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Calculations and experimental results with the dog both 

indieate that the upper respiratory passageways in the lung 

receive the largest puhomry radiation dosages from the de- 

posited daughter products, 

The samplfng of an atmosphere f o r  the radon. daughter 

products is dfsewsed fra detail.  
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AN EVALUATION OF THE PULMONARY RAD-XATION DOSAGE FROM RADOlU AND ITS 
6 

DAUGHTER PRODUCTS 

IKCRODUCTION 

1,l PllIpose. 

The extent of the radioactive matter deposited i n  the lungs 

by humans breathing i n  air contaminated w i t h  radon was recognized 

only recently (1). The radon atoms i n  t h e  a i r  are the  source of 

short-lived polonium, lead, and bismuth daughter atoms. These 

daughter atoms generally become attached t o  dust particles and other 

solid matter present i n  the environment where they are produced. 

The evaluation of the radiation hazard t o  the lungs of humans 

breathing f n  air containing radon thus involves not onljr an evalu- 

ation of the dosage from the radon gas atoms but of the dosage from 

the radioactive aerosol produced by the radon daughter products. 

V e r y  l i t t l e  information fs available on the nature of the radioactive 

aerosols produced by radon under different environmental conditions 

and the extent of the retention of these aerosols by the human 

respiratory t r ac t  

The investigations reportEd here were concerned w i t h  the  

determination of the radiation dosages tmparted t o  t h E  lungs of rats, 

dogs, and man breathing a i r  containing radon and i t s  daughter products. 

Measurements were made of t h e  daughter product radioactivity deposited 

i n  the lungs of rats and dogs a f te r  they had been breathing f o r  several 

hours i n  an exposure chamber containing atmospheric a i r  t o  which 

radon had been added, Values were obtained f o F  ths  per cent 

* The material i n  t h i s  paper was submitted t o  the  University of 
Rochester i n  partial fulfillment of the requirements f o r  the 
Doctor of Philosophy degree i n  Biophysics. 
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deposition or  the W e d  daughter pFaduets in the lungs of nuau 

breath- frpm mixtures of a n  wfth both uncleaned atmoepheric 

air and filtered rtrw>rpheric air, 

t h e  rardfatfon hazard from rsdon and ita daughter pm-ts to the 

different regions of the h- respiratory t ree  for xurious sizes 

of daughter product carriers. 

region for the  air-borne daughter product activfty were devised and 

tested. 

An attempt waa made to evaluate 

Several procedures for sampling a 

The Subcommittee on Permfssible Internal Dose of the 

Hati& Committee on Radiation Protection (2) has Fecommendea on 

the basis of data available to 1951, that the maJtimum penaissible 

concentration of radon in equilibrium w i t h  its daughter products 

in the air 

For er forty-hour work week t h e  mryfmrrm permissible concentration 

is'then 4.2 x loeu curies per liter. Ibe median rpessured radon 

concentration in uranium mfnes in  the Colorado Plateau I s  

3*1 x 10-9 curies per liter ( 3 ) .  

industrial fns ta l la t fo~  where radium containing subrtsnces &re 

handled cannot be practically reduced much below 10-l' curies per 

liter. 

radioactivity at the p~W?nt t-. 

ing the understanding of the extent and control of the hazard from 

breathing i n  EU atmephere containing radon that this investigation 

;10-1;4 &des ,parpu~p i $or> ometn-um .clHpomwa ; 

i 
Ihe radon levels in many of the 

These levels make radon 8 major source of human expoanre to 

It WQLB w i t h  the purpose of furthe+ 

was undertaken. 
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1 L1 2 Background. 

i 

I n  1940 Evans and Goodman (4) calculated the dosage delivered 

t o  the human lung by the alpha particles from radon i t s e l f  and from 

the daughter products of the radon molecules decaying i n  the lung. 

On the basis of the i r  calculation, a concentration of lo-' curies per 

l i t e r  of' radon breathed for ty  hours per week led t o  a dosage, averaged 

over the lung, of 5.03 mrep per week, or 1CL mrem per week of alpha 

radiationo 

radiation dosage was t o  ee l l s  lining the bronchial passageways. 

forty-how week and a radon level of curies per l i t e r ,  t h i s  type 

of calculation gave a dosage of 172 mrem. E m s  and Goodman cslcu- 

lated fo r  a radon level  which they consfdered characteristic of the 

measured radon levels i n  the radium mines of Schneeberg, Germany 

and Joachfmsthal, Czechoslovakia. 

In  another calculation Evans ( 5 )  assumed that the important 

For a 

The death r a t e  among the miners of Schneeberg and Joachimsthal 

from pulmonary diseases, especially lung cancer, was very high. 

the Czechoslovakfan Ministry of Health became aware of the existence 

When 

of lung cancer among the miners fn Joachimsthal it undertook post-mortem 

examinations on the miners and pensioners. 

miners and pensioners diedo 

I n  43 of the 47 cases, the prfmap$ tumor was found i n  the respiratory 

organs; 42 were considered 88 intrathoracic tumors and one as carcinoma 

Between 1929 and 1938, 89 

Of the 89 deaths, 47 were from cancero 

d 



of the larynx. Post-mrtem exadnations of 30 of the non-ca~cem~ 

cases revealed thrt 24 of the men IUA died of lung diaemes. PeUer (6) 

tabulated the diagnoses and the ages of dearth of the miners and 

pensioners. H i s  table is  reproduced in Table 1. 

Table 1. 

Diagnosis of Death and Age at &atb of Joachimethal W e r s  from S. Peller, 11, 130(1939) 

Dost -mort em 

-29 
30 ..$ 
35 -39 
40-44 
45 -49 
50-54 
55-59 
60-64 
65 -69 
70-74 
75-79 

? 

2 
9 
8 
8 
1 
2 

1 
3 
10 
10 
4 

1 

1 
30 
- 

1 
t .  
3 * .  

3 .  
2 
3 

1 

17 
- 

3 
1 
3 .  

2 

1 
2 

12 
- 
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In 1944 Lorenz (7) revfewea the amflerble l i t e ra ture  on lung 

cancer fn the Ewopeas miner8. 

mental factors could have contributed t o  the cause of the lung cancers. 

Ha rrde a dosage calculation sfinilaP to the one &e by Evans t o  shw 

that the rsdon levelPr in the mines did not seem t o  have been hi& 

enough t o  have producedthe 1- C ~ C C P B .  

He concluded that a nu&er of environ- 

In 151 Bale (1) pointed out t'hst the dosage faparted to the 

lunge in air cantsilifng radon was mch higher than the publfehcd calcu- 

Ut- had indicated. 

neglected the Padfation dosageB pr6hceB by inhaling the daughter 

products 6f radon present fa the air. 11Puse W t e r  prbducts be- 

come deposited largely on postieulate matter b t h e  sfr soon after 

they a m  produced and thus eraate a radios&tve a e ~ o r e ~ l  which remains 

suspended in the 

anil a f'raetfon of t h e  inhaled dust particles is retained An the lungs. 

The result i s  that the daughter products 'build up to much hfgber 

levele fn the lungs than woulii 'be attai8ed on the bsfrc; of simple 

equilibrium wfth the W e d    ad on^ 

idmled daughter products vw c&Lmlated by 3ale to be nmxy tfmee 

higher thas  the dosage from the radon in the 1w.g~ and the daughter 

products of the pardon moleeulee deea$fIug in the lungs. 

He obremd that  theee calculatfoss had 

The dust fe breath& fn along wltb the padon 

The radiatior? dosage from the 

Experfmental results which confirmed these conclusfone were 

reported independently by Cob et al (81, and by Bale crnd the 

Wfter (9) in 1952e The htlier work is covered fn this thesis. 



L 
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Fig, 1. Radondbcay &heme, 

disintegrates a t  the rate. After t h ree  hours the disintegration 

rates of RaA, RaB, Rsc, and Rae’ a5’6 Jut slightly less than that 

of radon. 

2-2. Prope rties of Radon Daughter Products; Active Deposit (U, E). 

Essly inveetigators in the f i e ld  of radioactivity observed 

that when any material was inserted into an atmosphere containing 

radon, it soon became coated w i t h  a film of radioactive matter. 

When the material was removed f r o m  the radon atmosphere, t he  activity 

decayed fairly rapidly, reaching a negligible amount i n  the period 

of a few home. Because t h i s  s c t i d t y  seemed to collect everywhere 
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that radon was preeent, both ole $he w a l h  of the confining vessel 

and on any type of material in the vessel, it was called the 

"active &pOeiP of ra&n. 

Curie reported that %he r&ioactivity deposited on different 

pates  i w x % e d  Lutci a radon abnoephere was independent of the com- 

position of the mtcrial. G l a s s ,  paper and lae-bals were made 

sq- r&mtive .  

The ebe.$fvi%y was independent of the nature and pressure of 

the gas (~fr, hydrogen, eerbo~ dioxide) w i t h  which the radon wae 

mixed in the emeloswe. 

The activity of bodies in a closed container was proportional 

to t h e  free epee ,  between 3. mm. and 3 cm. , i n  f ros t  of them, 

Washing is me%aUfc surface containing the active deposit w i t h  

water did not remove much of the.aetfve deposit. 

I%utherf@rrd reported that the active deposit of radon fn air 

eontainea between oppsi=tely charged plates concentrated mainly on 

%he negative elec$mde, 

about 5 per cent appeared on the anodee 

appeared on the mode i n  a very strong field wa8 shown to be due to 

d i f m i s n  of zPneWged CA.~QIW ef active deposit (13). 

obtaineB the value of 1.3 cm,seef' volto3 -7' 

the radon daugh%em9 a value near that of positive ions created i n  

Under ordinmy experimented conditions 

The small act ivi ty  which 

Rutherford 

for the mobility of 

E P ~ P  by X - 1 9 % ~ .  
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2.5.  Association of Gravity EfYeet w i t h  Clustering. 

!he phenomenon of radioactive clustering w&8 studied by 

Chamie (17) and by HaFlcfngton (18, 19) and co-workers, 

directed air containing rabn 

and noticed s t a m  in the developed w e . ,  

ehamie 

against s photagraphic plate 

asrPfngtoe msde an extensive s t u d y  of clusptering. He 

used a 

air a t  atmospheric pressure, 

tube before and after centrifuging. 

actlvitywssr fairly unffrom. Mter centrifuging under a f i e l d  of 

500 g , he found that &et of the ac t iv i ty  appeared at the end of 

the tube, thus showing a gravity effect .  

effect  produced by centrifuging hereased w i t h  the partial pres- 

euro of ra&n and of water vapor and w i t h  the total preesure and 

depended scmewht on the ehape of the tube. 

tube, 6 cm. long, f i l l e d  w i t h  15 me, of radon and 

He studied the act ivi ty  along the 

Without centkiftzging, the 

!be magnitude of the 

Filtered air was used. 

He we8 &BO able to oherne tihe clusters w i t h  the ultra- 

micposcope. He found tha$ they were quickly swept t o  one side 

in an eleetrfe field. %et of the aggregates carrie8 a positive 

charge, but many also camfed a negative charge. The mobilttles 

of the molecular aggpegatess fell between Ua4 LIB& 6 x 

em. sec. 

a8 those reported by Langevln for large ions produced by x-rays. 

