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e primarily to the alpha emissions of radon 
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th a ZnS layer. Interference by radon daughter 
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charged daughters outside the sensitive volume, 
sponse is 20 cpm/100 pCi/1, and is linear betv/een 
and 3000 pCi per liter. Accurate, Immediate 

tions are measured v/hen the detector is taken 
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e study of such build-up shov-rs that roughly 12^ 
tral RaA m.ight be formed initially upon the 

•This v/ork was performed vjhile the first author vias a Graduate 
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Radiation Protection, Bhabha Atomic Research Centre, Trombay, 
Bombay-85 (AS), INDIA, at the Institute of Environmental 
Medicine, New York University Medical Center, Nevj York, U.S.A, 
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INTRODUCTION:-

Continuing activity in the uranium m.inlng and milling 

industry has resulted in the exposure of large numbers of 

workers to radon and its daughters. The most comimon 

device for.the control of exposure is the ventilation of 

mines in such a manner as to minimize the Rn content of 

mine air in the working place.'' -̂ 

The need for a survey meter, by which on-the-spot 

monitoring of radon atmosphere in the uranium mines can 

be accomplished, has been evident for a long time.^ •̂ 

Several such instruments have been developed^-^' ^ 

but suffer from the dravjback that they respond also to 

daughters. Hence a buildup of background signal occurs 

while operating at a constant radon concentration. 

In these instruments the problem of buildup is 

overcome by periodic replacement of either the detection 

chamber or the ZnS lining of the sampling chamber, both 

inconvenient processes. To avoid this it is necessary to 

develop a detector v;hich responds to alpha particles from 

radon and not to its daughters. 

It appeared reasonable that this could be achieved 

with an electrified parallel plate chamber designed so that 

alpha radiations from radon decay produce a signal by 

interacting with a screen composed of ZnS crystals covered 

by a very thin, conducting positive electrode. The first 

daughter (RaA) is produced predominantly as a positive ion 

(5,0) vfhich will be repelled from the positive plate and 
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collected at the negative piate. By making tlie distance • 

between the plates greater th.an the range of RaC alpha 

particle, no signal should be produced by radon daughters 

collected on nep;ative plate. An experimental chamber vms 

constructed and its perform.ance studied to determine the 

parameters for designing a prototype detector. 

EXPERIMENTAL CHAMBER:-

a) Construction:-

An experimental parallel plate chamber v;as designed 

and constructed. The inner dimensions of the chamber vjere 

60 cm in length., 19 cm in breadth, and 7 cm in height. 

(as shown in Fig. 1). The v;alls were constructed with 0.5 

inch thick lucite. One end of the chamber consisted of a 

fiberglass filter and the other was connected to a source 

of vacuum to induce air flow through the filter. A tv/o 

inch photomultiplier tube in contact v;ith a ZnS screen was 

positioned in the middle of the positive electrode, an 

alurainumized mylar foil of thickness Img/cm"^ pasted over a 

lucite plate. The whole chamber is shown in Fig. 1. A 

conical lucite block was also attached to the chamber on 

the filter side and a perforated rectangular plate vjas fixed 

near the end connected to the vacuum pump. 

b) Observations:-

I. Study of Turbulence:-

It was recognized that convection or turbulence had to 

be avoided in the design since it could lead to the deposition 

of daughters on the surfaces of the chamber including the 
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positive plate. Accordingly smoke and NHKCI vapors v/ere 

passed through the chamber at various speeds to visually 

study the streamlines, and it was found that the flov/ was 

not turbulent up to flow rates of 25 liters per minute. 

Photographic examination also shov/ed the same result. 

II. Investigation of Detector Response:-

The chamber was placed in a large exposure box. A 

schematic diagram is shown in Figure 2. 

Experiments were undertaken to investigate the follow

ing: 

(a) Determination of a proper operating 
voltage, ^ 

(b) Effect of flow rate on collection of -̂̂ P̂o 
ions . 

(c) Sensitivity of the set-up. 

For these measurements we used a V/. B. Johnson 

Associates survey instrument with a field scaler. Hence the 

only new design was that of the detecting chamber. 

a. Various voltages in decreasing order, starting from 

2.5 kV were applied to find the optimum working voltage 

both under static and dynamic sampling conditions. For the 

latter the flow used was 10 liters per minute. 

The observations have been tabulated in Tables 1 and 2 

for static and dynamic conditions respectively and the count 

rate as a function of voltage has been plotted in Figures 3 

and k for the static and dynamic conditions respectively. 

It is seen that vjlth a decrease in the voltage, the 
21 ft 

count rate increased, showing a buildup of Po ions on the 
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TABLE 1 

(Response of the Experimental Chamber with 
Voltage Variation under Static Flow Conditions) 

Voltage NO. of Mean + Standard 
observations (cpm) Deviation 

2.5 

2.0 

1.5 

1.3 

1.0 

Boo 

600 

400 

200 

Kilovolts 

Kilovolts 

Kilovolts 

Kilovolts 

Kilovolts 

volts 

volts 

volts 

volts 

27 

51 

22 

10 

47 

18 

16 

13 

11 

1080 

1084 

1105 

1113 

1147 

1178 

1290 

1300 

1418 

± 33 

+ 37 

+ 43 

+ 28 

+ 49 

+ 57 

+ 46 

1 ^ t l 

+ 51 
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TABLE 2 

(Response of the experimental chamber v/lth 
voltage variation under dynamic flov/ condition) 

Voltage Observations Mean + Standard 
^ (cpm) Deviation 

2.5 Kilovolts . 19 188 + 10.8 

2.0 Kilovolts 26 172 + 8.9 

1.5 Kilovolts 29 171 ± 10 

1.0 Kilovolts 17 171 + 15 

800 volts 7 197 + 12.8 
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positive electrode. Above 2 kV (under static condition) and 

1.5 kV (under dynamic condition) there is practically no 

difference in count rate w-ith change in voltage. That is 

to say, collection of positively charged Po ions seems to 

be complete, 

b. Flow rate effect:-

If there is no deposition of daughters on the positive 
p-i Q 

plate and if all of the Po ions are collected, then there 

should be no difference betv̂ 'een the count rates observed 

under static and dynamic conditions at the optimum operating 

voltage. 

To investigate this, the flow rate was varied and the 

count rate noted. The applied voltage was maintai.ned at 2 kV. 

Two sets of observations were taken. In the first experiment 

flow rates v;ere 17.5 and 25 litres per minute and in the 

second experiment the flow rates vjere 2, 10 and 20 litres 

per minute. 

