to solve (10A2) and obtain the 

results [eqn. (23A2)] 

MMCA W 
3 
I 

1-1 (k )" [N . (H . R ) ] ± 

(0 .2 ) - (• 
TJS 

F T ? ' ( h 2 1 + h 2 2 R l + h 2 3 R 2 } ( k H + k 1 2 ^ 

MMCB •Wi 

3 
I 

1-1 ( k 2 i ) IN . (H R)L 

( 0 . 2 ) 2 - ( y ^ ) 2 ( h a + h ^ + h 2 3 R 2 ) 2 ( ^ ) 2 ( k 2 1 2 + k ^ ) ^ 

HMCC [4 

3 
£ 

1-1 (k , V {H . (H . R ) ] i 

( 0 . 2 ) 2 - ( Y ^ ) 2 ( h 2 1 + h^R, + h 2 3 R 2 ) 2 ( ^ ) 2 ( k 3 1 2 + k 3 2

2 ) 

where the elements of N are 

l l l 

'12 - e 

n 13 " ° 

n 2 1 

n 2 2 

n 2 3 

1 + © 

0 

'31 

i 2 2 

l 33 
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The minimum measurable working level is then [eqn. (24A2)] 

MMCWL m 
z 
i-1 a±) [N . (H . R)] t 

(0.2)2 - ( J ^ ) 2 (h21 + h22Rj + h 2 3R 2)2 (_J-_ )2 ( l i2 + ^ 
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Appendix I I I . For t ran Program for RRDM S e n s i t i v i t y Analysis 
and Optimization 

PROGRAM ROUSENS(INPUT.OUTPUT) 

C VERSION 3 . 3 JANUARY 1 0 . I 9 6 0 H I L I IAN NAZARGFF 
C INTRODUCTION 
C T H I S PROGRAM I S USED TO OPTIMIZE THE T IMING OF VARIOUS RADON 
C DAUGHTER MONITORS. THE MAIN PROGRAM, ENTITLED 'USER I N P U T ' I S 
C REWRITTEN FOR EACH OF THE MONITOR SCHEMES. USUAL OPERATION 
C REQUIRES THE SAMPLING T I N E ( T O ! AND THE TOTAL MEASUREMENT TINE 
C I T 1 . T 2 . T 3 FOR 1 , 2 . OR 3 COUNT INTERVAL NETHOOSJ TO BE SPECIF IED 
C SUBROUTINES ARE USED TO COMPUTE THE DECAYS OF FACH DAUGHTER 
C DURING OR AFTER SAMPLING, TO INVERT THE MATRIX WHICH CONVERTS 
C A C T I V I T Y TO COUNTS I H 1 , TO COMPUTE THE MINIMUM MEASURABLE 
C CONCENTRATION FOR EACH DAUGHTER, FOR AN AVERAGE, AND FOR THE 
C PAEC, AND TO CHECK ANY OF THESE VALUES AGAINST THOSE OF THE 
C CURRENT BEST T I M I N G . 

C TABLE OF SYMBOLS 

E AND F TAKE ON VALUES 1 , 2 , OR 3 AND 
P AND Q TAKE ON THE VALUES A , B , OR C WHERE 

1 = A,RAa = PCW18 
2 = B.»RA3=Pe-21li 
3 = CRAC=9I -2Hi 

C 
C 

C 
C 

C 
C 
C 
C 
c 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

ALPHA RATIO OF P0-21B DECAYS I N TIME INTERVAL 2 TO PO-218 
DECAYS IN TIME INTERVAL 1 . 

8 . . . . BEST VALUE FOR VARIABLE REPRESENTED BY FOLLOWING LETTERS: 
E.G. BT1 IS THE VALUE OF T i FOR OPTIMAL SENSITIVITY. 

DELTA RATIO OF NET CORRECTED COUNTS IN THIRO MEASUREMENT TO 
NET CORRECTED COUNTS IN SECOND MEASUREMENT. USEO IN MMC 
CALCULATION 

GAMMA DEFINED AS 1./(DELTA-ALPHA). USED IN HMC CALCULATION. 
GPQA DECAYS OF RAP ON THE FILTER DURING THE TINE INTERVAL 

(T0 ,T ) (AFTER SAMPLING! DUE TO THE DEPOSITION OF PAD ON 
THE FILTER 

HEF ELEMENTS OF A 3X3 MATRIX USEO TO CONVERT THE AIRBORNE 
ACTIVITY VECTOR (RAA.RAB.RAC) TO A DECAY VECTOR. 