-in, bylor and Clark (28) etutued e~wter formation 

-1 volt-’ em.-’* ~lhie  was of the erne order of nmgnitub 

by the thorium degradation pmducti WftR tlhe electron microscope, 
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was sufficient to break ug the aggregate. 
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2.7* Ekpe rfments on Air-borne Daughter Product Activfty in a Roan. 

Harley (22) d e  an extensive s t u d y  of the air-borne radon 

dsughter products in e uxx) f't03 mom. 

about 2,9 x 10 He used various filters to 

Fcmove the daughter products fro= the air sad -Uxn measured the 

alpha act ivi ty  deposited on the f i l t e r  paper. 

His radon concentration was 

-I2 curies per liter. 

In one experfiilen-b, air in the mom w a ~  made relatively dust 

free by scrubbing the room down and cleaning the air as thoroughly 

88 p0mibl.e by f i l t ra t ion .  

act ivi ty  measured on a millipore molee~lar filter was about 40 per 

cent of the maximum possible activity.  

daughter' product act ivi ty  in  a high duet atmosphere. I h e  atmosphere 

was obtained by spraying a f ine mfst of aqpeow sodium chloride into 

Wnder these conditions the alphei 

W l e y  also studied the radon 

a drpr placed in the sanrpllng mom, 

obtained 75 per cent of the maximum possible daughter product 

activity.  

products were in the a i r  but not retsined by the filter, or  whether 

they had been rwimed by the walb of the c b b e r .  

Under these conditions he 

Bis eqerinuxits did not determine whether the daughter 

Ghannichael and !hnnicliffe (23) also memured the radon 

daughter product act ivi ty  suspended in roam air. 

decay ppoduete w i t h  an electrostatic precipitatoro 

that they removed 80 pep cent of *e daughter product a e t i d t y  pm- 

duced by the radon per unit Volume of air sampled. 

!bey removed t h e  

lhey reported 
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3. C4ULXlLAm RAIKM DAUGEPEZ! PRODUCT DEZAY CURVES. 

3.1. Decay Curves for Very Short Samp l ing  Tfisc. 

We can obtain the relative distributions of RaA, RaB, 

and Rscf-C' in air contsinfnP radon by removing the daughter pro- 

ducts f rom the air and azmlyzfng their decay curve. A simple 

method of obtaining a daughter product sample is to draw the sir 

very quickly through a mitable filtero 

counts can then be made on the daughter produets removed by the 

filter, 

wgrab" 8-h fs mere semitive to variations in  the relative 

Alpha, beta, or'gamrPa 

!&e shape of the decay curve of this rapidly taken or 

concentrations of ILAp RaBo and W-6' in the sampled air thsn 

the shape of the decay curve of cu1 air sample obtained over an 

extended period of t h e .  

The theoretical decay c m e  are obtained by solving the 

series of f i r e t  order dffferebtied equations re lathg produetion 

and decay of' each member in the decay s e ~ i c s  and insert- the 

appropriate initial eondftiom. U s i n g  t h e  data in Table 3 one 

obtains the following equations for the dieinteepation rates of 
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The &cay curves sf RaA and FbCD have been plotted in 

Fig. 2 for the case &ere the &@ter probc t s  are initially i n  

equilibrium. Tne RaC' curve has been broken down into curves 

which give t h e  contributions f r o m  the decay of BELA, FbB, and RaC 

to the R8Cs disintepaticm rate. 

%e initial disintegration rates =.f WB W, m d  R9Se-C' 
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- 

- - 
I I I I I I I 

10 - 20 50 60 
Decoy %me (rnln) 

Fig. 2 RaA and RaC’ (alpha) d sfntegration rates produced from 
decay of RaA, RaB and RaC, each with an initial disin- 
tegration rate of 10. 

“ t -  i 1 .iJ c’  3 ‘1 ‘1 
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Fig. 4. Decay curves of the ration daughter products after 
they are separated froan a eonstant radon source 
for the case where they were all initially i n  
equilibrium with the radon. "he ordinate gives 
the ratio of the activity of the daughters to 
the activity of t h e  radon source. 

Curves A, B, and. e are the bcay curves for R d ,  
RaB, and Ra(2-C' respectively. 
sum of A and E;. 
tion rate. Curve E = $.@5B + Qo823C. It gives 
the ratio of the gamma disintegration rate to 
the disintegration rate of the radon. 

.. 

Curve D is the 
It gives the alpha disintegra- 

Selected nmerical values taken froanthis graph 
w e  : 

Decay t- Activity of bugl~ters ii-4 cbujhters for 
min Activity of radon 10-9 c/ radon 

0 2.00 2.28 440 5 6 0  

40 .71 1.36 1575 3020 
20 0 93 B. .go 265 4220 

60 - 5  5 93 1110 2065 

1 
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80 
I 

‘ I  ’10 90 to 
D e c ~ y  t imt own)  .L 

F i g .  4 ( A r r o w  points to appropriate time m a l e  1 



-23- 

medium plus the rate at which it is produced frm the decay of 

the preeedfng member of the series,  The number of atans per unit 

t h e  produced from the preceding member is, of ccmne, equal to 

the dfsfnteg~altfon rate of the preceding member. "pfims2 the maxi- 
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removal of the relatively few 

negligible in  comparison to  the Fb,Ct activity produced f r o m  the 

atom i n  the sampled air i s  

decay of RaC. 

If Q1 is the ntmber of radon atoms per Uter  and if we 

bssume radioactive equilibrium between radon and its daughter 

When v is in  liters per minutes AN = dfsintegratione 

per minute e 

!he total daughter product activity reaches 97 per cent 

of its ffnal value eLf"te~ 2-1/2 hours sarnplfng t ime. 

Decay curves of aetivlty on the infinite filter paper 

sample, after aamplfoe; has etoppcd, are given i n  Fig, 5. They 

arc given both in terms of h f ~ i  and i n  total c0un-t~ for a I 

ssmpling rate of 0.1 liter per minute i n  a r a n  concentration 
Qag 

of 

tween parent and daughte~s. 

obtain the disintegration rates for other d u e s  of ssmplhg 

rates and radon concentratfom. 

curies per liter, assuming 100 per cent equilibrium be- 

From these curves, o m  can easily 

Curves giving the buildup of? radon decay products a8 a 

function of sampling tfmc have been plotted by Harley (22) 
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Fig. 5. Decay curves of the radon daughter produets after 
they have built up t o  a steady state level in a 
system which has filtered them with efficiency 
from. air containing radon and ita daughter products 
in equilibrium, 
the end of the filtering period. The left hand 
ordinate gives the ratio of the sct ivizy of the 
daughters in the filter t o  the rate at which radon 
atom passed throw the filter. The right hand 
ordinate gives the number of disintegrations per 
minute for air containing 10-9 curies per liter of 
radon in equilibrium with its daughters flowing 
through the filter at the rate of 0.1 l i t e r s  per 
minute. 

The cur'ves mark2d a and y give the alpha and gamma 
disintegration rates respectively. 

Selected numerical values taken from this graph are: 

The decay time is measured from 

Decay time 
min . Damter activity on filter,.OCI 

I Rn atoms/min th ru  filter 

a Y a Y 

0 
20 
40 
60 
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Fig. 5 .  (Arrow points to appropriate time 
scale.  ) 
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4. EREEil3BXTAL DESIGM 

4.1, Ekpe rfmental Chamber. 

All t h e  samplfng and anfmal exposure expcrfmcnts were 

performed in a chamber 3.9 fto by 2.9 f t ,  by 6,4 ft .  of ammx- 

imately 1800 litem capacity, 

tion and was painted inside and out w i t h  an enamcB p a n t ,  

Ihe chamber wm of wood construe- 

B e  

gaskets used on the outlets f rum the chamber were of neoprene. 

The chamber had a large rtetanguhr Pucfte win-, 18 fn. 

by 24 in, 

the ehaniber. 

A sponge neoprene gasket sealed the h c i k  wind,ow’tO 

It was found necessary to plse angle iron ta elamp 

the luefte frame to the ehaanber to produce a uniform ppeesure 
1 on the gasket. 0 .  

Ihc chamber wem tested f O r  leaks by maintaining the air 

pressure inside a t  a pesftfm pressure of several finebet3 of 

water and painting soap on t he  outside, 

pointed aut the  leaks, which were then sealail w i t h  g f y p b l .  

Ffg, 6 fe a photograph of the ebuiber. 

I h e  formation of bubble$ 

4.2. Betablishment of Radon-Radon Datqhter Product A-ephere 

in Chamber. 

In experfpente to study bughter pmduct retention in an 

atmosphere containing “ n o k  aQstospherie dwtsR outside air w a ~  

blown through the chamber during the night preceding the first day 

of a given series of experbents by means of a fan placed in front 



Fig .  6.  Chamber used for animal exposure and sampling 
experiments. 

P 

i 
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of an open window. 

radon inserted. 

In the momfng the m b e r  was sealed and 

In eqepiments to s t u d y  daughter product deposition in 

f i l t e r ed  air, sir from the compressed afr-line was f i l t e r ed  w i t h  

a millipore filter before be- b l m  through the cJmmber. 

air was blown through the chamber during the ni@t preceding the 

first day of the experiments. 

Ihe 

h the morning the chmniber was 

sealed and r a n  Wer ted .  

A period of at Least taao hours was allawed for  the radon 

daughters t~ come into equilibrium with the radon i n  the c-ber 

before beglmfng the f i r s t  experwnt.  

The radon for the chaniber was eollected With a denmnnrtlon 

agpsrartuS eimihw to that deecrlbed inQniversity of Rocherter 

Atomrfc Energy Project Report aR-255 (a). Air which was bmbA 

into fine bubbles by a sintered glass U s k  was drawn 

radium chloride solution in to  an evacuated l i t e r  bulb. A small  

a 

length of thermometer tubing between the radium solution and the 

collecting flask fneured very slow passage of the air through 

the  solution. 

ten mfgutesr, after which the solution waa dieconneated from the 

collection flask,  Room air was then flushed through the system 

t o  bring the eolleetfig flask up t o  sbospheric pressure. l h i s  

method remaTled almost aL.3. the radon produced by the source. 

radon wa~ inserted from the collecting flrsk into the exgolrruc 

The air w a ~  gessed through the solution fo r  about 

The 

chamber by water disppScement. 



4.3. Method of Inserting Rata into Chamber. 

An a- YUI built  for  insertiag a cage contalnlng a 

rat into tht chamber while continpoasrb sealing the chamber fran 

the outside. !be hollow lac i te  pieton in It I s  s h m  in rig. 7. 

Fig. 7 was constructed to f i t  as closely a8 possible into the 

brass barrel. 

a large opening which w a ~  cat i n  the side. 

opening for  the rat cage to the chamber atamsphere. 

air hole8 were 00 cut in the luci te  cylinder. 

had two outlets through which room air could be flushed to  expel 

the radon in the cylinder out-of-doors. 