The results of these observations are tabulated in 

Tables 3 and 4. The observed count rate as a function of 

flow rate is plotted in Figure 5- The results of both 

experiments show that there is a very slight decrease in 

count rate with increasing flow. In the first experiment 

the decrease between no flow and a flow rate of 25 liters/ 

minute was 3^ (plot A). In the second experiment the 

decrease was 5^ between no flow condition and 20 liters per 

minute flow rate (plot B). Both experiments showed that 
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TABLE 3 

(Response of the experimental chamber with the variation in flow rate) 

Flovj rate Number of observations Mean + Standard 

(cpm) Deviation 

17.5 liters per minute 22 596 + 20 

25.0 -do- 17 590 + 21 

No flow 15 6l4 + 17 

00 
r-i 
I 
M 
H 



TABLE 4 

(Response of the experimental chamber with the variation in flow rate) 

Flov7 rate Number of observations Mean + Standard 

(cpm) Deviation 

No flow 26 281 + 17 

2 litres per minute 46 290 + 19 
10 -do- 23 271 + 16 

20 -do- 46 266 + 21 

H 
1 
H 
H 



d(m) 

TABLE 5 

(Data for determining optimum dimensions of the detector) 

0 7di^ 
(cm"̂ -) 

p 2/3 p 2/3 2 2/3 
(0.7d^) [(0.7d^) + d ] 1 + (0.7/d) 

D 

2 

3 

5 

6 

7 

2 . 8 

6 . 3 

1 7 . 5 

2 5 . 2 

3 4 . 3 

1.99 

3 .7 

6 .74 

8 .595 

1Q.557 

2.44 

3.56 

5.63 

6.678 

7.717 

1.496 

1.36 

1.264 

1.24 

1.215 

3.65 

4.84 

7.1 

8.3 

9.4 

LA 

I 
M 

*For D = 7.5 cm 'd' would lie between 5 cm and 6 cm and so 
it may be taken as 5.5 cm. 

A t = thickness of mylar foil = 1 mg/cm - 0.7 cm. air. 



the count rate vjas nearly independent of the flow rate and, 

in fact, at the higher flow rates the observed count rates 

were not statistically different. 

Based on these observations it v/as concluded that a 

suitable operating voltage under flow conditions could be 

taken as 1.5 kV and that under these operating conditions 

the rate of flow did not appreciably affect the efficiency 

of collection. 

PROTOTYPE SURVEY METER: 

a) Construction: 

The prototype survey meter was miade smaller than the 

experimental chamber to make it portable. Provision v.-as 

made for 5" ZnS phosphor together with a 5" P.M. tube to 

increase the efficiency. The inner dimensions v/ere designed 

so that the vialls and the negative plate were at sufficient 

distance from the ZnS surface that alphas from RaC originat

ing on surfaces could not reach the ZnS. The range of the 

RaC alpha v/as taken as 7.5 cm for atmospheric pressures at 

a height of 10,000 ft. which is the maximum height at which 

mines are generally located. The mathematical treatment is 

given below: 

Let 't' be the air equivalent thickness of the foil of 

mylar and 'd' the distance from wall and 'h' the minimum 

height from which the alpha particle can reach the ZnS surface 

after crossing the mylar foil as shown in Figure 6. 
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Figure 6 

If D is the total distance traversed, then 

D = h , t 
Sin 9 Sin e 

/"h^ + d^ "̂  t X / h2 + d^ 
h 

= (/ h2 + H2 h'̂  + d^ ) ( 1 + h ) 

The value of h for which the path length is a minimum 

can be obtained by putting dD - 0., 
dh 

i2 h^ = d^t or h = (d"̂  t) 
1/3 

Plugging this value into the above equation, we get: 

D - [ (d^ t)^^^ + d^ ] 
1/2 2/3 

[1+ (t/d) ] 
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The value of D has been tabulated in Table 5 for various 

values of 'd'. It is clear from the table that 5.5 cm is 

the required distance. The inner dimensions of the chamber 

are therefore 10-1/2" in length, 9-1/2" in breadth and 3" 

(7.5 cm) in height. The schematic diagram is drawn in 

Figure 7-

The negative electrode is a copper sheet of 1/8" thick

ness and the positive electrode an aluminized mylar foil 

glued to the perspex plate. The ZnS disc is glued to a 5" 

photomultiplier tube and fixed on the top of the aluminized 

mylar foil as shown in Figure 7-
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Efficiency:-

a) Theoretical: Let AB be the ZnS surface as shov/n in 

Figure 8. Considering a small elementary volum.e at a 

distance 'x' from the phosphor surface. 

Figure 

the solid angle (fi) subtended at AB is given by 

Q = 2'fTR2(l-Cos em) = 27rR̂  (1-x/R) 

where R = range of alpha particle. 

The f rac t ional sol id angle = 2TTR2(1-XR)/4TTR2 - i /2 ( l -x /R) 

Integrating over the entire range of x from o to R and 

dividing by R, we get the average efficiency (E). 

E = 1/2 f (1 - x/R)dx =0.25 
o R 

Now the range of the Ra alpha is nearly 4 cm and 
2 

since the diameter of the ZnS screen is 5" (122.2 cm ), the 

collection on the average will therefore be from a volume 

of 4 x 122.2 -0.5 liters. A concentration of 100 pOl/liter 

would therefore give 0.25 x 3.7 x lO"'-'̂  x 100 x lO"-'"̂  x 0.5 

x 60 = 28 cpm. 

Experimentally the efficiency has been found to be 

20 cpm/100 pCl/liter. The difference of 8 cpm can be 

accounted for by 

1. Absorption in the mylar foil 

2. Error in calculating solid angle due to finite size 
11-20 



TABLE 6 

(Response of the Detector under Controlled Laboratory Conditions) 
INSIDE EXPOSURE CHAMBER 

Voltage Flov; Total Counting 
Condition Exposure Data 

Time 

OUTSIDE EXPOSURE CHAMBER 
Flow 
Rate 

Time Elapsed Count Reduction 
After Removing Rate Factor 
From exposure in 
chamber counts/ 

mt. , 

2.5 KV No flow 14 min 

1.5 KV -do- 15 min 

.5 KV 5 liters/mt 15 min 

3 KV 

1.5 KV 

-do-

-do-

No build
up Av.cpm. 
= 440 

10 liters 
per min. 

No build
up som̂ e 
fluctuations -do-
last reading 
= 340 cpm 

No build-up 
350 cpm-Av 
count rate 

-do-

10 min Build-up from -do-
260 to 980 cpm 

15 min No build-up 5 liters 
Av=75 cpm per min. 

1 min 
2 min 
3 min 

1 min 
2 min 
3 min 

70 
70 
60 

10 
30 
40 

6 
r 
O 

1/2 

1/30 
1/10 
1/8 

1 min 
2 min 

1 min 
2 min 
3 min 
1 min 
2 min 
3 min 

10 
10 

260 
240 
170 
20 

10 

1/35 
1/35 

1/4 
1/4 
1/5 
1/4 

1/8 

<M 
1 
H 
H 

Remarks: Because a radon source was left open in the experimental area during these 
experiments the reduction factors listed are actually a minimum. This may 
also be the reason for variation in reduction factor. The real reduction 
may, therefore, have been considerably greater. 



Work in Uranium Mines:-

The survey meter was carried to uranium mines* 

located in Grants 75 miles av;ay from Albuquerque in the 

State of New Mexico (U.S.A.). The detector was carried 

in the mdne on the back with the pump hanging around the 

neck as shown in the Figure 9- The measuremiOnts with our 

detector were compared with grab sample measurements. 

The following results were obtained: 

Activity as measured Activity as measured by 
Location in mine by survey mieter the usual method usin? 

radon flask 
in terms"of in"terms"of 

Surface cpm pCi/liter pCi/liter 

Surface 0 0 0 

Down a lift 0 0 0 

No.l408 150 700 pCl/llter 690 pCi/liter 

No.l409 225 1125 pCi/liter 3963 pCi/llter 

No.1400 
before 22 260 1300 pCl/llter 104l pCi/liter 

The 3963 pCi/1 measurenient was considered erroneous 

because of the problem encountered with sampling. The other 

two results agree v/ell within practical limits. However, 

subsequently when the instrument v/as taken to an area 

with very low radon (i.e. 50 pCi/1), its reading did not 

come down correspondingly, indicating that there was some 

build-up. 