KEF K IS THE INVERSE OF H 
LP THE DECAY CONSTANT OF RAP IN UNITS OF MINUTES»»-1 
MMCP CONCENTRATION OF RAP IUNDER GIVEN CONDITIONS OF H1.R2 AND 

ASSUMING FLOW RATE'EFFICIENCYsl.t l AT WHICH STATISTICAL 
UNCERTAINTY IN THE MEASUREMENT IS 20 PER CENT OF THE 
CONCENTRATION. 

HHCHL SANE AS ABOVE FOR WORKING LEVEL 
MMCS 'AVERAGE* OF MMCP VALUES* COMPUTED BY AVERAGING MMCP 

WEIGHTED BY 100*NL PER NCI/M"»3 OF RAP. 
NEF ELEMENTS OF MATRIX M WHICH MULTIPLIES NET COUNT VECTOR 

TO GIVE VARIANCE ELEMENTS OF NET COUNT VECTOR. 
Rl RATIO OF P B - 2 U TO PO-218 ACTIVITIES IN AIR. 
R2 RATIO OF BI-21". TO PO-218 ACTIVITIES IN AIR. 
TO SAMPLING TIME 
TX T IME OF BEGINNING OF F I R S T COUNT INTERVAL 
T l T IME OF END OF F I R S T COUNT INTERVAL 
Tf T IME OF BEGINNING OF SECOND COUNT INTERVAL 
T2 T I N E OF END OF SECOND COUNT INTERVAL 
TZ T I N E OF BEGINNING OF THIRD COUNT INTERVAL 
T3 T I N E OF END OF THIRD COUNT INTERVAL 
ALL T IMES ARE I N MINUTES AND ARE REFERENCED TO THE BEGINNING OF 
SAMPLING. 
THETA OVERLAP FACTOR - COUNTS I N RAA PEAK DUE TO RAC DECAYS 
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C DIVIDED BY COUNTS IN RAC PEAK DUE TO RAC DECAYS. 
C INITIALIZATION 

IMPLICIT REAL(H,K,L.P,NI 
DIMENSION R1I61 .R2IS) 
COMMON GAAO,GBAD.GB60.GCAO.GCBD«GCCO.GAAA,GBAA,GBeA.GCAA,CCBA,GCCA 

R,T0.LA,LB,LC,H11.H12,H13.H21,H22.HZ3,H31.H3Z,H33.KU,K1Z.*13,K21,"< 
R22,K23,K31.K3Z,K33,HHCA,HMCB,MNCC,HMCHL.MNCS.9HHCS.9NNCA,9HMC9,9Mf 
RCC.BMHCML.Xl ,XZ,X3,Nl l .NlZ,N13,NZl .NZZ.NZ3,N3l ,h32,NS3,BKl l ,BK12,9 
RK13.BKZltBX22.eKZ3.SK31fBK32.eK33 

LA«0.227261 
LB=0. 025861. 
LC=0.035ie5 
DATA ( R 1 ( J 1 , J = 1 , 6 1 / 1 . 0 . 0 . 9 , 0 . 6 , 0 . 1 . , 0 . 3 , 0 . 1 / 
DATA <R2(J» , J = 1 , 6 > / 1 . 0 . 0 . 7 5 . 0 . < » , 0 . 2 5 , 0 . 1 , 0 . 0 2 / 
X* = 0 . 0 0 1 0 3 
X2=0 .00507 

X 3 * 0 . 0 0 3 7 3 

C USER INPUT 

C RESIDENTIAL RADON DAUGHTER MONITOR 
C THIS PROGRAM TAKES AS INPUT THE SAMPLING TINt AND TOTAL MEAS-
C UREMENT TIME AND CALCULATES THE BEST INTERMEDIATE TIMING SCHEME 
C FOR THE RESIDENTIAL RADON DAUGHTER MONITOR (KRDM). THE RROM 
C USES 2 CHANNEL ALPHA SPECTROSCOPY AND TMO COUNTING INTF'VALS 
C AFTER SAMPLING. 
C DEFINE OVERLAP 