The rat cage was inserted into the pleton thFoagh 

l h i s  was the main 

Other emsll  

Ihe bnss cylinder 

4.4. ssmpllng for ftrrdon Daughter Products. 

Air from the chaniber was M e n  from an opening cloee to 

and on the same level w i t h  the rat csge. 

a metal slide which was clamped between two felt gaskets. A 

rubber stopper could be f i t t ed  into a l i p  outside the slide. 

tubing and other equipment was connected to the chamber through 

this stopper. 

w i t h  an AA m i l u p r e  filter. 'FWo S a a ~ p u . ~ ~ g  mhthods vert wed. 

'Ilhe hole was closed by 

G l s e s  

Ihe daughter producte In the chaniber air were remuvea 

Method 1. Grab Sanrpliq A liter bulb YIS evacuated snd 

connected to the outlet eide of the millipore holder whoee inlet 

side was connected t o  the chamber. 

sucked into the bulb t h r o w  the milupore, which f i l t e r ed  out the 

On opening the f lask ,  air waa 



Chamber Room 

$--- 12" -4 

Fig .  7 .  Method of expssbg rat in chamber. 



decay productso 

the bulb and the f i l t e r  paper to allow f o r  more uniform samplfig.  

A l f t e r  was collected fna about fifteen saeonck through the capillary, 

In most of the m g  er capillary was inserted between 

An alternate method was uaed at times for grab sampling. 

A large ,jar f i l l e d  with water 

the sampling outlet and the top eomected %o the millipore holder. 

A rubber tube! frm %$e bottam of %he $LP passed down several f ee t  

t o  a l i t e r  graduate. 

millipore fn about f l f t e e n  eecoxlds Sy using t h f ~  water dfsplace- 

ment aspbator  and % & t i ~ 3 g :  the  wter fall fpeaay tPaPough the tube 

in to  the g~aduats. h sx-tra half minute was BPPowed af te r  the 

graauste was f i l l e d  W i t h  water t o  insure equilibration ~f pressures 

on both sides cif the m f l l i p ~ r ~  f i 1 - t ~ ~  

placed a t  some distance above 

Qae c s d b  pass a Sfttr sf air through the 

Method 2.SPw Sampling. Slow sampling was accomplished by 

attaching a capillary t o  the outlet tube sf the water aePpirator, causing 

the water t o  $Pow out very s.lgawly' The sampling rate gas approximately 
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I ‘  

F ig .  8. AIF sampling rnethods. 
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meamremen% i n  a 2 f l  gas flow pmprtionab counter. 

of the scintillation counter w88 about 42 per cent. 

Ihe efffciency 

%doan in the chamber was neastwetp w i t h  the vfbrating reed 

ehctrwneter. 

samples tbat had been drawn thpougta the mtliipope filter for 

!be radion detennfnatioea Were made on the 88me .sir 

daughter pmduct atlaly3is. 

The ra&n A p m  the pit- bulb was thered w i t h  a 1.8  lite^ 

e lectrmter0  It did not appear neeessspy to ad& any air to the 

chamber to brfig it up to atmosphexdc pmesure. 

lower pressure decrewed the sensitf-vl%y of the espparatu8 s w e w h t J  

Operating est a 

!he counters respond e0 slee%mlar% andl it %e mt desirable fer the 
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completely dried, and dqdng of the air w a s  eliminated in later 

runs. !be later runs did not yield any noticeably different 

results from the previous measurements where the air had been dried. 

The radon measuring system was calibrated by &emanating a 

two microcurie radium sample provided by Dr. John Bo Hursh. B e  

radon from the standard source waa collected in  the liter bulb 

and shared with the ionization chamber of the electrometer In the 

same rnanner aa radon samples from the exposure chamber. !%be 

results of two calibration t e s t s  were: 

BuilaUp time Decaytime 
of radon after colleetion E?! Curies/nm 

-ll 3 hr.,42 min. 8 hr' e45t3 21.5 x lo 

12 hr. 3 hr. 785t3 U.56 x ioou 
The calibration figure of 21.5 x curies per m. wae used 

fo r  this method of determining the radcm. 

Gamma measurements on the mix8 lange w e r e  made with a well- 

type scint i l la t ion counter using a eodfum-fotlfde e r p t a l a f t e r  the 

design of Anger (3) 

1131 and Fess solutions provided by the Radfoisotope Servfces 

!the f i rs t  counter used was calibrated with 

Division of the University of Rocheeter Atomic Ehergy Project. 

strength of the 

The 

solution had been detennfned by the Radio- 

isotopes Services Division. Ihe Oak R i d g e  value for the radio- 
59 a c t i d t y  of the Fe was used. It wa81 believed scmate t o  within 

10 per cent. 
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&e re~sprlte of efficiency determinations as a function of 

sample BsEume for both of the isotopes ape given in Table 4, !The 

gamma activity of a d u m  ore source, made by sealing e- 

ur&pfum opc powder into a b-8 rod, wes noted at the t h e  of the 

efficiency c3etennfnations an8 the source was subsequently used 

spectra emitted by the daughter products and t h e  standard wee 

similar enough to make this ealibratim method suitable f o r  the 

The efficiency of t h e  counter used om the first experfnrents 

w ~ 8  appmxfmratePy 10 per cent. An fmproved counter used on the 

later experfirtEnte b d  about double th$s efficiency. It wae csli- 

Table 4. 

Volume i n  Height in Per cent IEffcfency 
Test Tube Test Tube 

cc 0 l a n o  

J, 

59 1131 F'e 

0.5 
1,Q 
1.5 
2.6 
2.5 
3 00 
3.5 
4.0 
5 00 

0 
34 
22 
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A constant voltage traneformer was used to improve the v0l- 
I 

tage s tabi l i ty  of the crystal  counter since the counting rate WBS 

very senitive to fluctuations in the high voltage supply. 

'Ihe c r y s t a l  was shielded by about three inches of lead. ' Ih iS  

wa8 very effective for shielding gamma rsdfatfon. Hrrwlever, at 

the fir& location of the counter, the background rose by a factor 

of ten when the 130 in, cyclotron at the university was on. 

wa8 p0EIsibI.y due to n, 7 reactions in the lead shield. 

v ~ 8  found in the building at which the bsckground rose 0- 

50 per cent when the cyclotron wa8 ono 

off, the backgrouaa was l20 cpn. When it w a ~  desirable for the 

background to rusrain CLS constant as possible, the elrpcrimente were 

gerfomd on thore  by^ when tBe cyclotron MB off .  

l h i s  

A locatlon 

When the cyclotzcw was 
4 

!be !Cexaco vell-type Geiger eounter, Type OR, manufactured 

by Welch Allga Inc., 

had a background of 500 cpp. 

wed i0r thc experiments on the dog. It 

5 .  W Q % I N G ~ W I ! E I ~ F W .  

MiUm filter paper, type AA, vs8 selected for the 

S8JEplfng. Ita progertfes have been d e 8 C r i b e d  by Ffret  (31). !be 

AA filter hae an estimated pore site between 0.5 and 0.7 mu. 

According to F i rs t ,  it may be used as a sieve under gentle #auction, 

retaining particles greater thsn 0.9 ma. 

through at a rapid rate, however, the filter fe effective down to 

When air I s  pulled 
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investigation to answer the following questions: 

1. Did the millipore filter give reproducible results for  

repeated measurements on the sarne atmosphere? 

2. Haw eff ic ient  was the f i l t e r  paper in  removing the decay 

products from the atmsphere? What was the loss i n  dpha counts 

because of self-absorption in the filter paper? 

3. Was there any loss of decay produc’b in the saqllng 

tubes preceding the millipore filter? 

4. Md the decay product eoncentration i n  the air fluctuate 

If t o  any extent about a man value over short perfods of time? 

this occurredB one should prefer to sample over a relatively long 

perioa than t o  take a grab sample, 

5 .  Bow did nueasuranent of the decay product concentration 

d i f fe r  when the air was drrrwn tlhpough the millipore at a fast rate 

as compared to when it was drswn thmugh slowly? 

!be r e s u l b  of the testa depended an the dust load in the 

air that WLIB sampled. 

were obtained when We radon was mfxeU w i t h  air which had sufficient 

dust i n  it BO that radioactive equilibrium o r  near equilibrium 

conditions existed among the radon daughter8 i n  the chember. Such 

air was obtained by phcing a fan in an OWA window which was next 

to  the chamber, sgd blowing sir fato the chamber direct ly  from the 

outside. 

powerhouse and the anbal house incinerator, and since the odor of 

The most comirtent and reproducible results 

I 

%e laboratory building was located near the university 
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smoke was aaa86Pst dnys in %he air, it may be assumed that these 

4x0 sources kept the air weU suppliedwith nuclei on which the 
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Table 5. 

Reproducibility of Measurements of Daughter Product Activity 
w i t h  Grab Sampling Method 

Run Eaethoaa counts 

1 
2 
3 
4 

Cap 
No cap 
Cap 
No cap 

747g 
753 
7281 
7189 

R W B ~ E U I ~ ~ A ~ .  7379 
Runs 2 and 4 Avg, 7363 

Cap. Sample mwn through w i t h  evacuated liter bulb, with 
capillary between bulb sad f i l t er  to givt 
aaPpUng rate. 

a 

UnIfOm 

No cap. Sample drawn through with evacuated liter bulb. 

In one run, the ~ s d i a g 6  of' *e first and second filter8 were 

7600 and 5,  reopectively. 

The loss of counts frorm me filtered daughter pmducts 

because of self-absorption in the millipore filter w w  obtained 

by taking three mesouremcnts on the mlllipore osarple. Bklssum- 

merit 1 was the normal meaeurawnt of tbe ssmple sctiv$ty. 

ment 2 was the activity mewwed after the sample h8d been covered 

vfth an unused millipore filter. Messurement 3 ~8 tha rctiv%?ir 

measured when the rcrdioactlre millfpore filter was pZrced in fhe 

counter upside doxn. Ihe eqwt ioa  relating these three re.aia~~s 

and the ratio of measured activity to t rue  activity i 6  derived 

Jk&$m- 



The results of 421~ self-absorption measurements are given 

&e average loss of counts f r o m  self-absorption waa in Table 6 0  

3 per cent. 

Table 6 

only under slow smpBirig c o ~ b i t i o w .  &cause of the ~mall size  of 

fore the probability of con%act of a particle w i t h  the wall of 

tube. 1% wfLS be sh~wn in a laxer paragraph that even under slow 



sampling, t h e  losses i n  thc aanpling lines used were negligible. 

It therefore followed that losses in the sampling tubes were 

also negligible under grab ea;mpling condftfoim. 

4. 

time Intervals. 

men& of the daughter prodpet sctfvfty fn the chamber at  dif- 

ferent time intervals.  

concentration changea only slightly over a period of several home. 

Varfstions of actfarftfes of samples taken at short 

Table 7 presents t he  reeults of repeating mas-- 

Ihe h b l e  sham that the daughter prOdtICt 

5 .  Ef‘fect of velocity of afp flow on fflterfnR efficiency. 