*VJe wish to express our thanks to the Kerr McGee Company 
and particularly to Mr. Jim Cleveland who arranged for our 
tests in the mines. 
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To check the behaviour, the experiments were performed 

in the experimental mine (Dakota Project )-̂' located in the 

same area of New Mexico, where 8 experimental areas V7ith 

different concentrations of radon were available. 

Similar results were observed again. Further investiga

tions v/ere taken up in the laboratory under controlled 

conditions. 

Laboratory Investigatlons: 

In the laboratoi'y, further experiments vjere performed 

using the same exposure box as used for the experimental 

chamber and shown in Figure 2. Air vms pulled through the 

detector and recycled into the exposure chamber. The 

experiments v/ere performed again by changing the flov/ rate 

and voltage. Counts were recorded while the detector was 

under exposure. After a certain time, the detector was 

removed to the fresh air environment and counts were 

observed. 

The observations have been tabulated in Table 6. 

Except for two cases where the count rate went down by a 

factor of 30 the reduction factor 3 minutes after removal 

from the exposure chamber varied from 1/5 to 1/8. After 

the last observation, the photomultiplier tube with ZnS was 

removed and counted in the dark. Since counts were observed, it 

was therefore suspected that the radon might be entering in 

the gap between the ZnS and the aluminized mylar foil. 

*Our thanks to the New Mexico, State Department of Health 
and particularly to Mr. A^ron Bond, Ed. Kaufman and 
Joe Gulterra. TT_9^ 



For this reason the positive electrode design was 

changed. The mylar foil v.̂as [̂ lued to the photomultiplier 

to avoid the gap mentioned above. The observations were 

repeated with flov/ rates varying up to l8 litres per 

minute. 

This set of readings v.ias not significantly different 

from those tabulated in Table 6. Accordingly the results 

in Table 6 represent the minimum performance characteristics 

of the instrument. 

Since the variation in the flov/ and the voltage and 

the alterations in the positive electrode design did not 

make any difference, it v/as concluded that the build-up was 

not due to turbulence or the lack of voltage, but due to 

) o n e r reason. 

As a further investigation, an additional glass fiber 

filter was placed at the back of the first filter to check 

its efficiency and one milllpore filter fitted in a holder 

was put at the exit. A radon exposure was run for 47 

minutes, the exposure stopped, and the filters at the inlet 

and outlet of the detector were removed and counted in a 

flat plate proportional counter after l4 and 11 minutes 

respectively. 

The count rates observed for the front and back 

filters were 15000 & 15 cpm respectively, indicating a filter 

efficiency greater than 99.9^. 

The activity on the milllpore filter at the outlet 
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at the end of sampling can be estimated as follov/s : The 

count rate observed 14 minutes after stopping exposure was 

82 cpm, and the efficiency of proportional counter 33!̂ . 

. * . Net di-Sintegration rate = 250 dpm 

= ll4 pCi of daughters 

Activity of radon 

in chamber = 1000 pCi per liter 

Volume of chamber = 4.5 liters 

Total radon activity 

in chamber = 45OO pCi 

Since the flov/ v/as maintained for 47 minutes, RaB 

and RaC will be 60^ and 35^ of RaA. Therefore, total 
activity would be as follows: 
Isotope Contribution Activity after Approximate Activity 

stopping exposure 14 min. after stopping 
exposure 

RaA 100^ 4500 pCi 100 pCi 

RaC 35^ 1575 pCi 2200 pCi 
2300 pCi 

Total alpha 
activity = 6075 pCi at the time of stopping exposure 

= 2300 pCl l4 min. - after stopping 

exposure. 

Comparing the observed activity with the calculated 

one, (ll4 pCi observed) (2300 pCi calculated) the fraction of 

the radon daughter activity deposited on the exit filter 

paper is found to be 5^. 

An estimate of the deposited daughter activity on the 

ZnS screen was also made by counting the same at different 
(7 ft 1 

times and solving the simultaneous equations^'' ^ relating 

alpha count rate at various times to the amount of Ra-A, 
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TABLE 7 

(CHARACTERISTICS 0? RADON DAUGHTER SERIES) 

Sr. No Isotope Emission 
and Energy 
(HeV) 

5. 

6. 

0. 

3. 

7. 

.49 

,00 

.65 

.15 

,68 

T 1/2 ^ •̂  - 1 

(min ) 

1 

2 

3 

Rn 

2l8po 

21^Pb 

21^Bi 

21^0 

21°Pb 

(RaA) 

(RaB) 

(RaC) 

(RaC') 

(RaD) 

3.825 days 

3.05 min 

26.8 min 

19.7 min 
-4 

1.5 X 10 sec 

22 year 

2.10 X 10 

3.79 X 10 

4.31 X 10 

5.86 X 10 

4.62 X 10' 

-3 

-4 

-4 



RaB, and RaC pi-esent. 

The calculation is shown in appendix I'. The 

constants used in these calculations for radon and its 

daughters are given in Table 7. It was estimated that 3-5^ 

of the radon daughters built up on the positively charged 

plate. 

If the buildup were due to uncharged RaA, the 

deposition of neutral RaA on the negatively charged 

electrode would be the same as that calculated for the 

positive electrode. Since the side plates are comparatively 

small in area, the deposit on them may be neglected, and 

the fraction of uncharged newly formed RaA can be calculated. 

The total neutral RaA may therefore be \2% (5+3.5+3.5). 

This rough estimate also neglects the posibility that some 

of the newly formed Ra-A atoms may be formed with a negative 

charge. If this is so, then about h% of the daughters may 

be formed with a negative charge. This point needs further 

investigation. 

Conclusions: 

1. The detector meets the requirement of a survey meter 

because it is sensitive to activities as low as 5 pCi per 

liter and can detect up to 3000 pCi per liter v;ithout 

unduely restrictive response to buildup of daughter activity. 

2. This detector can differentiate immediately between 

areas differing by a factor of 6 in their level of activity. 

3. This instrument is not good for measuring lower levels 

after measuring high levels of radon v;lthout a suitable 
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period of V7a.i.tlng. Hov/ever, with a v.'aiting time of a half 

to one hour, lov/er levels can again be measured. 

4. The detector is not completely free from buildup. In 

our opinion the follov:ing factors independently or collec

tively might be causing such buildup. 

a) All the Po ions are not positively charged 
o-i o 

b) Some Po ions lose their charge before collection 

c) Tlie RaB daughter of Po may not remain attached 
to the negative plate. 

On the basis of the calculation shovm above, it seems 
o~\ p. 

that 12^ of Po may be produced as neutral atoms, oi' a 

smaller portion as negatively charged. 

Further investigations are in progress to find the 

cause of the buildup. 
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APPENDIX I 

Duration of Exposure = 10 minutes 

Countrate [A(n)] after removing 
from the exposure chamber. 

a) after T ^ 5 minutes = 200 
after applying correction for 

b) after T = 10 minutes = l60 efficiency of counting set up, 

c) after T = 15 minutes = l40 

In this case (y) (.subscripts refer to serial No. of isotopes 

as given in Table 7.) 