THETA=6.05 
HRITE 5.THETA 

C READ INPUT 
100 READ 1S.T0.T2 

IF CTO.EQ.0.01 6 0 TO 999 
TK.TOU.O 

C DECAYS UP TO TX AND TZ 
CALL AFTER (TXt 
AAAX^GAAA 
CAAXxGCAA 
CBAX*GCBA 
CCAX'GCCA 

CALL AFTER 1TZI 
CAA2«GCAA 
CB*Z*GCBA 
CCAZsGCCA 

JTO=TO 
JTZ*TZ 

C LOOP FOR EACH DISEQUILIBRIUM CONOITION 
DO Z50 1=1,6 
9MMCS«1000.0 

C ON FIRST PASS LOOK IT EVERY FOURTH MINUTE FOR TY AND T2 
JPASSxl 
JSTEPit. 

JT1MIN=JT0»2 
JTlHAX=JT2-2 

http://RK13.BKZltBX22.eKZ3.SK31fBK32.eK33
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110 DO 200 JT1=JTIMIN.JTINAX.JSTEP 
T1=1.0»JT1 

C COMPUTE DECAYS OUSING FIRST TIME INTERVAL 
CALL AFTER IT 1> 
AAM^GAAA-AAAX 
CAA1=GCAA-CAAX 
CBA1=GCBA-CBAX 
CCA1=GCCA-CCAX 

JTYHIN=JT1»1 
JTYMAX=JT2-l 
DO 200 JTY=JTYHIN.JT»NAX,JSTEP 
TY=1.0»JTY 

C COMPUTE DECAYS DURING SECOND TIME INTERVAL 
CALL AFTER (TYI 

C COMPUTE ELEMENTS OF H MATRIX 
M11=AA41 
H12=0.0 
H13*0.0 
HZ1=CAA1 
H22=CBAi 
H23=CCA1 
H31=CAA2-GCAA 
H32=CBA2-GCB« 
H33=CCA2-GCCA 

C COMPUTE ELEMENTS OF K MATRIX 
CALL INVERT (DUMMY) 

C COMPUTE ELEMENTS OF VARIANCE CONVERSION MATRIX N 
Z1 = H21»R1UI»HZZ»P.2III»H23 
Z2=rt31»RllII»H32*R2II)»H33 
ALPHAs CEXPC-LA»TY»-EXPC-LA»T2>>/1EX»<-LA»TX>HEXP(-LA»T1) t 
GANMA=Z1/(Z2-ALPHA»Z1) 
0ELTA=Z2/Z1 
Mll«(1.0»ALPH«*6AMM«l»»2tALPHA»GAMMA»»2 
N1Z=THETAM1.0*AIPHA»GAMHAI«'»Z 
N13«THETA»GAHHA»»2 
N2i=ALP«A»(1.0»ALPHAI»G»MHA»»2 
N22=tALPMA»GAMMA»»»2»ITHET»/ll.O*THETA)»»(1.0*THETA»(1.0»ALPHA»GAM 

RNA)I«2/(1.0»THETA> 
NZ3=THETA«'GAMNA«2 
N31=ALPHA*(1.0*ALPHA)»(DELTA»GAMMA)»»2 
M3Z*THET»»(0ELTA»GAMMA*ALPMAJ«»2 
N33ilTHETA»<OELTA»GAHHAI ,»»ZM1.0HHETA-OELTA»GAMM6»THETAI«2l/(1.0 

R*THETA» 

C SOLVE FOR MINIMUM MEASURABLE CONCENTRATIONS 
CALL MINSENS IR11 I I i » Z U l i l l 

C IS THIS THE BEST SO FAR 
CALL BEST < Tl .TY.BT1.BTY1 

ZOO CONTINUE 
C DO TWO PASSES THROUGH 

IF IJPASS.EQ.2I GO TO 225 
JPASS=2 
JSTEP=l 
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C SET NARROW LIMITS FOR SECONO PASS SEARCH 
IF IBTl-i..0.GT,1.0*JTlMINI JTiMIN=9Tl-h. 0 
IF IBU»<».(!.LT.1.0*JT1MAX) JTlMAXsBT 1»». 0 
IF <BTY*S.0.1T.1.0*JT2> JTZ=BTY»5.0 
SO TO 11D 