Sampling the chamber air by the evacua%ed bulb method or by the 

use of the water d f e p l a c e n t  -pirator gave the same results when 

t he  liter vas drawn through in less thsn fifteen sceo8dee 

s e t  of experiments on air to whleh an aemsof had been added t0 

raise the air-borne daughter pmdpne$ activity, the activity re- 

moved from a 3f%er of air &ram thmlagb f& filter paper by the 

water displacement aspirator in L 5  minutes, wa8 94 per cent 

of the activity removed from a liter &am through wfth the 

In one 

I evacuated bulb. 

3-2. Tests of Slow Velocity SampUn~ Tec’hnique 0 

WQ filter pagem were c-ed st Q ~lov esmplhg speed 

for reproducibility of measuremenfa on air conhfnfng normal 

atmospheric dust by connectfng: the comumn end of a Y-tube to the 

chamber and connecting t h e  en& of the Y b the 4x0 f i l ters .  Ihe 

outlets of t h e  filter h O l d e z %  Mere connected to two water 

f 1 b G t.l i II 



Vapfatfom in Daughter Produet Activity in Exposure Chamber 
Over Short Time Intervals 

4 P  1-2 0 
30 
1ZXJ 

7/27 

7/31 

8/9 

1-1 

1-5 

1-8 

0 
60 
a0 

0 
60 
78 
96 
110 

0 
3 
6 

6100 
67W 
5400 

5900 
5840 
5750 
5550 
5500 

4300 
4200 
4300 

"See Table g o  
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displacement aspirators, !thus, both millipores sampled f r o m  the 

same tube. !Che sampling ra te  w 0 . 1 l i t e r s  per minute. !be 

results of one s e t  of measurements are given i n  

Table 8. 

9 per cent lover than the act ivi ty  of sample 1, which was the 

same size  86 aamples 2 and 3 but taken sixteen minutes ear l ier .  

2 and 3 of 

‘Ihe act ivi t ies  agreed to one per cent, lhey were 

!Fable 8. 

Reproducibility of Measurements of Daughter Product Activity 
in Expo sure ehamber for Slow Samp ling h t e  [O .I -1Irn) 
* 

11% 
d 

Run Z (an.) Activity 

1 0-10 7650 

2a 16 -26 6910 

3a 16-26 7080 

(2) and (3 )  were sfrm;lltaneolus sampzee of t he  scum air. 

.No significant difference was meamred between the act ivi ty  

removed fram sir drawn directly from the chamber and afr which 

fimtqassed throligh a 5/16 in. dfemeter, 10 in, Bong tube a t  the 

100 cc per minute ssmplfng rate In another eqerfment, air 

was drawn through a 15  in ,  long, 0.042 in, I, D. @&lex plast ic  

tube (m3) placed immediately preceding the millipore filter. !be 

flow rate was 100 cc. per minute. !he tubing w u i  then coiled up 

and counted in the same gaxm counter ea the filter paper. 

act ivi ty  deposited in the tube was about one per cent of the 

The 
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ac t iv i ty  removed by the filter paperd 

two days a f t e r  air  had been inserted in to  the chamber from the 

out -of -doors 0 

The experiment was conducted 

Since the deeay of a radioactive sample is l inear  over tfme 

intervals which are short compapcd to the half-life, the ac t iv i ty  

of EL liter sample taken over t e n  Blfnu%es should very nearly eqW 

the act ivi ty  sf a liter sample W e n  over EL f e w  seconds i f  the 

time of decay of  the ten minute sample is measured f r o m  the middle 

of the sampling period. 

minute sample was aLways lees than the act ivi ty  of the grab sample, 

and the difference was greater the lower t h e  dust load i n  the 

chamber. 

a8 measured a t  various t h e e  d d n g  t h e  course of  the fnvestiga- 

t ion are given i n  Table 9. 

practice, the act ivi ty  of" the ten 

The ratios of the acliar%tfes of slow t o  grab samples 

All the values given in Table 9 m e  for  sanrpPes taken f r o m  

an opening i n  the chamber WELLI~ 

their relative impor$a@e in affecting the differences i n  aetivf- 

t ies ob.&ained f o r  slow ma grab s q l i n g ,  

Three factors were studied for  

1. me slow eaurplfng me%hod drew air from a reglon that 

was closer to the =Ea. and thus perhaps had a significantly lover 

h a t e r  product eoncentration than the pegion sampled by the 

grab sample. 

2, Tne difference was becaue of poorer f i l t r a t i o n  at the 

slower velocities through %he mfUipore filter. 
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Table 9. 

les Ratios of Activities of Slow t o  Grab A i r  Ssmp 

Slow 
Grab 
- E x P o  

Date C0nd.a 

4/20 

4/23 

4/21 
4/22 

u/12 
n/13  

11/14 
11/17 

11/23 

1-1 
1-2 
1-3 
1-4 

1-1 
1-2 
1-6 

1-1 
1-2 

Fan on EO mfn. 
Fan on several 
hQWb 
Fan off 
Fan on 10 m f n a  

Fan on all 
previous night 

11-1 

0.88 
0.83 
0.42 
0.29 

0.85 
1.02 
0.83 

0.49 

0.64 
0039 

0.78 
0.67 
0.78 
0.83 
0.84 

0.07 

aExper imental C o d i t  ions 

I Outside a i r  blown into chamber during previous night and early 
morning of first day of series of“ experfments. 
sealed and radon fmerted. No changes f o r  euceeedfng 
e q e r h e n t s .  A i r  not st irred.  Arabic numeral gfvee b y  of 
experiment countfng from tfIue air changed fn chamber. 

Filtezed a i r  blown into ehaanber durfng night precedfng 
exper fment . 

Chamber then 

I1 
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I 

? 

3. %e difference was because of increased deposition 

on the walls of the filter holder, since there was a dead space 

of about 30 ee. in the filter holder i t se l f .  A t  a flow rate of 

100 ce .  per minute the sir would have remained appoximately 

twenty seconds in the smeiLlBdume of the f i l t er  holder before 

passing through the f i l ter .  

The wsll effect was elfmfnated as a major came of the 

difference fn the slow/grab ratio by camparing t h e  ratio for 

air  sampled directly from the hole in  the chamber and for air 

sampled f r o m  a tube leading to  a point about twelve inches 

inside t he  ehemberp., 

wa6 in the chamber, a condition which gave t h e  greatest dif- 

ference between slow and grab sampling. 

difference in the slow/grab ratio for ~ s m p l c ~  taken from the 

region next to the w a l l  and for rewxples taken frora t he  reglon 

twelve inches inside the chamber, although the maeulled actlvfty 

at t h e  w a l l  was only about 59 per cent of the mewaured aetiv%ty 

'phe experiment was done when fiLtered air 

There MB no significant 

insfde the cbnber. 

!Fhe effect of" linear flaw velocity through tiha millipore 

filter on its filtering effiefency wm studied in two waag. 

In the first method, the aetfvftiee of two milliporas which 

had been placed in series about 1/8 Inch apart were compared, 

!Phe experiments were done %n a filtered air atmosphere. For 



1 
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fast sampling, no act ivi ty  was found on the second millipor0 

paper. 

about 7 per cent the act ivi ty  of the first  f i l t e r .  

For slow sampling, the ac t iv i ty  of the second f i l t e r  was 

Another method used ww to sandwich the millipore filter 

between two rubber diaphragms, one centimeter in dfansbter, 

crease the l inear flow velocity through the Il l i l l ipre.  

were done fn a f i l t e red  atmosphere. Since the uti l ized diameter 

of the millipore when used fa? the f i l ter  holder without the dia- 

phragm wa8 3.7 cm., the fluw velocity thr~~gh t he  smsller opening 

was fourteen times as great as through the larger. 

i n  act ivi t ies  was 

the larger areap and a ten minute l i t e r  rrmple through the 

smaller opening. 

of the act ivi ty  of the 1 .5  minute sample, WBfeh en turn was 51 

per cent of a grab sample, 

phragm was used w i t h  t en  minute l i t e r  samples t o  increase the flow 

velocity thsough the mfllipoxe, the activity was always lower than 

when no diaphragm w a ~  wed for  the same samplw minute v0lUn;e. 

!these results indicate that the dlfference i n  l inear velocity 

through the f i l ter  was not the ma,jor factor i n  producing the 

difference between the slow and grab sampling. 

in- 

Experhents 

!he difference 

compared for a 1 . 5  minute l i t e r  sample thmugh 

The ten mfnute satple act ivi ty  w a s  18 per cent 

I n  the other experiments where a Bia- 

B e  only Pemafnfng factor that. could account fo r  the dif- 

ference between slow and grab eeuqplfng was increased depasition 
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on the filter holder at the slow rates. 

apumfnum f o i l  w a s  used to l ine  the millipope holder and air was 

sampled through st the slow ra te .  The act ivi ty  measured on the 

f o i l  at the end of the sample period was not enough t o  account 

for  the dffference between slow and grab sampling. However, the 

measurements were very rough and it is possible that the value 

In  one experiment 

of the deposition in all pegions of the filter holder when 

measured more accurately will account for  a large share of the 

affferenee between the slow and the grab ssmpks. 

3.3. Conclusions from Samp l i n g  Tests. 

Because the actfvi ty  of a slow f i l ter  paper semple of a 

given volume of air was always less than the ac t iv i ty  of a grab: 

sample, and because the difference increased aa the dust load 

decreased, the s l o w  sample was not a reliable method of determin- 

ing the daughter product concentration in the chamber air- 

the values fcr the RaC9 concentrations in  the chamber were obtained 

from grab samples using the sampling outlet  described i n  

Section 4,4, 

All 

One emlanation for the dependence of the difference be- 

tween slow and fast sampling on the dwt load fn the chamber is 

that under l o w  dust conditions the daughter products were suspended 

in the air i n  a very mobile form and were removed to a considerable 

degree by the w a l l s  of the f i l t e r  holder when the air was drawn 
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through slowly. 

plays an important role i n  determining the* deposition i n  the 

respiratory t r ac t ,  the ideal sampling method would give the i r  

mobility as w e l l  as their  concentration i n  the sampled sir. 

Although it seem that the slow sampling method could be devslopea 

t o  give an indication of the mobility of the suspended daughter 

products, it was not studied suf'fiefently in the present InVeatt- 

gatfon t o  present as a useful supplement t o  the grub esmplbg mthdl. 

6. 

Since the mobility of the daughter products 

OBSERVATIOIVS 01p TBE DEPARTURE OF TEE FILTERABLE 

PRODUCTS FROM EQUILmIRUM WITH THE RADON IN THE CBAMBER AIR. 

6.1. Departuresfram Equilibrium in Stored Atmospherfc A i r  

and i n  Fil tered Air. 

An analysis of the decay CUPV~ of the daughter product8 

removed from an air sample taken fromthe ch8rdber several 

hours after the insertion of outdoor air uually showed 

radioactive equilibrium between RaA, RaB, and RaC-C'. 

curves of samples taken over a period of days after the 

radon was inserted $h- 8 &rarbuaL staepanirng in tbe f3rM ., 

part d the cupvb, indicating an increased proportfw of m, 

Decay 

md a gradual leveling off of the central portfon of tho cume, 

indicating that RaC-C' was decreasing with respect t o  RaB. 