Nĵ  = number of atoms of the i"*"̂  isotope at completion of 
sampling. 

Q = rate of RaA deposition on foil = X2 = 0.2534 N^" (1) 

Q = rate of RaB deposition on foil = X = 0.1135 N^° (2) 

Q = rate of RaC deposition on foil = X^ = O.II86 Nĵ ° (3) 

Plugging these values in the follov/ing equations: 

A(5) = 0.0746 N2° + 0.0039 N^° + 0.0295 N^° 

A(10)= 0.0278 N2° + 0.0061 N3° + 0.0249 N^° 

A(15)= 0.0143 N2° + 0.008644N2° + 0.02076 N|̂ ° 

we get 

200 = 0.0746 N°2 + 0.0039 N°2 + 0.0295 N°i| 

160 = 0.0278 N°2 + 0.0061 N°3 + 0.0249 N°4 

140 = 0.0143 N°2 + 0.008644 N°3 + 0.02076 N°ĵ  

and solving, we get 

N2° = 788.9 

N3° = 1128.2 

N^° = 4638.4 

Plugging this in the equations 1,2,3, we get 
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Xp = 199-9 atoms per minute 

Xo = 3.5 atoms per m.inute 

Xh = 534 atoms per minute 

Radon activity = 3000 pCi/liter 

No. of RaA atoms per m.inute 

No. of RaA atoms reacting ZnS plate = 200 atoms per minute 

% atoms reacting = 3.5^ 
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Part III 

Investigation of the Attachment Characteristics of Radon-222 

Daughters to Naturally Occurring Aerosols 

Wesley R. Van Pelt 

and 

McDonald E. V.frenn 

Objective: 

The purpose of this research is to investigate the manner' 

in which the short-lived daughters of Radon-222 attach to tlie 

naturally occurring at-mospheric aerosol in the size range of 

approxim.ately .015 to 1. Gym, in diam.ctcr. The state of attach

ment is a function of both the interaction time and the 

aerosol particle size distribution. 

A laboratory experiment is underway in which radon gas 

is mixed with natural aerosol laden air in an interaction 

chamber. After a suitable dynamic residence time in the 

chamber, the mixture is analyzed for the fraction of each 

daughter which is attached, the daughter activity size distribu

tion, and the ordinary particle size distribution. From these 

data, the attachment coefficient of each daughter versus 

particle size will be calculated. 

A theoretical m.odel describing the attachment coefficient 

versus particle size is being formulated. Consideration is 
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given to previous models such as that derived from classical 

diffusion theory, from kinetic theory, from a combination of 

diffusion and kinetic theory as derived by Lassen and Rau 

(i960), and the modification of classical diffusion theory 

by Raabe (I968, I969). 

Introduction and Revievj of the Literature: 

The airborne short-lived products of radon-222 (see Table 

3-1) have been incriminated (Bale, I95I)(Harley, 1952) as 

being responsible for the increased incidence of bronchiogenic 

cancer in certain sub-populations, notably the Czech mines of 

Schneeberg and Joachimsthal, the fluorospar mines in Canada, 

and the uranium mines in the United States (P'ederal Radiation 

Council 1967), (Archer and Lundin, I968) (Tompkins, I968). 

A considerable effort is being made in this country to reduce 

the concentrations of both radon and radon daughters in the 

uranium mines of the Colorado Plateau (Joint Committee on 

Atomic Energy, I967, 1969). 

. The hazard to uranium mine workers from airborne radon 

daughters depends upon the radon daughter concentration in 

the air inhaled by the workers. A more refined approach, 

however, is to associate biological hazard with the alpha 

radiation dose to the basal cells of the respiratory system. 

Several investigators have estimated the respiratory system, 

radiation dose for a particular concentration of radon daughters 

in the inspired air. (Altschuler, et. al., 1964)(Jacobi, 1964) 
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Table III-l 

SUMMARY OF PHYSICAL PARAMETERS ASSOCIATED WITH EACH RADON DAUGHTER 

Nuclide 
Type of 
decay Half life Decay constant.X 

Rn 

RaA 

RaC 

RaD 

(222Rn) 

(2l8po) 

RaB (2^^Pb) 

RaC (^^^Bi) 

214 

210 

Po) 

Pb) 

a 

3,Y 

3,Y 

a 

3,Y 

3.8 days 

3.05 min 

26.8 min 

19.7 min 

1.64 X 10~^sec 

22.4 yr 

1.265 X 10"^ min"l 

2.27 X 10"-^ min~l 

2.59 X 10"^ min"-^ 

3.52 X 10"2 min""^ 

-1 
2.54 X 105 min 

5.89 X 10"^ mln"-^ 

I 
M 
M 
M 



(Haque and Collinson, I967)(Chamberlain and Dyson, 1956). 

One of the more Im.portant considerations in calculating 

a lung dose from inhalation of radon daughter laden air is 

the fraction of daughters attached and the size of the aerosol 

particles to vjhich the radioactive atoms are attached. 

Essentially unattached daughter atoms deposit due to their 

large Brov/nian motion. Attached daughters deposit in the 

respiratory system due to sedimentation, impaction or 

diffusion of the host aerosol particle. When the radon daugh

ters attach to aerosol particles and are subsequently inhaled, 

the probability of dex)Ositing at a pa.rticular site in tlie 

respiratory system is a function of the aerosol size. 

The objective of this research is the investigation of 

the mechanisms of attachment of radon daughter atoms to a 

natural polydisperse aerosol. The experimental portion of 

the project is the determination of the distribution function 

f (r,t) describing the attachment probability as a function 

of the particle size and time of interaction. One can define 

f(r,t) as follows: 

A(r,t)dr = k f(r,t) N(r)dr 

where, 

A(r,t)dr = radon daughter atoms per cm attached to 
particles with radii between r and (r+dr) 
at an interaction time t 

N(r)dr = number of aerosol particles per cm-̂  with 
radii between r and (r+dr) 
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f(r,t) = probability of a radon daughter atom 
attaching 'to an aerosol particle with a 
radius between r and (r+dr) during an 
interaction time t. 

k = a constant 

Notice that N(r) is not a function of time. Experim.ents 

Indicate that passage of room air through a 57.7 gallon, 

right circular cylindrical chamber at 1 CFM(8.l8 minute mean 

residence time) does not significantly change the measured 

aerosol size distribution in the 0.015 to 1,0 ym diameter 

range. Thus, N(r) will be considered to be Independent of 

time for times of the ordei' of 10 minutes, 

N(r) is determined by separately measuring an average 

particle number concentration in each of a number of adjacent 

particle size sub-ranges. The range 0,015 to 1.0 ym is con

veniently divided into l6 of these sub-ranges. N(r) is then 

estimated by fitting a continuous curve through these l6 data 

points. 