C OUTPUT 
225 MRITE Z O , R 1 I I ) , R Z I I ) 

HRITE 3Q 
WRITE %0,T0,TX,BTl,BTY,TZ»BNHCA,BNHCBiBNHCC.3HWCWL,BNWCS 
WRITE 50 
WRITE 6DtBKll,BKlZ.BK13,BKZl,BKZZ,BKZ3.BK31,BK3Z,BK3I 

250 CONTINUE 

SO TO 100 

5 FORMAT I1H1,» RESIDENTIAL RADON DAUGHTER MONITOR OPTIMIZATION*/ 
R* THET»=*,FI».Z) 

15 FORMAT I Z F 5 . H 
ZO FORMAT I/ /Z0X,*R1?RZ =* ,F i , .Z , *?»,F<».Z/J 
30 FORMAT I * TO TX Tl TV TZ HNCA NHCB HMCC MHO 

RL MMCS*) 
1.0 FORMAT IZX.5Ft t .0 . l>X,3F8 .3 ,F9 .e tF8 .3 ) 
50 FORMAT l / » K l l K1Z K13 KZ1 K22 KZ3 K31 

R <3Z <33*» 
60 FORMAT U X i 9 F t . f i / / l 

999 ENO 
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C D E C * * COEFFICIENTS • D U R I N G * SAMPLING 

C THIS SUBROUTINE TAKES AS INPUT T , THEN CONPJfES THE DECAYS 
C FROM 0 TO T ON THE F I L T E R DURING SAMPLING OF EACH DAUGHTER DUE 
C TO THE DEPOSITION OF THE DAUGHTER AND THOSE ABOVE I T I N THE 
C OECAT C H A I N . 

SUBROUTINE DURING (T> 

I M P L I C I T R E A L l H . K . L i H . N I 
COMMON GAAD.SBADiGBBDtGCAD.GCBDtGCCD.GAAA.GeAA.GBBA.GCAA.GCBA.GCCA 

R . T 0 . L A , L B , L C t H l l . H l Z , H 1 3 > H 2 1 , H 2 2 , H 2 3 , H 3 i , M 3 2 , H 3 3 , K l l , K 1 2 t ' < 1 3 . K 2 1 . K 
R 2 Z , K Z 3 , K 3 1 , K 3 2.K33,HHCA,MMCBtt1HCCiHHCML,HHCSt9MHCS.3HHCA,9NMC9,BNH 
R C C , B N M C H L , X i , X Z . X 3 , N i l , N 1 2 , N 1 3 , N 2 1 , N Z Z , N 2 3 , N 3 1 , H 3 2 , N 3 3 , 9 I C U , B K l Z , B 
R iC13 ,8 lC21 ,SKZZ.B lC23 ,BK31 ,BK32 ,BK3 3 

G A A 0 » ( T - l l . / L A l * t l . - E X P ( - L A » T M > / L » » Z . 2 Z 
G B A D = ( T - L B » ( 1 . - E X P ( - L A » T ) I / L A / I L B - L A I - L A » ( 1 . - C X P ( - L B » T I ) / L B / ( L A - L B 

R > 1 / L A " 2 . Z 2 
G B B 0 = < T - ( 1 . / L B ) » « 1 . - E X P ( - L B » T M I / L B » 2 . 2 2 
G C A 0 = ( T - L B ' L C * ( 1 . - E X P | - L A » T I I / L A / < L 9 - L A 1 / ( L C - L A I - L » » L C » U . -EX<>(-L9 

R » T I ) / L 3 / I L A - L B ) / ( L C - L 9 1 - L A » L B * ( l . - E X P ( - L C » T 1 » / L C / « L B - L C ( ^ t L A - L C l l / 
R L A » 2 . 2 2 

G C B D = t T - L C » l l . - E X P ( - L B » T » l / L B / ( L C - L B I - L 9 » ( l . - E X P I - L C * T M ^ L C / ( L B - L C 
P . ) > / L 3 » 2 . 2 2 

G C C 0 = ( T - t l . - E X P ( - L C » T M / L C t / L C » Z . Z 2 

RETURN 
END 
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C 0EC4Y COEFFICIENTS "AFTER* SAMPLING 

C THIS SUBROUTINE TAKES AS INPUT THE TIKE T , THEN COMPUTES THE 
C DECAYS FROM TO TO T ON THE FILTER OF EACH DAUGHTER DUE TO THE 
C DEPOSITION OF THAT DAUGHTER AND THOSE ABOVE IT IN THE CHAIN. 
C SAMPLING TINE IS ASSUMED TO BE TO. 