This can be explained in terms of the decrease of the atmosphsria 

dust i n  the chamber air over this t h e .  As the dust concentration 

decreases, the w a l l s  compete t o  a larger extent  for the radon 
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daughter produets because tha l r  Burface area increases relative t o  

the surface area ci the dust. Because tne l a t e r  elements in the 

decay series have a greater chance t o  get t o  the walls than the 

earlier elemefita, t he i r  concentrations will decrease relat ive t o  the 

e a ~ l i e r  3nes as the  dust concentration decreases. 

over a period of days are gfven in Fig .  9 al~lag with the calculated 

fraction ~f equilibrium with radon attained by RaA, RaB and RaC-Cp. 

Decay CUPVCS taken 

Table 10 rs-fzes the departwee of the daughter products 

from equilitrrim with the radon in the chamber ab,  expressed as the 

per cent cd" the t o t a l  ResCD in the chamber which was f i l t e rab le  from 

the ehanibcr air '  

experiments fyn which the RaC* concentration wa8 measured on eucces8lve 

Series I, 111, and IV give t h e e  different sets ~f' 

&yB StaP tN fPm the &y OUtCiOO~ aflg Wg6 pplt hlt0 the CbXItber. serfs8 

PI @.gee the remltbs, of saglpl-. from the eham'ber after it bdi been 

f i n e d  a t h  fi l tered air 

cf t h e  conrentration which would be in equilibrium with the radon a$ 

compared ts a high of 81 per cent messuped in freshly mer ted  ugclemed 

OutdoDr a b u  T%~S I S W ~ S ~  h e !  c o ~ ~ e n t r s t i ~ a r  in mciemea air WB meaeuea 

aftel- the 

t o  LO per cent, 

The concentration averaged 5 a 6 per cent 

$8dl mtt lacl  mer a period of two weeks. The R&Cu dropped 

St i r r ing  the air brought it d o n  to 1.6 per cent. 

AB1 the values fn Table 10 were obtained by extrapolating the 

measursa alpha aet igi ty  on the f'91ter paper t o  zero t h e ,  a ~ ~ a n g  

equilibrium between RaA, R933 RaC-Co in the chamber, Equilibrium 

often did ~ Q L  extst and the e r r z ~  involved in neglecting t h a w  t rue 
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Fig. 9 .  Measured decay of l i t e r  grab samples of radon daughter 
products a6 a function of set t l ing time of dust i n  cham- 
ber. 
night and early morning of f irst  day of experiments 
(4/20). Chamber then sealed and radon inserted. All 
data extrapolated t o  same radon level of 

Outside a i r  blown into chamber during previous 

10000 dpm. 

The ver t ical  l ines  through the experimental points give 
the 9546 confidence intervals 

The curves presented i n  conjunction w i t h  each series 
of decay measurements is  a theoretical curve which 
closely f i t s  the measwed data and which was calculateu 
f o r  the i n i t i a l  relative concentrations of RaA, RaB, 
and RaC-Cq given by the first, second. and th i rd  digi ts  
on tbe c w e .  

The experimental data on the curve dated 11/24 is from 
an independent experiment i n  which the chamber was f i l l e d  
with f i l t e r ed  air before the radon was inserted. 

t 
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Table 10, 

Approach t o  Equilibrium with Radon Attained by 
RaCs fn A i p  of' Exposure Chamber 

Series I1 
Days air Serfes I $ Equil. SerfeB I11 Series IV 
iB. chamber $ Equil. (air f i l t e red]  $ Equil. $ Equil. 

l o o . .  52 5 61 
41 6.8 

39 

27 

2 . . ? -  42 34 

3 . . . .  26 25 

4 . . . . . . . . . . . . . . . . . .  016 

81 

77 

6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 
2x162 dust added 79 

8 . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 6  
Air f anned . .  . . . .  4 
Fan turned off, - .  . 32 

1 3 . . ; .  . . . . . . . . . . . .  ~ 3 . 2  

1 5 . .  . . . . . . . . . . . . . .  .23 

$4 

Animal expsrimeflt don@ 
14 . . . . . . . . . . . . . . .  ..20 

Cigarette smoke added 

RaC1 measured was removed from air with millipore f i l t e r ;  Rn was 
measured with vibrating reed electrometer 

Serfes numbers refer t o  ehronelsgical order of experianents. 

In Series I, I11 and ITd the measurements were taken on successive 
days mer outside air was b l m  into chamber; i n  series 11, the 
afr in the chamber was repbereed with f i l t e r ed  air. 

Begfnnfng dates. I. 10/31; 11. 12/13; 111. 4/20; IV. 7/27. 



-54- 

relat5ve concentrations of the daugh%er products will be discussed 

in Section 6.4, It w i l l  be shown that from the standpoint of c a l -  

culating t h e  dosage %s t h e  lung produced bybreathlng the daughter 

products over an extended period of time, the error involved i n  

neglecting the relative departurFs of the daughter products from 

equilibrium is small, 

6.2. Departurq f r o m  Equilibrium i n  Fanned Air a 

In one experiment, atmospheric air which had been stored 

in the chamber for several dam was fanned and sampled periodically. 

The fan wae on the floor i n  one corner and pointed t o w a r d  the 

opposite comer about half way up from the floor. Decay curves of 

the act ivi ty  removed f r o m  air sampled during the fanning are given 

in F i g ,  lo. 

%e daughter product aeitivity in the chamber decreaecd 

by an order of magnitude ttJ0 hours af te r  t he  fan had been turned 

on. 

w a l l s  in removing tihe daughter pmduc%.s. 

w a s  turned off the activity of an air sample had risen to 70 per Cent 

of the value meamred at the beginning of the experiment. 

ZPle motion of the air t.hw increased the effectiveness of the 

Two hours a f t e r  the fan 

6 . 3 .  ~epartur esfmm Equilibrium in Different Regions of Expo sure 

Chamber. 

Beeawe all so l id  material in the exposure chamber was a 

sink for the daughter products, it w m  to be expected tha t  the 
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daughter product concentration i n  t h e  air i n  any particular region 

of the chamber would depend on the geometry of the sol id  matter i n  

the environment. 

which would be most important in influencing the air-borne 

daughter product eoncentration i n  the region of i n k r e s t  would be 

that  within a distance of the order of magnitude of the distance 

traveled by the daughter products fiuring their  average l ives.  

This is a f e w  centimeters for  kugRter products which undergo 

Bzvwnian movement i n  the air as molecules or a5 constituents of 

molecular aggregates, but the dfatanet becomes decreased by 

several orders of m;agnituds when they become deposited on the SUB- 

pended atmospheric dust particles.  Emever, the air is never per- 

fect ly  still, and its motion serves tn extend the sphere of inf'lu- 

ence of any sol id  matter in remvtng daughter products from t he  air. 

In perfectly s t i l l  afr the sol id  environment 

Perhaps the most dffficult; problem i n  the entire investi- 

gation was 4ha.t of determixring the daughter produc% concentration 

breathed by the rats. 

chamber i n  wire cages, which in turn were par t ia l ly  enclosed i n  a 

luci te  cylinder, they breathed i n  an environment which under cer- 

ta in  conditions might; C O R - ~ ~  a daughter product concentration 

much lower than that; existing in  more open regions of the exposure 

chamber. 

regions i n  the exposure chmber are given i n  Table 11, 

was  air taken directly from an opening i n  &he w a l l  of the chamber. 

Since the ra ta  were inserted into the 

The results of sampling experiments f r o m  the different 

Region 1 



-57-- 

Table 11. 

Relative Air-borneDaughter Product Activities i n  
Different Re~fons of Exposure Chamber 

Region from Which A i r  Sampled 
I I1 111 

Expoa Slowb Hole in  Tube 12' Durmay cage 
Date Con& Grab wall into chamber in  chaaiier 

9/2 1-1 4 . 8  1 0.89 

11/23 11-1 0.07 1 1.7 
11/24 11-2 0.16 1 1.6 002 

aSee Table 8 

bRatio of daughter product act ivi ty  removed from l i t e r  sample 
collected in  ten minutes to act ivi ty  from l i t e r  sample 
collected i n  several seconds. 

Region 2 was a i r  taken thmugh a tube extending about twelve 

inches in fa  the chamber. 

i n  the chamber i n  s eylfnder i n  an arrangement similar t o  that 

used i n  the rat eleperfmente (Fig. 7) 

Region 3 m from a duuuny cage placed 

It is seen that under normal atmospheric' 'dust loads, the 

cage activity WEIS about 90 per cent of the daughter product 

act ivi ty  in the chamber. However, when f i l t e red  air was inserted 

in the chamber, the act ivi ty  removed from air sampled from the 

cage was only 2Q per cent of the act ivi ty  of a i r  removed from the 

exposure chamber. 



-58- 

6.4. Errors i n  Interpret- Samplin~ Results When Redt ive Concen- 

trations of Daughter Products Are Hot W e n  into Account. 

%e daughter product concentrations in the chamber were 

determined by measuring the alpha disintegration rate of the 

f i l ter  paper at  a known t i m e  after the air sample had been taken 

and extrapolating the measurement back t o  zero time on the asevrmp- 

t ion that  RaA, RaB, and RaC-C' were i n  radioactive equilibrium. 

These concentrations were then used to calculate the daughter 

product buildup on a f i l t e r  paper which sampled the atmosphere for  

an inf ini te  length of time a t  a specified sampling rate. 

of this calculation could be used to  obtain the daughter product 

buildup and alpha energy released i n  any f i l t e r ing  systems ( i .e .  

the lung) whose sampling ra te  and f i l t r a t i o n  efficiency were 

specified. 

The results 

I n  practice the daughter products were not a l w a y s  in 

equilibrium. 

equilibrium to  calculate the alpha disintegration rate  of an inf ini te  

sample i s  small  fo r  the relative air-borne daughter product concen- 

trations measured in practice. 

It will be sharn, however, that the error i n  assuming 

A sample containing equilibrium amounts of %A, B,B, and 

W - C ' ,  each i n i t i a l l y  giving 10 dpm wiU give a total of 9.26, 7,u 
and 5.05 alpha dpm in 20, 40,  and 60 minutes respectively. 

alpha d p  would also be measured for  the non-equilibrium initial. 

disintegration rates l i a t e d  in Table 12. 

'Iherse 

The rates,given i n  Table 12 
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Table 12. 

Various Combinations of Daughter Product Activities Producing 
Same Alpha Activity Mte r  Given Decay Time 

I rt AJ. 

Alpha dpm measured 
after l i s t ed  decay time 

I n i t i a l  combinations of daughter product 
dpm which w i l l  produce alpha dpm i n  I 

RaA RaB R a C  

I 10 10 

0 0 

10 10 

10.7 4.29 
0 0 

10 10 

0 0 

9.26 dpm 20 m h .  a>  10 

a> 191 

7.10 dpm 40 mfi. a> 10 
after sample collected b)  21.4 10.7 6.42 e >  32.2 

a> 148 

5.05 dgm 60 pzjln. a )  10 

af te r  sample collected b )  23.8 11.9 7.2 
c )  38.~3 12. a 5.1 

after sample collected bj 20.3. IO. 2 6.1 
c 29.5 9-83 3.93 d) 1.22.8 

apply t o  the grab samples of atmspneres containing the following 

relative concentrations of Racb, W, and RaC-et .  