• The function N(r) has been found to be proportional to 

r~ for outside natural aerosol in the particle size range 

of 0.1 to 10 ym radius (Junge, 1955). A theoretical estimate 

of N(r) (Friedlander, 1962) based on continuous coagulation 

of Aitken nuclei and sedimentation of larger particles is not 

in disagreement with Junge's data. This particular research, 

however, does not depend on assuming any functional form for 

N(r) since N(r) will be measured for each experiment. 
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The ability to measure the particle size distribution, 

N(r), of the ambient air during each experimental run is an 

important advantage over similar research by others. Also, 

the same method of analysis (the V/hitby electrostatic mobility 

analyzer) is used for determining both A(r) and N(r), This 

fact eliminates inherent differences in results when the same 

aerosol is classified into particle sizes by fundamentally 

different methods of analysis. An example of this is Raabe's 

investigation of the attachment of RaA and RaB to a polydisperse 

polystyrene aerosol (Raabe, I968). He classified the activity 

containing aerosol using a Goetz centrifugal spectromieter, 

but determined the particle size distribution by collecting a 

sample of aerosol with a point-to-plane precipitator and 

sizing the particles directly by electron micrography. 

The function A(r,t) is determined by measuring the 

activities of RaA, RaB and RaC at selected particle size sub

ranges, and fitting these points to a smooth curve of atoms 

of radon daughter per cc per micron versus particle size. 

The constant k is adjusted so that f(r,t) is (at some 

time t) a true probability density function. The function 

f(r,t) is generated simply by dividing A(r,t) pointwise by 

k N(r) and fitting a continuous function to the points, 

A possible complicating process is the coagulation of 

aerosol particles within the interaction chamber. If two 

aerosol particles coagulate and one or both contained radon 
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daughter activity, then analysis v/ill not distinguish this 

case from one in vjhlch the activity had attached to a particle 

equal in volume to the sumi of the volumes of the tvw particles. 

A few simple calculations v/ill shov;, however, that coagulation 

of aerosols during the daughter attachment time (about 10 min

utes) is insignificant. 

The most elementary theory of particle coagulation states 

that the rate of change of particles v/ith time is proportional 

to the square of the particle concentration. That is, 

dN = ~c N^ , 
dt 

where e is the constant of proportionality (Cadle, I965) 

v,Green and Lane, 19u4; . Solving this equation for the particle 

concentration, N, as a function of time gives: 

No 
N = 1+cN t 

o 

The value of c can be calculated theoretically for both mono-

disperse (Smoluchov^ski, I9I6, 1917) and for polydisperse 

(Tikhomirov, Tunitskii, and Petrjanov, 1942)(Fuchs and Sutugin, 

1965)(Cadle, 1965) aerosols. The theory and experiment usually 

-10 g 
agree rather well, and a value of c = 10 cm^/sec for a 

polydisperse aerosol is reasonable. The value of N for a 

4 / 3 
typical experimental run may be about 5 x 10 particles/cm-^. 

Therefore, the time necessary for 1% of the aerosol to coagulate 
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I 
is given by: 

N - No 
1+cNot 

No '^^ 1+5x10 "̂t 

Solving for t gives x ~ 2 x 10 sec = 333 minutes. Since 

the experiments described here deal with interaction times 

on the order of only 10 minutes, it is clear that coagula

tion of aerosols during the attachment process is insignificant. 

The theoretical portion of the research project is to 

explain the experimentally determined function f(r,t) in terms 

of the basic physical processes involved. 

Several researchers have attempted to deal with the 

above problem theoretically and/or experimentally. 

Raabe has measured the attachment function f(r) using 

both submicron polydisperse polystyrene aerosols and natural 

outdoor aerosols (Raabe, I968, I969). He used a Goetz Aerosol 

Spectrometer to centrlfugally separate aerosols in the size 

range of 0.04 to 0.5 ym in diameter. Raabe concludes that 

the function f(r) is proportional to the surface area of the 

aerosol particle (i.e. f(r)''r ). This result is contradictory 

to the theoretical prediction of Lassen and Rau (I96O) and to 

classical diffusion theory, but is predicted by kinetic theory. 

Raabe, however, does not objectively fit his results to each of the 

various theories, but rather he only shows that his data fit 
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reasonably v;ell to the kinetic theory model. 

Lassen and Rau (196O) predict that the attachment function 

f(r) will be proportional to 

2 
„r , 
1+hr 

4 -1 v̂ here h is calculated to be 7x10 cm . This theory is based 

on a combination of diffusion theory at distances greater 

than one mean free path of a radon daughter and kinetic 

theory within this distance of the aerosol particle. 

The classical theory of diffusion of atoms onto the sur

face of a stationary spherical aerosol particle predicts an 

attachment function proportional to' the particle radius r. 

(Smoluchowskl, I916, 1917). 

Mohnen (1967) considered the attachment of 10.6 hour 

thorium-B (a daughter of radon-222) to a natural outside 

nighttime aerosol. He used a cylindrical mobility analyzer 

and measured Th-B activity attached to aerosols in 4 size 

classes between O.OO6 and 0.1 ym radius. Unfortunately 

Mohnen did not measure the particle size distributions within 

this range and could not, therefore, measure an attachment 

probability as a function of particle radius. He did, however, 

measure an attachment coefficient as a function of time which 

is averaged over the above-mentioned size range. For neutral 

Th-B atoms, he found a mean attachment coefficient of 1.4l + 

0.03 X 10"^ cm3 sec ~-̂ . 
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Lassen and Rau (I96O) conducted an experinient vjlth mono-

disperse latex aerosols and thorium-B daughter particles. 

Using a diffusion battery to classify the attached activity, 

they confirmed their prediction that the attachment coefficient 

in the size region bctv.'een 0.04 and 0.6 ymi is proportional to 
p 
r . Raabe (1968), hovjever, does not agree vjith the inter-
1+hr 

pretation of their results on the grounds that the state of 

aggregation of the monodisperse latex particles was unknown, 

and could have been high enough to cause misinterpretation 

of the data. 

Doerges, et al., (I969) have measured the activity-size 

distribution of radon daughters in uranium mines during 

normal mlninp̂  operations. Using diffusion tubes, they deter

mined that a mean diffusion coefficient of approximately 
_ p 

1.3 X 10 5cm /sec describes the activity size distribution. 

This diffusio.i coefficient corresponds to a particle radius 

of 0.035 ym, (Fuchs, 1964). More than 90^ of the activity 

was attached to particles v/ith diffusion coefficients less 

than 10~6cm2/sec, They also suggest that the activity size 

distribution depends on the natural aerosols of the outside 

air rather than those generated within the mine itself. 

Blanc, et al., (I967) have measured gross alpha activity 

as a function of the effective particle diameter in the range 

of 0.0005 to about 0.06 ym, and found an activity maximum at 

0.05 ym. A cylindrical electrostatic precipitator vjas used 
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I 
to selectively remove particles with mobilities less than a 

certain value. Only naturally charged particles were collected. 

No measurements were made of the particle size distribution 

and no model v/as proposed for explaining the observed activity 

size distribution. 

Petrausch and Schumann (I968) describe a right circular 

cylindrical electrostatic precipitator which is capable of 

measuring the activity as a function of particle mobility in 

the air. The device deposits naturally charged particles 

onto a central collector from a thin sheath of aerosol laden 

air surrounding a clean air core. This design has inherently 

better resolution than Blanc's device because all particles 

begin their trajectory•toward the central collector from nearly 

the same radial distance. This design feature is also incor

porated in the aerosol mobility analyzer designed by V/hitby 

and Clark (I966). Petrausch does not indicate any means of 

actually detecting the aerosol particles other than by tagging 

them with radioactivity and measuring the radioactivity. No 

theoretical model is proposed explaining the activity size 

distribution he obtained using outside atmospheric air and 

natural airborne radioactivity. 