SUBROUTINE AFTER (Tl 

IMPLICIT REAL(H.K,L.H.N) 
COMMON GAAO.GBAD.GBBD.GCAO.GCBO.PCCO.GAAA.GBAA,68BA.GCAA.CCBA.GCC6 

R.T0 .LA,L8 .LC.Hl l ,H lZ ,H13 .H21 ,H2Z, t l£ i .H3 i .H3Z .H34 c K i l . * l Z . «13 .KZ1 .K 
R22.KZ3,K31tK3ZlK33,HHCA,NMCBtHHr.i:>MNCML.I1KCS.S"NCS.BHNCAleMHCB.BHH 
RCC < BNHCHLtXl*X2,X3,Nl l .N12«N13 t HZl.N22.N23.N31»N32,N33.8Kl l .BKlZ.9 
RK13 tBK2l.BICZZ,BK23,BK3l tBK32tBK3] 

GAAA = U . -EXP<-LA«T0 I I * (1 . -EXP( -LA» ' .T -TD>1 I /LA"Z*Z .ZZ 
G B A A = ( L B M i . - E X P < - L A M T - T O M I M l . - t i ' P ( - L A » T O M / L A / U B - l A M L A » ( l . - E 

RXPJ-LB»CT-T0 IH»( l . -EXP| -LB»T0M/ la / , (LA-LBI> /LA»2 .2Z 
GBBA*«1.-EXPI-LB»T0)»»I1. -EXPC-LB»IT-S , 0I I ) /LB»»2»Z.Z2 
GCAA = l L B » L C M l . - E X P t - L A M T - T 0 M I M l . - £ K < » C - L A » T B I I / L A / I L 9 - L A » / U C - L 

RA) *LC»LA»( l . -EXP( -L8MT-T0 I I IM l . -E lCP«- l .&*T0 t» /LB /UA-LB»MLC-LB»» 
RLA»L8» l l . -EXPI -LC»«T-T0 )» ) * l l . -EXP( -LC»T0H/LC/«LA-LC) /CLB-LCU/LA 
R»2.22 

GCBA* ILCMl . -EXP( -LB» IT -TOm»<l . -EXPt -LB«>TOI I /LB /UC-LB»»LB»( l . -£ 
RXPI-LCMT-TOI M»U, -EXPC-LC»T0>I /LC/ IL9-LC» >/L9»Z.ZZ 

GCCA* ( l . -EXPI -LC»tT -TOHl» t l . -EXP| -LC»T0) ) /LC»»Z»Z .2J 

RETURN 
END 
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C INVERT H MATRIX 

C THIS SU8R0UTINL SOLVES FOR THE ELEMENTS OF < WHICH IS THE 
C INVERSE OF THE H MATRIX. 

SUBROUTINE INVERT (OUNNTI 

IMPLICIT REAL(H,K,L.N.N) 
COMMON GAA0,GBA0,GB30,GCA0.GCB0.GCC0.GAAA,GBAA,<SBBA,GCAA,GCBA,GCCA 

R > TQ.LA,LB.LC.HU,H12 t H13.H21 .H22 t HZ3:H31 .H32 .H33tK l l , ( lZ ,K13 .K21 .« 
R22.K23,K31.K3 2fK33.MHCA.HMCB.MMCCtHHCIU.HKCS.BHIICStBNMCA,eHNCB.BHM 
RCC.BNHCML.Xl,XZ,X3,Nll .NlZ.N13.N21.NZZ.NZ3.N31,N3Z.N33,BKlltBK12,9 
RKlI.BKZl.BKZZ.BKZS.BKSl.BKSZ.SKJS 