RaA - I RaB RaC - -C ' 
4 1 1 1 

dl 1 0 0 

b) 2 1 0.6 
4 3 1 0.4 

Case (a) is an extreme case which would never be encountered i n  

practice a 

Table I2 was calculated as follaws. Using the above sets 

of nmbers to f i x  the relative non-equilibrium i n i t i a l  disintegration 
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rates of RaA, FW3, and RaC-Cs 

of the i n i t i a l  disintegration rates were assigned. 

ra t ios  3/1/0.4, it was convenient to assign the init ial  disinte- 

gration rates of 309 10, and 4 to  h i ,  RaB, and RaC-C' respectively 

Fig. 2 was then used to determfne the alpha disintegration rate at 

the desired decay time for  the specified i n i t i a l  disintegration 

rate. 'ibw 30 dpm of RaA at t.O gives 0.3 dlpn of RaA and 

0.38 x 3 o r  1.14 a p  of Rerct at t a .  Similarly 10 d p  of Ra33 

give 3.84 dpm of RaC0 and 4 d p  of Ra@ give 0.4 x 4,96 or  1.98 

dpm of Rae' at t=20. 

dpm each of RaA9 RaB9 and Rae will give 9.26 dpm at t=20 (Fig .  2 

or  F i g .  4) , the i n i t i a l  non-equilibrium rates which w i l l  give the 

same values are 9,2617.26 %fmes the a rb i t ra r i ly  chosen values. 

'ibw 38.3$ 1 2 0 8 3  and 5.1 dpm of m, %B and F~C-C' will  also 

arbitrary values for the ma&tudes 

!Ems, for  the 

'Ihe total alpha rate  ie, 7.26 dpn. Since 10 

give the desired counting ra te  a t  teX). 

The first set  of equatfom of Section 3.2 can be combined 

to give eb single equation for  the buildup of the alpha act ivi ty  on 

inf in i te  f i l t e r  paper samples of atmospheres containing given 

aaughter product concentrations. Ihe equation is 

alpha rpOrm = (2% + Q3 + Q4) v 

Q 0  Q3$ C& e= a-km of RaA, RaB, RaC per l i t e r ,  respectively. 
v = sampling rate  in l i t e r s  per minuted 
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!his equcstion can also be written 

Table 13 gives the b p i l d q  a f t e r  an in f in i te  e a q l i n g  

time on a filter paper which removes the daughter products 

w i t h  100 per cent efficiency from the ahospheres containing 

the concentrations given i n  Table 12 a t  a sampling r a t e  of 

one l i t e r  per minute. !be table shows that the buildup of the 

act ivi ty  on an inf ini te  f i l ter  paper sample is closely propor- 

tional. t o  the act ivi ty  of a grab sample, counted preferably one 

hour after decay, and is very insensitive t o  the actual relative 

concentrations of RaA, FkB, and RaC-C' except when the departure 

from equilibrium is extreme. 

Table 13. 

Activities of Inf ini te  Samples Calculated from Activity 
of Grab Sample f o r  Different Non-Equilibrium 
Daughter Product Concentratfons in Atmosphere 

3 
daughter products in sampled sampling r a t e )  when grab samples give 
atmosphere /same act ivi ty  a f te r  fixed decay time 
RaA RaB RaC 19.26 dpm 7.10 dpm 5.05 dm 

a t  2om at 4011- at 60m- 
1 1 1 75 8 75 8 758 
2 1 0.6 873 785 745 
3 1 0.4 975 821. 752 
1 0 0 1680 1305 1080 
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For a speeffic example, suppose a l i ter  grab s w l e  of 

the daughter products is taken and af"ter it has been allowed t o  

decay for  60 minuteB, gfves 5.05 dpm. 

products are i n  equilibrium i n  the sampled atmosphere, w e  see 

from Table 12 that  the ac t iv i t ies  of RaA, RaB and RaC-C' i n  the 

sampled atmosphere are each 10 dpm per l f t e r .  

Table 13 that f o r  air  sampled a t  the ra te  of one l i t e r  per 

minute an fnYinfte sample would build up t o  an alpha distinte- 

gratfon ra te  of 758 dpm. 

If we assume the daughter 

We read from 

We w i l l  BOW show tha t  very similar results are obtained 

i n  sampling atmospheres not in equilibrium. 

tures from equilibrium measured i n  American uranium mines by 

Holaday e t  a1 (25) were nst as great a$ the ra t ios  3/l/O.4 for  

RaA/RaP/&C-C' used fo r  the calculations in Tables12 and 13. 

For the 3/1/0.4 relative eoneefitratfons, the extrapolation of 

the 5.05 dpm sample t o  zero time gives 29.5, 9.83, and 3.93 dpm 

per l i t e r  for  RaA, Ra3 and RaC-C' respectively. The calculated 

buildup of az infinite sample of t h i s  atmoephere at a orre l i t e r  

per minute sampling rate is 752 dpm. 

resul t  and the result. aeswanfng equflf'orim is lese than one per 

cent. On the other Rand, it is seen frm the tab13 that extrapo- 

lations from single readings of grab samples counted after 40 

minutes decay can be about 8 per cent low and after 20 mfnutes 

decay can be 22 per cent low fo r  the extreme departures from 

equilibrium which may be encrJuratcred in practice. 

The greatest depar- 

The dffference between t h i s  
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Since the lung acts as a f i l t e r  of the daughter products, 

the buildup of alpha act ivi ty  i n  the lungs of a person breathing 

i n  an atmosphere containing the daughter products is not sensitive 

to  the relative daughter product concentrations i n  the air but 

depends only on the act ivi ty  of a grab sample, measured 40 t o  60 

minutes af ter  it is taken. lthe average alpha energies per alpha 

disintegration emitted by the daugh.ter products bu i l t  up in an 

in f in i te  sample are calculated from the d a t a  i n  Table 3 and the 

equations i n  Section 3.2 to be 7.56 MeV. 

relative air-borne concentration of RaA /RaB/RaC-Cp = 1/1/1 and 

3/1/0.4 respectively. 

and 7.4 MeV. for  

Therefore, the error i n  evaluating the 

t o t a l  energy imprted t o  the lung f r o m  a single measurement of 

a grab sample is a b 0  small. 

energy imparted per gram of lung tissue, which'is the importent 

quantity from the standpoint of determining the dosage, i s  even 

smaller since the range of the alpha particles i n  the t issue is 

approximately proportional t o  the energy of the alpha particles.  

The error i n  evaluating the average 

We therefore conclude that the act ivl ty  of a grab sample 

of decay products f i l tered from air and determined at a fixed t i m e  

40 to 60 minutes after the s a m p ~ e  was taken IS an index of the alpha 

dosage to a human being breathing this air, regardless of the rela- 

t ive concentrations of RaA,RaB, and RaC-C1 i n  the sampled air, if 

conditions are otherwise equal, 
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7. RESULTS OF RAT EZPWIFIIEm. 

7.L Procedure. 

The arrangement for  inserting the rat into t he  chamber has 

been described in Section 4,3 and illustrated in Fig. 7. 

insert the rat cage into t he  chamber, the luci te  piston w a s  drawn 

part ly  out of the brass cylinder to the loading position 

indicated in  Fig .  7 and the cage containing the rat was put In. 

The pieton was then pwhed through the cylfnder into the chamber 

as shown in t he  figure. 

of the bras$ cylinder. 

To 

A Pucite cover w a ~  screwed on the outside 

After a period of about 2-1/2 hours, the piston was drawn 

into the cylinder and mom air flushed through for  one minute. 

This was comidered the zero point of the daughter product decay 

i n  the lungs of the animal .  

of the cylinder and the cage removed. 

in ether and the lungs removed. 

t e s t  tubes end counted i n  the well-type counter. 

the animal was exposeds f i l t e r  samples were taken .t;o determine the 

daughter product levels in the chamber. 

resting qyLetky most of the time they were i n  the chamber. 

The piston was then drawn partly out 

!he animal was anesthetized 

The lungs were then inserted into 

During the t i m e  

?he an- were usually 
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7.2. Variation of Radioactivity of Lungs with Daugh ter Produut 

Activity i n  Air. 

The experiments were conducted using twenty-two male rats of 

the Wistar s t ra in  over a period of seversl months. 

exposed t o  radon mixed w i t h  the following atmospheres: 

The rats were 

1. air inserted into the chamber f r o m  the out-of-doors a 

few hours before the animal. ex,posure; 

2, air eonfined in the chamber for  several days before 

t h e  exposure; 

3. f i l t e r ed  air; 

4. 

5. 

During nost of the experiments, the air in the chamber was 

air t o  which cigarette smoke had been added; 

air t o  which a fine zn02 dust had been added. 

undisturbed. 

preceding and. during the time the rat was in t h e  chamber. 

results are given in Tables 14 and 1 5 .  

In some, a small fan was turned on for  several hours 

I h e  

The RaC' values i n  Tables 14 and 15 were calculated f'ram 

one measurement of a grab a i r  sample taken from an opening i n  the 

chamber wall on the assumption that radioactive equilibrium exlsted 

between F W ,  RaB, and RaC-C'. 

when the departure of the daughter products from equilibrium ie 

f a i r ly  large, the assumption of equilibrium may be used to  calcu- 

late the ac t iv i ty  of an inf ini te  sample. 

It wa6 seen from Table 13 that  even 

When the air i n  the chamber 
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Table 14, 

Results of" Rat Experiments. Counter I 

Activity 
of lungs RaC' Cow. Lung Activity Expo R a t  Wt. Rn Cone 

RaC RunDate -. fc/Rsr 109 dpan'b c/ix 109 
1 11/4 1-1 
2 1-1 

5 11/6 1-3 
6 1-3 

7 12/13 11-1 
8 11-1 
9 11-1 

10 12/14 11-28 
11 11-28 

12 12/15 11-3s 

2401 
23.4 

18.8 
18.4 

15.5 
14.7 

25.2 
24.9 
24.9 

20.2 
19.8 

163 

12.7 
10.9 

8.07 
7.32 

4.08 
4.06 

1.22 
1.69 
1-27 

0,349 

0-116 

0.272 

1630 

2560 
2080 

3200 
2780 

2920 
2240 
2620 

1800 
895 
2940 

6110 

I Outsi-de air b b m  in to  chanber d w h g  previous night and early 
morning of first cby of series of experiments. 
sealed and P ~ ~ Q I I  insertedo 
ments. A i r  nct et%prea. 

Chamber then 
Yo e m g e o  for  succeeding expert- 

I1 Chamber waehed, lined with glycerine-coated g l o s ~ y  paper. 
Fil tered a i r  blown into chmibar during night preceding first 
day of serfes. Chaniber sealed and radm fnserted OB f irst  
~ Y *  

' s P  meane air fanned. 
counting f ~ a m  time air changed in chamber, 

h a k i e  numeral gives day o f  experiment 

bCorrected t o  lCE$ detection effiefency. Approximately ten times 
measured counts per minute. 