Method: 

The requirements of the experimental apparatus are as 

follows: A source of natural aerosol is mixed with radon-222 

gas and detained for a time sufficient for both radioactive 
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daughter build-up and the attachment of a significant portion 

of the daughter activity to the aerosol. Then one must m.easure 

the activity versus size distribution and the aerosol particle 

size distribution. Figure 3-1 shows a block diagram of the 

apparatus described below. 

Radon gas can easily be generated by bubbling air through 

an aqueous radium-226 solution and passing the radon-222 laden 

air through a moisture trap and a filter to remove water vapor 

and suspended particles. Natural aerosol is obtained by using 

room air as the bulk "gas". Ingrowth and attachment takes 

place in a large right circular cylindrical container construc

ted of metal with a volume of 2i8 liters. î'or a sampling rate 

of 1 CFM, an average aerosol hold-up time in this container 

of approximately 8.2 minutes is obtained. The fraction of 

each radon daughter species attached to aerosols is determined 

by passing the airstream through a"shot battery'] since unattached 

daughters will quickly diffuse to the surfaces while attached 

activity will follow the airstream vjith only a small fraction 

of the aerosol precipitating on the surfaces of the shot bat

tery , 

The aerosol size determination is measured with a commer

cially available cylindrical mobility analyzer manufactured 

by Thermo Systems, Inc., and designed by Whitby (Whitby, I965). 

Figure 3-2 shows a block diagram of the Whitby Mobility Analyzer. 
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This device maximally chai'ges the aerosol with negative air 

ions, and admits the charged aerosol at the periphery of a 

right circular cylindrical electrostatic precipitator. Aerosol 

particles escaping oletrostatic deposition on the central 

collecting rod are stopped by a filter in contact with a vn.re 

mesh screen, A sensitive electrometer measures the electric 

current flowing to ground from charged aerosols captured by 

the filter. Successive increases of the electric field across 

the precipitator successively reduce the measured current as 

successively larger aerosol particles are precipitated. By 

varying the voltage across the precipitator and observing the 

current, one calculates the particle size distr-i bution for 

particle diameters betv/een 0,015 and 1.0 ym. The activity size 

distribution is measured by operating the Whitby Mobility 

Analyzer at a constant voltage and electrostatically precipitating; 

the particles along the collecting rod. The small particles have 

high mobilities and will precipitate early on the central rod. Like-

VJlse, large aerosol particles v-zlll deposit nearer the end of the 

collecting rod, due to their small electrical mobilities. By 

measuring the radioactivity at different intervals along the collec

ting rod, one is able to calculate the activity size distribution. 

The radioactivity on the rod is assayed by placing a removable 

metal sheath on the rod, operating the mobility classifier 

for a pre-set time, removing the metal sheath and determining 

\ 
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the alpha activity at di.fferent positions along its length. 

By follov/ing the decay of the alpha activity, one can deduce 

the initial activities of RaA, RaB and RaC deposited on the 

rod. 

Results: 

At the time of this report, a total of seven identical 

experiments have been conducted in v/hich the attachment func

tion f(r) was measured for RaA, RaB and RaC. These experiments 

are presently continuing and only a limited amount of data 

has been processed. 

In each experiment the function AN/ADp , the num.ber of 

particles per liter of air in the particle size sub-range 

ADp , is measured in 16 continuous sub-ranges from ,015 to 

l,Oym, This .function when plotted against the mid-size of 

each sub-range of particle diameter gives the ordinary particle 

size distribution. For comparison, these distributions for 

7 different experiments are plotted on a single graph in 

Figure 3-3. Each curve represents the natural room aerosol 

size distribution present at the time the particular experiment 

was done. It is evident that although the general shape of 

these curves is similar, the particular aerosol distribution • 

is different for each experiment. 

The function AA/ADp , the number of atoms of RaA, RaB, 

or RaC per liter of air in the sub-range ADp , is measured in 

6 non-continuous particle size sub-ranges. This is usually 
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knovm as the activity-size distribution. 

The pointwise division of AA/ADp by AN/ADp gives the 

function f(r) vjhich is simply xhe nui.iber of atoms of radon 

daughters per aerosol particle as a function of particle 

radius. Since aerosol particles are much more numerous than 

radon daughter atoms, f(r) is always less than one. 

As an example. Figure 3-4 shovjs the function f(r) for 

experiment 8, A similar graph has been drawn for each experi

ment and a least squares analysis was performed to fit the 

data to the following function: 

f(r) = a r^ 

squares curve fitting computer program. Of interest is the 

parameter b, since b = 1.0 for classical diffusion theory of 

attachment, and b = 2.0 for the kinetic theory of radon 

daughter attachment. 

The value of b is listed in Table 3-2 for RaA, RaB and 

RaC and for each experiment. Perusal of Table 3-2 will show 

that the value of b varies from experiment to experiment, but 

within any one experiment its value is nearly the same for 

RaA, RaB or RaC. Also, when the arithmetic average of b is 

calculated for the seven experiments, the average value of b 

varies only between 1.922 and 1.924 for RaA, RaB and RaC 

activities, 

III-18 



Experiment 8 f (otoms/partic'e) versus D, 

!.0 

c 
Q 

M 
M 
M 
I 

vo 

0. 

.01 

O Ra A 

A Ra 3 

n Ra C 

10 10 10 10 10 

f (Glcr.io/pcrticle) 



Table III-2 

Least Squares fit of f(r) Versus r to the 
Function f(r) = ar . The values tabulated 
are the best estimate of the parameter b. 

Expt. // Radium-A Radium-B Radium--( 

1.678 1.816 

1.791 1.669 

1.842 1.924 

2.079 1.911 

1.631 1.530 

2.276 2.499 

2.173 2.115 

average 1.922 1.924 1.923 

standard 
deviation +.29 +.25 +.32 

1 

3 

4 

5 

6 

7 

8 

1.540 

1.729 

1.887 

2 .096 

1.677 

2 .302 

2 .232 

III-20 



The standard deviation (a) in Table 3-2 is calculated 

in the usual manner using the formula: 

' ^ = 

— V 2-

C i;, - t ) 
k 

(n-l) 

The fact that b is about 1.92 for the experiments per

formed thus far indicates that the kinetic theory of interaction 

is a more correct theory for radon-222 daughter interaction 

with natural aerosols than is the classical diffusion theory. 

The data have not yet been fit to the theory of Lassen and Rau, 

but this will be done in the next few months. Further experi

mentation and data analysis should lead to the determination 

of V7hether kinetic theory or the Lassen and Rau theory best 

describe the attachment of free radon daughter atoms to 

naturally occurring aerosols. 
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) GLOSSARY OP SYMBOLS 

A(r) = number of atoms of radon daughters attached to 
the aerosol particles per cm3 of air, per 
micrometer of aerosol radius, atoms/cm^-ym 
(this is similar to a probability density 
function). 

AA number of atoms of radon daughters per cm-̂  
ADp = of air attached to aerosols whose diameters 

lie vjithin the range expressed by ADp, atoms/ 
cm3_ijm (this is an experimentally measured 
number). 

CPM = air volume flovj rate, cubic feet/per minute 

d = aerosol particle diameter, micrometers 

f(r) = attacliment function.Number of radon daughter 
atoms per aerosol particle, atoms/particle. 