0ETH=M11MH2Z»H33-H32»H23»»H12*IH23»H31-HZ1»H33)*H13MHZ1»H3Z-HZZ» 
RH31I 

<ll*IHZZ»H33-HZ3»H3Z)/OETH 
K1Z=-IH1Z»H33-H32»H13»/0ETH 
K13s1H12»HZ3-H13»H2ZI/DETH 
KZli-CHZl»H33-HZ3*M31l/OETH 
<ZZ=CH11»H33-H13»H31I/DETH 
<ZJ=-(H11»HZ3-H13*HZ1I/0ETH 
<3l=IH21»H32-H22»H31l/DETH 
<3Z=-IHH»H3Z-H1Z»H31)/0ETH 
K3J=CHU»H2 2-H1Z»HZ1)/DETH 

RETURN 
ENO 
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C MINIMUM MEASURABLE CONCENTRATIONS 
C THIS SUBROUTINE COMPUTES THE MINIMUM MEASURABLE CONCENTRATIONS 
C OF RADON DAUGHTERS AND HL. AT THE HHC THE UNCERTAINTY IN THE 
C MEASUREMENT IS 20 PERCENT. 

SUBROUTINE HINSENS tSt.R2.II 
IMPLICIT REAL(H,K,L.H.N) 
COMMON GAADiGBAD.GBBO.GCAO. GC30.GCCD.GIAA.GBAA, G8BA.GCAA,GC3A.GCCA 

R.T0 ,LA,LB.LC.HU,H12,Hi3 ,H21 ,HZZ.H23 ,H31 ,H52 ,H33 ,Ki l ,K12 ,«13 ,<21 ,K 
R22IK23,K31.K32.K33,HHCA,MHCB.HMCC.HNCML.HHCS,BMHCS.BHMCA,BHHC9.3HH 
RCC.BKMCHL,Xl t XZ.X3,Nlt.N12.N13,NZl.NZ2,NZ3,N31,N3Z,NJJ.BICll.BIC12.B 
RK13,BK21,BKZ2.BK23,BK31,8K32.BK33 

HlRsHll>H12»Rl»H13»R2 
H2RxH21*H22»Rl*H23»R2 
H3R=H31*H32»R1*H33»R2 
N1HR=NU»H1R*N12»H2R»H13»H3R 
N2MR=N21»H1R»N22»H2R»N23»H3R 
N3HR=N31*H1R*N32»H2R»N33»H3R 
MMCA=25.»l<li»*2"NtHR»K12*»2»N2HR»K13»*2»N3HR) 
HHCS=2S.<MK21»»2»N1H?HC22»»Z»N2HR*K23»»2»N3HR)/R1 
MMCC»25.»U31*»Z»N1HP»IC32»»Z»N2HR»K33»»2»N3HR»/'R2 
L1*X1»K11*KZ1*XZ»X3»IC31 
L2=X1»K12*X2»K22»X3»IC32 
L3=X1»K13*X2»KZ3«3»K33 
MMCHL=25.»(L1»»2»N1HR»L2»*2*N2HR»L3»»Z»N3HR)/JX1»X2»R1»X3»R2) 
HHCS=<INMCA*MMCB/R1»HNCC/R2I/3.0)MX1*X2»E1»X3»R2IM00.0 

RETURN 
END 

http://tSt.R2.II
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C T H I S SUBROUTINE MAINTAINS A RECORD OF THE BEST T I M I N G . HMC'S , 
C AND K MATRIX OBSERVED TO THAT POINT I N THE PROGRAM. 

SUBROUTINE BEST ( T A . T B . B T A . B T B ) 

I M P L I C I T R E A L ( H , K . L . H . N ) 
COMMON GAAD.SBAD.GBBO.GCAO.GCBD.GCCD.GAAA.GBAA.CBBA.GCAA.GCBA.GCCA 

R , T Q , L » , L B , L C , H l l , H i e . H 1 3 , H 2 1 , H Z Z , H 2 3 , H 3 1 , H 3 Z , H 3 3 , I C l l . i e i Z , K 1 3 . » : 2 1 , < 
RZZ.KZ3,K31.K32.K33. l 'HCA,HHCB.MHCCiHHCHL.MKCS.BHMCS,9H>1CA,3MHCB.BMM 
R C C . B M M C H I , X 1 . X Z . X 3 , N 1 1 , N 1 2 , N 1 3 , N Z 1 . N Z Z . N Z 3 , N 3 1 , H 3 Z , N 3 3 , 9 K 1 I . B K 1 2 , B 
R K 1 3 . B K 2 1 . B K Z Z . B K 2 3 . B K 3 1 . E K 3 2 . B I C 3 3 