I I 

i 
I 
R 

I 

i 
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Activity 
Expo Rat Wt. Rn, Cone. ttf lungs RaCs Cong. 

Date Condoa gm. e/fx 109 Y dpm c/lx 10 

Table 15. 

Result of R a t  Experiments- Counter I1 

Lung Activity 
RaC 

4/20  1-1 

5/5 1-16 
P -16 

5/6 1-176 

5/8 1-19' 

7/27 1-1 

7/31 1-5 

7/31 1-56 

9/2 1-3 
1-1 

24.3 m500 13-3 

22.2 25600 -7.5 

16.5 420 low 

21.0 53800 19.1 

22.4 76500 20.3 

22.6 q400 7.61 

22.2 72500 16.9 

22,8 12600 2.68 

Results with Restrained Rats 

22 88500 21.2 
22 88500 21.2 

&See Table 14. 

bCorrected t o  100$ detection efficiency. 

CCigaretts smoke added 

%no2 powder added 

Approximately five times 
measured counts per minute. 
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was sti l l ,  no rum for which daughter product ratios were deter- 

mined gave ratios of FbA to R&B to RaC greater than 3 to 1 to 0.4. 

Even with this departure from equilibrium, extrapolation t o  an 

i n f i n i t e  sample, a s 6 ~  daughter product equflibrlum, does not 

give a serious, error. Thus it was not necessary to determine 

the relative daughter product concentration in-order t o  calculate 

the theoretical dosage to the lung8 from breathing for an extended 

period i n  the sampled abephere.  

The experimental results are preeented fn chronological 

order. !hey show that the radioactivity of the rats' lungs was 

roughly proportional to the radioactivity removed by the filter 

paper from a liter of chamber air over a wide range of experimental 

conditions 

Table 14 cover8 the experiments performed w i t h  the first 

gama counter discused  in Section 4.6. Table 15 covers the 

Discussion of Table 14. Runs 1-6 were performed on three 

successive days. 

previous night and in the early morning of the first day of the 

experiments. 

the chamber was f i l b d  w i t h  f i l t e r e d  ab. The walls of the chauibcr 

were lined wfth glycerine-coated glossy paper which, it was 

believed, m i g h t  ass i~ t  in rcmovirq dust fran the  air. 

Outefde air  wag blown into the chamber the 

Runs 7-12 give the results of experiments i n  which 



-69 - 

!be average garmna activity per uni t  radon concentration 

measured in the lungs of raia 1-6 which inhaled radon and its 

daughter products in atmospheric air that had not been cleaned 

was reduced 8.5 times i n  rats 7-9 by f i l t e r ing  the air before 

inserting it into the exposure chamber and 60 times in r a t s  

10-12 by also fsnning theair  t o  further lower the air-borne 

daughter product activity- 

product act ivi ty  measured in the lungs of rats by about 125 

Cohn - e t  al (8) reduced the daughter 

times by using an exI>erfmentdl arrangemnt in which rats w e r e  

expoetd t o  an air-radon mixture which was f i l t e red  of the 

daughter products gust before being inhaled by the rats. 

The results of runs 7-9 in Table 12 were obtained using 

f i l t e r ed  air which was not fanned. Prom the discussion In 

Section 6.3 we should expect that the reported R ~ C '  levels, 

which were measured i n  the chanber proper, were several. tlmes 

higher than the RaCt concentration actually breathed by the rats 

i n  the more confined volume of their  cages and cage holder. 

!be increased retention to  be expected under low dust conditions 

because of the fncreseed mobility of the daughter product8 was 

not detected because of the overestimation of the RaC' level8 

breathed by the rats. !&e independently determined daughter 

product levels in a duuuny cage under f i l t e red  air conditions 

were not used t o  correct the RaCt levels measured from the chamber 

i n  the f i l t e red  air expepbents because 1% was uneeptain to what 

extent the levels would be m e c t e d  by the presence of' the rat 

in the cage, 
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It should a l s o  be noted that when the daughter products 

were not carried on dust particles# they may have been removed 

t o  a significant degree by the nasal passageways before reach- 

ing the lungs. 

par t ly  responsible for  failure t o  detect an increase in the per 

cent deposition in the lungs under low dust conditions. 

Measurement of deposition i n  the nasal passageways was not made 

in the present work. 

Increased nasal deposition may thus have been 

Increased retention under l o w  dust conditions was found 

in a human subject. These results are reported in Section 9. 

Discussion of Table 15. Table 15 gives the results 

obtained with an improved counter. 

atmospheric a i r ,  runs 14 and 15 i n  an atmosphere in which the 

Run 13 was done with "normal 

dust had set t led for sixteen days. 

t ion  of the second rat increased the RaC' concentration consider- 

ably. 

Run 16 was performed under s t i r r ed  air conditions and produced 

results quite similar t o  the previous results under s t i r red  

conditions when filtered a b  had been used, In run 17, adding 

cigarette smoke t o  air whose dust load had been decreased con- 

siderably by sett l ing,  brought the RaC9 concentration up tremen- 

We note that the introduc- 

This higher value was estfmated from a ten  minute sample. 

dously with a corresponding r i s e  of act ivi ty  in the r a t s '  lungs. 

The glycerine-coated glossy paper, which had been placed 

on the walls before run 7, was removed from the walls of the 

chaniber a f t e r  run 17. In run 18, a cannulated dog was connected 

t o  t he  chamber a t  the same time the rat was in the  chamber. The 

results of the dog experiments are reported. i n  the next section. 

In this  experiment, the RaC' concentration reached i ts  highest 

L 
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spherf ir conditions, 81 per cent 

of equflfbrium. Runs 19 and 20 give comparison reaaings between 

a r a t  in a set t led atmosphere and one in a high dust atmosphere. 

The high dust atmosphere was obtained by blowing into the chamber 

finely ground ZnOe with an aerosolizer designed t o  disperse 

material in the solid phase. The powder increaeed the RaC'  in 

the chamber air and fncreaeed the radioactivity of the rats' lungs 

proport f onately e 

7.3.  Exp erfmente with Restrained Rats, 

In the experiments reported t o  t h i s  point, the r a t s  were 

inserted into the chamber in cages. Their heads were often buried 

in their  bodies while they reated i n  the cages and presumbly th i s  

position could affect the amount of act ivi ty  inhaled. 

the r a t e '  position8 i n  fac t  made a difference runs 21 and 22 were 

done by inserting into the elumber two r a t s  stretched out on rat 

boards. 

tBefP bodies w i t h  the i r  nostrils. ' 

most of the run though at t h e e  they did struggle ' to f ree  themselves. 

To eee if 

In this  positfon it was impossible for the rats t o  contact 

The r a t e  were f a i r l y  calm during 

In addition t o  the results given i n  Table 15 decay curves 

for the rats' lungs and the f i l t e r  paper afr sample are  plotted i n  

Fig. 11. The theoretical decay curves calculated on the assumption 

of daughter product equflibrium are compared with the experimental 

points. 

fromthe resuXts obtafned w i t h  prevfous r a t s .  

The resul ts  on the two r a t s  were not significantly different 



Fig. 11. Curve (a] .  Measured decay of gamma act ivi ty  i n  the  lung^ 
of two r a t s  that had been exposed for  several hours i n  an 
atmosphere contafning radon and its daughter products. 
The curve presented i n  conJunetion with the experimental 
data is a theoretical curve fo r  an fnffnite sample of an 
atmosphere containing equilLbrium concentrations of the 
daughter products. 

Curve (b) .  
l i t e r  grab air sample taken during the exposure of the 
r a t s .  
fmental data is a theoretical curve for  a grab sample of 
an atmosphere contafning equilibrium concentrations of 
the daughter products. 

Measured decay of alpha act ivi ty  of a one 

The curve presented i n  conjunction with the exper- 

L 



J I I I I q-2-53 I 
IO  20 36 '(0 56 

~ e c a y  trrne(mm) 
F i g .  11 



-73- 

7.4. Dosages Received by Rats. 

From the radiation hazard viewpoint, the only important 

dosage is from the alpha radiation. 

the  lungs can be obtained provided we know the efficiency of the 

gamma counter fo r  the lung geometry, and the r a t i o  of the alpha 

The t o t a l  alpha dosage t o  

energy t o  the gamaoa radiation emitted fn the lunge. 

The efficiency of the counter wed in puns 1-12 for 

different sample voltmnee and gama energiea wae given in Section 

4.h. 

and are approximately applicable t o  the radiations from the 

radon daughter products. 

59 The results,  which w e m  obtained for the radiations from Fe 

Another way t o  obtain the efficiency of the ganrma counter 

is from the number of gamma photons counted per alpha disintegration 

of a daughter product souroe. 

~f the daughter products removed from the a i r  by millipore filters 

e m  be obtained readily from appropriate calibration experiments 

efnm self-absorption i n  the millipore source is small. Gamma 

counts are made on the mme f i l t e r  paper used for  the alpha measure- 

ment and. the alpha and gamma values are extrapolated t o  the same decay 

t h e .  

gives the efficiency, 

The true alpha disintegration ra te  

The measured yla r a t i o  8s compared t o  the theoretical  r a t io  

The radon daughter product gamma spectrum w a ~  publiahed by 

Evans (28 )  and is presented i n  Table 3.  

qumta per disintegration of R a B  and 1.455 ~amma q W t a  per 

A t o t a l  of 0.823 gamma 
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disintegration sf Ra(T are given off .  

r e t i ca l  ganma decay curves e m  be plotted. 

presented i n  Fig. 3 and 4. 

Using these values, theo- 

These curves are 

sma.11 errors in  using the 7 J a r a t i o  method ar i se  from 

differences i n  the mmgyspectra of the different samples counted 

and departures frcm daughter product equilfbriuxn i n  the saqpled 

aanosphere. 

f a i r l y  eonstan% f o r  a wide variation i n  relative daughter product 

The theoretical, yb ratios for  a grab sample remain 

concentrations. 

ratios; for  instantaneous samples measured a% speclffc decay times 

for  t h e  l i s t ed  i n i t i a l  decay rates. 

We see this i n  Tab& 16, which gives the.y/a 

Table 16. 

Nmkr c9 Gamma Photons Emitted per A l p h a  Partfcle 
f r m  Grab and In f in i t e  Samples of" Nora-Equilibrium 

Daughter Product Atmospheres 

PG 1c 10 2.02 1.91 1.84 1.84 
29 10 6 2.19 2.00 1.89 1.81 

1@ 18 2.90 2.06 1.92 1.76 
13 0 8 2.38 2.23 2.00 1.14 
3s 
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alpha standard. 

2 0 u 2?2 
3 Q ., 326 
4 0 267 
5 0.228 

Avg 0 0.258 
6 (2.246 

Thus the efficiency of Counter 1 may be de%ermin&d by 

two independent methods: 

Method 1. 

Ihe height of the rats'  lungs in  the test tubeswas about 

F'rom Calfbration w i t h  Pe59. 

two centimeters. A solution of Fe598 2.2 em. deep, gave an 

efficiency of 9.7 per cent when the ore standard read 4270. 