N = total number of aerosol particles per unit 
volume of air, particles7cm3. 

No = total number of aerosol particles per unit 
volume of air at time zero, particles/cm3. 

N(r) = number of aerosol particles per unit volume 
of air per micrometer of aerosol radius, 
particles/cm3-]im. 

AN = number of aerosol particles per unit volume 
ADp of air whose diameters lie v/ithin the range 

expressed by ADp, partlcle/cm3_ym. 

r = particle radius, micrometers. 

t = time 
-6 

ym = micrometers, a unit of length, equal to 10 
meters, (called microns in the older literature). 
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Part IV 

In Vivo Measurement of Chronic Am,ericium-24l Burdens in Han 

M.E. VJrenn, J.L. Rosen, N. Cohen 

Early in 1970 an incident involving the chronic exposure 

of six persons to Am.ericium-24l was discovered. Evidence 

indicates that the initial exposure occurred in the latter half 

of 1963 continuing through the beginning of 1970. The source 

of the material was a planchett coated with Am.-24l, the chemical 

composition of v/hich v.'as unknown. The total activity of amori-

cium probably exceeded 10 millicurles. 

Our laboratory undertook the task of determining the levels 

of activity in the six persons. In conjunction with the esti

mation of the body burdens, some infoî mation was gathered on 

the distribution of activity for tv;o of the subjects. All 

estimates vjere made using in vivo counting techniques. 

It was clear that the problem of evaluating the Am-24l 

body burdens in this group of people vjas different from that 

of evaluating previous exposures to man by this element. To 

date the experience with man has been v/lth occupationally 

exposed workers, in whom the exposure has occurred attendant 

to the processing of either plutonium or americium. Occupational 

exposures are either by inhalation or by local contamination via 

a cut or puncture v/ound. In the latter case there is the dual 

problem of evaluating the local deposition and the distributed 
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deposition resulting therefrom in the body. In the case of 

inhalation the initial problem is one of determining a lung 

burden. 

There is, fortunately, a body of literature on the dis

tribution of am.ericlum in animals which dates back to the 

late '40s beginning with the v/ork by Hamilton with rats. He 

shovjed that the Am-24l deposited primarily in the liver and 

skeleton, v/ith the highest concentrations per gram occurring 

in the liver and the largest fraction of the total body burden 

in the liver and skeleton. (Hamilton, 1947). 

Similar findings have been made in the dog by Stevens et 

al. , and m.ore recently in the Chinese hamster by McKay et al., 

after intraperitoneal Injection. In all of these animals the 

major loci of deposition of Am-24l have been the bone and the 

liver. However, high concentrations of Am-24l have been 

reported in the beagle thyroid (Atherton, et al., I968; Taylor 

et al., 1969). In contrast to this, the major effort on evalu

ating body burdens from occupational exposures, has been 

concerned with the measurement of lung burdens. 

Accordingly we are faced v/lth the necessity to quanti

tatively evaluate a distributed source in the bone, of unknown 

but presumably relatively long duration (i.e., at least several 

years) along v/ith a significant component in the soft tissue, 

located primarily in the liver. This was further complicated 
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by evidence that there had been a recent inhalation of an unkno\v'n 

amount of Am-24l. That is to say, one would expect that over 

the chest one might find a small burden Vvliicli was clearing. 

There is one tantalizing observation in the literature by 

Durbln (I96I, 1970) that in a young cynomolgous Macoccus Philll-

pinis mionkey after intramuscular injection, AI.T-241 deposits 

more heavily in the trabecular bone in the ribs, pelvis, and 

vertebrae than in compact bone, and that initially the ratio of 

liver to skeletal burden was 1.7 to 1. Lloyd (I967) reported 

similar ratios in the beagle. Accordingly, it is not uni'eason-

able that measurement over the chest will give a high count, 

even thougli one is not dcalirg 1, i th a lung buiaen. This obser

vation was of great imiportance to us in our Initial interpreta

tion of the human data, inasmuch as tliere was reason to doubt 

for most of the subjects measured, that a substantial Inhalation 

had occurred recently. 

V/ith this In mind we present here the results of our 

analyses of the body burdens of this non-occupationally exposed 

group, as an Indication of some of the problems in measuring 

low level radionuclides v:hich deposit primarily but not exclu

sively in bone. This problem is analogous to that of determining 

the body burden of lead-210 in uranium miners from measurements 

over single sites in the body. Because a knov;] edge of the 

detailed distribution in the human is practically Impossible to 
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come by, v/e must rely on animal experiments for guidance. 

Accordingly, the paucity of data on the distribution of Am-24l 

in primates is regrettable. For this reason v.'e intend to 

experimentally study the distribution of Am-24l in the baboon 

in a similar mianner, although on a more limited scale, to that 

v/hich v;e have done for lead-210. 

Physical Properties of Am-24l 

Am-24l decays V7ith a half life of 458 years to neptunium-237 

by alpha emission. V/hile the decay scheme is quite complex, 

only three emissions are useful for in vivo detection of Am,-24l. 

The more salient features of the decay scheme are listed in 

Table 1, The L X-rays range in energy from. 11 to 27 keV. The 

neptunium daughter is of little dosim.etric importance due to its 

long physical half life, 2.2 x 10 years. 

Methods 

Measurements were m.ade Inside a 6-inch steel whole-body 

counter, using the dual, 8-inch diameter thin crystal (1 mm Csl, 

2-inch Nal) system described earlier in this report. The lov; 

background gamma spectra generated with this system \iere analyzed 

on a TMC multichannel analyzer normally calibrated at 1 keV per 

channel. 

Two types of measurements v;ere used to determine the levels 

of radioactivity in the subjects. These were: (a) measurements 

with the subject supine with the detector directly adjacent to 
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• Table 1 

Characteristics of Am-24l Decay 

Radiation 

a 

a 

Np L X-rays 

Y 

Y 

Y 

Energy 

5.49 MeV 

5.44 HeV 

5.39 MeV 

17 keV (average) 

26.4 keV 

43.4 keV 

59.6 keV 

Radiological half life 458 years 

Specific activity 3.22 Ci/gm 

Abunda 
{%) 

85 

13 

1.3 

37.6 

2.5 

0.0 

36.0 
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the body. These were used to estimate the distribution and 

total burden of activity in the body^ (b) meter arc measurements 

to estimate the total body burdens. 

In order to determine the amount of any internal emitter, 

the background must be subtracted from the measurement taken 

on an exposed person. Because people contain naturally occur

ring K-40, placing a person v/ho is not contamdnated under the 

detector will increase the normal room, background. Accordingly, 

backgrounds for memibers of the group suspected to be contami

nated were obtained by matching their physical characteristics 

with members of our own laboi^atory, counting the members of our 

laboratory v.'ho are free from, any contamination and subtracting 

the measurements taken over the various regions of the body of 

the control from those of the exposed subject. 

Calibrations 

The meter arc technique was calibrated using control sub

jects of matched physical size to the exposed subjects. Am-24l 

sources vjere positioned at several locations on the anterior 

and posterior surfaces of the control subjects and the count 

rate per unit Am-24l activity determined. Appropriate averages 

of these calibration factors were used to estimate the body 

burden range. 