I F (BHMCS.LT.MHCS) RETURN 
BMHCS=MMCS 
BTA=TA 
8 T B * T 8 
3MMCA=MKCA 
BHMCB=HMC9 
9HMCC»HMCC 
BHHCML=HMCWL 
3K11=K11 
BK12=K1Z 
BK13=*13 
BKZ1=KZ1 
BKZ2=K22 
BtCZ3=<Z3 
BK31=K31 
BK3Z=K3Z 
BK33=K33 

RETURN 
ENO 
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List of Figures 

Fig. 1. Decay chain from ^"Ra t 0 21°pb. Alpha and end-poinc beta 
energies in MeV. 

Fig. 2.* Average minimum measurable concentration (MMCS) of radon 
daughters for the RRDM as a function of total measurement 
time, illustrating the effect of using different sampling 
times. 

Fig. 3-* Minimum measurable concentration of individual rtdon 
daughters for the RRDM as a function of total measurement 
time. 

Fig. 4.* MMCS for the RRDM as a function of total measurement time, 
illustrating the effect of using different assumptions about 
radon daughter equilibrium. 

Fig. 5.* MKCS for the RRDM as a function of total measurement time, 
for two different values of the energy peak overlap factor, 
6. The average value of 6 measured in the field test was 
0.05. 

Fig. 6.* A comparison of MMCS as a function of total measurement time 
for the RRDM and two other field instruments, the Environ
mental Working Level Monitor, and the Cliff-James-Strong 
Monitor. The RRDM performance for 50 minute measurements is 
better than the CJSM performance for times below 1 hour and 
is comparable to the EWLM performance for 20 minute measure
ments. The complexity and, therefore, the potential cost of 
the RRDM is comparable to that of the CJSM and considerably 
less than that of the EWLM. 

Fig. 7. Optimum counting intervals for the RRDM with a sampling time 
of ten minutes and a sample transfer time of one minute. 
The end of the first counting interval is given by tj, while 
t gives the beginning of the second counting interval. 

Fig. 8. Block diagram of the RRDH. 

Fig. 9. The prototype RRDM has dimensions of 27 cm x 30 cm x 45 cm 
and weighs 10 kg (not including the sampling pump). 

Fig. 10. Electronics schematic of the RRDM. A. Amplifier and 
single-channel analyzer. B. Counters and display. C. 
Power supplies. 

Fig. 11. Suronary of results of two-week field test, during which 
radon 'i-'ighter concentrations were measured as a function of 
time i _-i: different ventilation rates in an energy research 
hout.'. The 0.02 WL EPA guideline is the recommended limit 
for annual averge potential alpha energy concentration in 
houses built on phosphate reclaimed land in Florida. 
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Fig. 12. Concentrations of individual radon daughters as a function 
of time in the energy research house immediately after the 
furnace fan, which recirculates indoor a i r , i s shut off. 
The growth of 214pD a n ( j 214Bi concentrations are well-fit ted 
by exponential growth curves with time constants equal to 
the a i r exchange rate (0.07/hr) rather than the daughter 
decay constants (2.2 and 3.0/hr) . This behavior indicates 
that while the furnace fan acts as a removal mechanism for 
these daughters, the action i s through an agent, rather than 
d i r e c t . 

*Notes on Figs. 2-6: 

The MMCS is defined by the equation: 

MMCS - (MMCA + MMCB/Rj + MMCC/R2) (Q/3) 
where 

Q - 0.103 + 0.507 Rj + 0.373 R 2 

MMCx is the concentration of I x at which the relative standard deviation ir 
the measurement is 20Z, assuming the product of the detector efficiency a • 
sampling flow rate 16 1.0 (counts per disintegration-liters per minute). 

Rj and R2 are the ratios of 2 1 4 P b and 2 1*Bi activity, respectively, to the ac
tivity of 2 1 8 P o . RJSRJ « 0.6:0.4 are taken as typical values. The parameter 
6 expresses the overlap of the energy peaks, that is the ratio of 2**Po alpha 
disintegrations appearing as counts in the lower level alpha channel to those 
appearing as counts in the upper level alpha channel. 
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Radon daughter concentration growth with furnace fan off 
Energy Reseorch House. Carroll County, Maryland 
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Table 1. Comparison of Minimum Measurable Concentrations of 
Radon Daughters for Various Sampling Techniques. 