The log average of the counting rates with the source 

placed anteriorly and posteriorly on the subject was used to 
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estimate the counting rate for a source midline in the body. 

Several methods were used to calibrate the measurements 

made v/ith the detector adjacent to the body. 

Skull calibrations were made using distributed sources on 

the internal and external surfaces of a human skull. 

Calibration for chest measurements v/as made either using 

a tissue equivalent standard man phantom v/ith sources distribu

ted throughout the lungs, and by the same technique used for 

the meter arc measurements. 

Estimates of liver burdens v/ere made by counting v/lth the 

detector placed right of center of the body over the liver and 

background was determined by counting left of center. The con

tribution from the liver'was obtained by subtracting count 

rates from measurements over the left side from those obtained 

for the right side over the liver. 

For those subjects on whom meter arc measurements were not 

made, total body burdens were estimated from the chest measure

ments. The assumption v/as made that the Americium-24l was 

uniformly distributed in the skeleton and that 19?° of the 

skeletal mass was seen by the detector. 

Results 

Estimates of the total body burdens of Am-24l in the six 

subjects are given in Table 2. Body burden estimates for the 

first 3 subjects were based on meter arc measurements. The true 
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burdens lie betv/een the upper and lov/er range values. 

The body burden estir,ates for the last three subjects are 

based on the phantom calibration. Since the calibration factor 

varies significantly with, body size, the Am-24l body burdens 

would be overestimated for body sizes less than the phantom 

and under-estimated for body sizes greater than the phantom. 

The body size of subject 4 did not differ greatly fromi the 

phantom. Hov/ever, subjects 5 and 6 are considerably smaller in 

size than the phantom and the body burdens arc therefore 

over-estimated. 

Table 3 contains the estimates of the skull burdens for 

the six subjects. The total skeletal burden v/as estimated from 

the skull burden assuming 10/̂  of the total burden is in the 

skull. The projected estimates of total skeletal burdens are 

consistent with the total body burden estimates given in Table 3. 

The results of the measurements of the liver burdens for 

subjects 1 and 2 were 6 nCl and 13 nCl, respectively. 

•Measurements over the head and chest of subjects 1 and 2 

were repeated on several occasions. The results of these 

repeat raeasurem.ents on subject 2 did not differ significantly 

over a one-month period. For subject 1 the skull measuremient 

did not change significantly over a two-month period, as shown 

in Table 4. However, the chest measurements did show an 

initial decline over the first month of measurement. 
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Table 2 

Total Body Burden Estim.ate."̂  

Subject 

1 

2 

3 

4 

5 

6 

Body Burden Estimate 
(nCi) 

19 
89 
365 

18 
40 
82 

2.5 
7 
18 

15 

<12 

<22 

Calibr 

(a) meter arc source on anterior surface 

(b) calculated mid-plane efficiency 

(c) meter arc source on posterior surface 

(d) phantom calibration 
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Table 3 

Skeletal Burdens of Americium-24l 

Projected Total 
Subject Skull Burden Skeletal- Burden 

(nCi) (nCl) 

1 5.0 50 

2 4.3 43 

3 0.94 9.4 

4 0.58 5.8 

5 0.47 4.7 

6 0.94 9.4 

^assuming 10/2 of total skeletal burden in skull 
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The measurement of 4/15 indicates that the decline in the 

chest count had subsided. That a recent inhalation exposure 

had occurred was verified by the presence of Am.-24l on air 

conditioning filters obtained from the facility at v/hich the 

exposure occurred. 

Figures 1 - 3 shov/ a representative selection of the low 

energy gamma ray spectra. The gamma ray spectra for a point 

source of Ami-24l is shov/n in Figure 1. Tv/o major spectral 

peaks appear, one due to the 60 keV gamma emission and the sec

ond from the 17 keV X-ray emission. The slight broadening at 

the base of the X-ray peak is due to the presence of a 26 keV 

gamma ray. The gamma ray spjectra obtained from measurements of 

the head, chest, upper back and soles of feet for subject 1 are 

shown in Figures 2 and 3. Due to the attenuation of the low 

energy 17 keV X-ray, this peak is completely removed from the 

spectra obtained from measurements over the head, chest and 

upper back. The lack of the 17 and 26 keV spectral peaks indi

cate an absence of activity near the surface of the body. 

The only spectrum showing surface deposition was the one 

obtained from measurements taken over the soles of the feet of 

subject 1. External alpha counts with a PAC-4G instrument showed 

that surface contamination was not present on the exterior parts 

of the bodies of all people at counting. This indicates that 

there was alpha material in the superficial layers of the soles, 
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) 

Table 4 

Chest and Skull Measurement for Subject ̂  

Date Skull Chest 
(cpm) (cpm) 

2/13 274 612 

2/15 262 560 

3/20 273 477 

4/15 253 514 

I 
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but sufficiently embedded so that the alpha particles themselves 

do not emerge. Spectra obtained from measurements made on the 

remaining subjects do not differ significantly fromi those shown 

here. 

Conclusions 

Measurements of the Am-24l body burdens of the six subjects 

indicated that a relatively uniformi deposition of activity in 

the body had taken place. The absence of the lov/ energy X and 

gamma rays in the lox/ energy spectra indicated that little dep

osition had occurred in the soft tissues of the body with the 

exception of the liver and possibly the lung. Since americium 

is knov/n to be a "bone surface seeker" and there is again an 

absence of the low energy emissions made over the skull, it 

might be expected that the primary site of deposition had 

occurred on the endosteal surfaces. 

Measurable liver burdens v/ere found in subjects 1 and 2 

and can be expected in the other four subjects, although the 

liver, was not measured. 

Durbln, et al (I97O), reported a ratio of liver to skeleton 

burdens for the cynomolgous monkeys of 1.7 at 10 days follov/lng 

intramuscular injection of Am citrate. She estimated a half 

time of 50-60 days in the liver. Lloyd, et al. (1967), 

reported similar ratios for the beagle over a six month period. 

However, liver retention in the beagle is about 95?» at sixty days. 
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The ratios of the liver to skeletal burdens for subjects 

I and 2 were 0.12 and 0.3j respectively. While there is some 

uncertainty in these ratios, the implications are that man 

clears americium relatively rapidly from the liver, compared 

with the beagle or the rat. VJhether or not the clearance is 

as rapid as in the monkey cannot be estimated, since the history 

of intake of Am-24l for these subjects is not v/ell known. As 

the exposure to Am-24l has ceased, further measurements of the 

liver burden over the next 12-24 months v/ould be useful. 

The mode of exposure is believed to be primarily one of 

inhalation. Am.-24l had been re-suspended in the air and was 

available for inhalation. This v/as demonstrated by the activity 

on the air filters. Subject 1 v/as found to have a component of 

his chest burden which was decreasing over the first month's 

measurements. Furthermore, the ICRP lists the fractional 

uptake from the gastrointestinal tract as 2.5x10"-̂ , a factor of 

10-̂  below the uptake by an inhalation route. This would mean 

an initial Intake by ingestion in excess of one millicurie of 

Am-24l would have to have occurred for subject 1 to accumiulate 

the body burden we measured, an unlikely intake considering 

the estimated total amount of Am-24l on hand. Since the frac

tional transfer from the lung to bone is relatively high, it 

appears reasonable and highly probable that the main route of 

exposure has been via Inhalation. 
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