Method 
(t0,t -t l tt -t 2.t x 

(minutes) 
-t3> *1 :*2 HHCA 

(nCl/m3) 
HMCB 

(nCi/m3) 
MMCC 

(nCi/m3) 
MMCWL 
(WL) 

HHCS 
(nCi/m3) 

Thomas-Tsivoglou 
(5,7-10,11-25,26-35) 

0.9:0.75 
0.6:0.4 
0.3:0.1 

56.8 
37.0 
19.2 

6.2 
5.9 
5.5 

.B.6 
10.2 
19.2 

0.0100 
0.0096 
0.0088 

21.0 
13.4 
22.4 

EWIM 
(3,3.22-6.22) 
B - 0.20, 0"6 - 0.02 

0.9:0.75 
0.6:0.4 
0.3:0.1 

3.3 
2.9 
2.6 

4.2 
3.8 
3.0 

2.4 
2.5 
3.0 

0.0066 
0.0063 
0.0055 

3.2 
2.9 
4.1 

Cliff-Jaoes-Strong 
(5,0-5,6-23,29-40) 

0.9:0.75 
0.6:0.4 
0.3:0.1 

8.6 
6.2 
4.1 

2.7 
2.6 
2.6 

2.9 
3.6 
7.8 

0.0033 
0.0032 
0.0032 

4.3 
3.6 
8.8 

(10,0-10,11-27,36-50) 0.9:0.75 
0.6:0.4 
0.3:0.1 

4.1 
2.8 
1.7 

0.8 
0.6 
0.8 

1.3 
1.5 
3.1 

0.0010 
0.0010 
0.0009 

1.9 
1.5 
3.4 

(15,0-15,16-33,43-60) 0.9:0.75 
0.6:0.4 
0.3:0.1 

3.1 
2.1 
1.2 

0.4 
0.4 
0.4 

0.8 
1.0 
2.0 

0.0005 
0.0004 
0.0004 

1.3 
1.0 
2.2 

RRDH 
(5,6-15,24-40) 
6 - 0.05 

0.9:0.75 
0.6:0.4 
0.3:0.1 

1.7 
1.5 
1.4 

1.6 
1.5 
1.3 

1.0 
1.0 
1.5 

0.0020 
0.0019 
0.0017 

1.3 
1.2 
2.0 

(10,11-20,31-50) 
e - 0.05 

0.9:0.75 
0.6:0.4 
0.3:0.1 

1.4 
1.2 
1.0 

0.7 
0.7 
0.6 

0.6 
0.7 
1.0 

0.0007 
0.0007 
0.0007 

0.8 
0.7 
1.2 

(15,16-26,38-60) 
6 - 0.05 

0.9:0.75 
0.6:0.4 
0.3:0.1 

1.4 
1.2 
1.0 

0.4 
0.4 
0.4 

0.5 
0.5 
0.9 

0.0004 
0.0004 
0.0004 

0.7 
0.6 
1.1 

Note: The minimis Beasurable concentration (HHC) la defined aa the 
concentration at which the relative atandard deviation in the meas
urement is 201, •••using the product of the detector efficiency and 
•aapling flow rate la 1.0 (counts per disintegration-liters per 
slnute). 
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Table 2. Values for RRDH data analysis fox various optimized 
timing schemes. 

toJ tx~ tl' ty" t2 (minutes? 
kil ki2 ki3 * 

5,6-15,24-40 
i-l 
i-2 
i-3 

0.04939 
-0.00600 
0.00075 

0.0 
-0.01500 
0.01742 

0.0 
0.01781 
-0.00502 

0.0187 

10,11-20,31-50 
1-1 
1-2 
1-3 

0.03739 
-0.00464 
0.00065 

0.0 
-0.00681 
0.00970 

0.0 
0.00767 
-0.00284 

0.0120 

15,16-26,38-60 
1-1 
i-2 
1-3 

0.03367 
-0.00423 
0.00064 

0.0 
-0.00390 
0.00660 

0.0 
0.00466 
-O.0022O 

0.0075 