Assign an efficiency of 19 per cent for  IXI ore standard 

reading of 4270. 

Method 2. F r o m  yla faa.tios. 

We use the data from runs 1-6. 

Tpme of Tfme of 
RUXI acpm a m e a s .  (m) I epPn g meas.Qm! a SM. Y s a .  

2 6200 88.5- 1302 loo 2080 4780 
1273 87 2100 5000 

62.5 850 101 2100 5000 
53 3 9160 

lo2 2133 5210 
4 7300 

2100 5180 
5 2230 91 
6 2780 80 493 - 97 

We extrapolate the alpha and gamma 8uemurements to tdJ 

extrapolate the gamma counts to a gamma standard of 4270, and 

convert the measured alpha c m t s  per minute to  total disintegra- 

tions per minute, using 4617 elpn = 100 per cent geometry fo r  the 
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The theoretical 7/a ra t io  at  t+ is 2.278. merefore the 

efficiency is 0,258/2.278 = 11.3 per cent. 

The filter paper occupied a volume of 0.5 cc. Measurements 

using the same volumes of Fe59 and 

13 e 6 per cent respectively for the efficiencies. 

gave 12.3 per cent and 

Thw efficiency deterrminations by two independent methods 

agreed fa i r ly  well. 

Counter I1 was calibrated solely by the 7 / a  ra t io  method. 

%e results are given in Table 17. 

f i l t e r  paper i n  the test tube was changed for the measurements 

w i t h  Counter 11. 

the bottom of the tube so it f i l led about 0.5 cc. of the volume. 

An improved amanguwnt was obtained by filling the bottom centi- 

meter of the tube with plaster of paris. 

then compressed against this base, thus occupying a more defined 

volume, 

lungs, the efficiency of the counter for the lungs was approxi- 

mately the sane as f o r  the f i l ter  gaper. 

!he method of holding the 

Previously the f i l ter  paper had been crumpled in 

The filter paper w88 

Since the height was about one-half that occupied by the 

Once the disintegrations per minute in the lungs has been 

determined, the ergs dissipated can be obtained if the average 

alpha energy per gama photon is known. Table 18 gives the alpha 

energy per gama photon endtted from the lungs f o r  different non- 

equilibrium conditions i n  the inhaled air. We Bee from the table 

I 
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Table 17. 

Calibration of Counter I1 from 7/a Counts of Grab Sample 

Sample Effic. for  
7/a decay Theor. Ef f  i c  . Ore Std. I1 

B Ore Std. = loo00 Date counts time 7/a r a t io  

1.74 18.05 9730 18.5 8/1 0.314 108 
8/1 0.385 60 1.84 20.9 9730 2 1 . 5  

1.84 19.3 10400 18.6 9/2 0.354 60 
9/2 0.338 60 1.84 18.4 10400 - 17.7 

Average 19.1 

Table 18 

Ratios of Alpha Energy t o  Gamma Photons Given O f f  
Simultaneously by Inf ini te  Samples of Non- 
Equilibr ium Daughter Product A t  omspher e s 

Relative ac t iv i t ies  of 
daughter products i n  air 
RaA Ra;B RaC 

a Mev/photon 

10 10 10 

20 10 6 

30 10 4 

10 0 0 

4.12 

4.12 

4.18 

6.0 
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t h a t  an assumption of equilibrium w i l l  not lead t o  a serious error 

f o r  the conditions that exist  in practice. 

Actually) the y / a  r a t io  of a grab sample should give 8 

f a i r ly  close estimate of the y / a  r a t io  of an inf ini te  sample, 

i . e .  the lung, and thus give the lung &Osage directly from the 

gamma measurement. 

7/a ra t ios  given in  Table 16 f o r  grab and inf ini te  samples. 

ratios are closest for  a reading of' the instantaneous sample taken 

after a decay time of' sixty minutes and are equal if' equilibrium 

conditions exis t .  

a t  sixty minutes can be used without further correction as the  

y / a  r a t io  of the inf'inite sample a t  zero decay time. 

energy imparted t o  the lunge in erg$ can then be obtained from 

the average alpha energy per alpha disfntegration, which is  7.58 

MeV. , and the  relationship, 1 erg = 1.6 x 

This can be seen if we campare the theoretical 

The 

Thus, the 7fa r a t io  of the instantaneous sample 

The alpha 

MeV. 

If the weights of the ratsP lungs are known, the ergs per 

gram can be obtained. 

lung weight (wet) i n  the rat t o  be 0.43 per cent of" the body 

Stokfnger - e t  a1 (9) found the average 

w e i g h t .  

in Table 19. 

rem fo r  alpha radiation have been used t o  obtain the rem in  the 

lungs of the rats breathing radon and i t s  decay products. 

resul ts  are expressed fn t e r n  of mrem/k per 10-9 cupies/liter 

of RaCq. 

This formula has been used t o  calculate the results 

The relations 93 ergs/- = 1 rep and 20 x rep = 

The 
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Table 19. 

Dosages Received by the Lungs of Rats Breathing 
in an Atmosphere Containing Radon 

Dosage from fahaled radon daughter products, ealculated from 
Activity measured in luge 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

24.1 
23.4 
18.8 
18. F 
15.5 
14.7 
25.2 
24,9 
24,g 
20.2 
19.8 
163 
24.3 
22.8 
22.2 
16.5 
2l.0 
22.4 
22.6 
22,2 

12.7 8.18 2170 ' 

10.9 26.4 5650 
8.07 8,15 aorlo 
7032 6.w 1450 
4.08 5015 136s 
4.06 4.48 '270 
1022 1-41 ic62 
1.69 
1.27 
00272 
0.99 
c0u6 

z 68 13.3 

-7.5 
19.1 
2 0 0  3 

16.9 
7.61 

1.50 
1.32 
0.19 
0.12 
0.14 

34A 
b o 9 7  
1001 

a . 2  
Pol 
10.8 
28.6 

0.17 

Average 
Std. dev. 

171 
5i8 
256 
195 
333 
313 
329 
224 
306 
190, 

'334* 
593 
433 
344* 

28P 
346 

367 
334 
118 

90.5" 

288 

"Qmftted from averaging 

Estimated dosage to lung of rat breathing 10-9 c f l  radon 
from radon gas 2.58 m/hr. 

from daughter products of" radon 
molecules deeayfng fn lung 6-45 MREM/~P. 

- .  . 



If we know the t o t a l  volume of a i r  in  the r a t s '  lungs, we 

can calculate the dosage produced in  the lung by radon gas dis-  

tributed through the lung in  the same concentration as the inspired 

a i r  and by the radon decay products i n  equilibrium with the radon. 

Guyton (33) gives the formula 0.0074 x weight of rat (p.) for  the 

tidal volume of r a t s  (cc. 1. 
six times th i s ,  which is the r a t io  fop humans, we have a rough 

idea of the dosage produced by radon and the daughter products In 

equilibrium with radon. 

daughter product dosage in  Table 19. 

Estimating the t o t a l  lung volume as 

This is compared with the measured 

7.5. Per Cent Retention of the Inhaled Daughter Products by Rats. 

The per cent retention of the daughter products can be 

calculated if the minute volume is known. Guyton (33) reported 

that the average minute volume of sl ight ly  anesthetized rats as 

a function of rat weight was given by the formula: 

Minute volume i n  cc/mfg = 0.65 x weight of rat fn 

The theoretfcal gamna r a t io s  fop an inf in i te  t o  a 

gr-* 

one l i t e r  

grab sample are: 

61.2 v for  grab sample measured a t  O time 

150 v for  grab sample measured a t  60 min. 

where v i s  the minute volume in l i t e r s  per minute. 
I 

Substituting Guytongs formula for  the mfnute volume as a 

function of weight, Y = 0.00065 w t . ,  we get: 

Ixxtinite sample counts (decay = 01 
Inst. sample counts (decay = 60 mila . )  

= 0.0975 x *. 
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on the decay producb given in lpable 20 were m e  €'ran the chamber. 

From the discussion of Section 7.1, we may expect tha t  this was 

appreciably higher than the act ivi ty  i n  the cage for  very low 

dust condftiorus, 

t ion figure only for the daughter products carried primarily on 

atmoqherfe dust, that fe, a figure obtained f o r  rate breathing 

i n  air tha t  was net cleaned, 

the cage, using both s l o w  and grab semplhg, had ac t iv i t ies  

about 15 per cent Power than the ac$fPrfQ;ies i n  the chamber. 

Using thfsr correction figure, we calculate the average retention 

of the daughter products which were camfed on atmospheric dust 

Ds be 9.2 per cent. 

A c c ~ ~ t U n S l y ,  it is possible t o  give a reten- 

F i l t e r  paper samples obtained from 

8.1, Procedure. 

To study the -age of Q;ge radon daughter products t o  the 

lunge of dogs, the %raehea of tPne anesthetized dog w a ~ d  cannulated 

and connected to the chamber thrcmgh 8 reqimtory check valve. 

The dog fnsgfped air f r o m  %he &aniber through the valve whose 

outlet  was connected through a gas meter back to the chamber. !be 

gas meter ww read periodicaUy during the experiment t o  determine 

the expiredminute voltme, 

After it had been connected to the chamber for  about two 

hours, the dog ww disconnected and sacrificed !&e Lobes and 
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trachea were dissected out individually, put into separate t e s t  

tubes, and counted i n  the ~exaco counter (see Section 4.4). In 

all the dog experiments outside air was blown into the chamber 

during the previous night and early morning of the day of the 

experiment. 

several hours before the dog was connected, 

given i n  Table 21. 

&e chember was then sealed and the radon inserted 

Ihe results are 

8.2. Determination of Respiratory Minute Volume. 

Dogs 1, 2, and 4 were connected to the gas meter during 

the entire experiment. 

thus el-ting the respiratory check vahe. 

was measured w i t h  the gas meter at  the beginning of the experiment. 

A t  the end of the experiment its minute  volume w estimated very 

roughly by considering it proportionaP t o  the respiratory rate. 

No meastlpements were made- on t he  respiration of dog 5 .  

Dog 3 was connected directly to the chamber, 

Its minute volume 

The respiratory data on the dogs are given in Table 22. 

The average minute volume was obtained by multiplying each deter- 

mination by a decay factor obtained from the gannna decay c u m  

of the daughters starting i n  equilibrium. 

chosen f r o m  the middle of the measurement period for a given deter- 

mination to the time the dog was disconnected. 

also wei@tedpmportionaIly to the time between the successive 

readfigs of the gas meter. 

The decay time was 

!be readings were 



Table 210 

Results of Dog Experiments 

" .  
I 

Dog No. 
1 2 -- 3 nc 5 

Weight(kg. 1 
Minute volm@ (j/JJd 
a / y  r a t io  a t  t = 60m. 

9 R ~ C '  concentratton CcgX. 10 1 
7 cpm at t = 0 

Lobe A 
Lobe B 
Lobe C 
Lobe D 
Lobe E 
Lobe F 
Lobe M 

Aetfvity of lung 
Trachea 

Lobe weights( gm. 1 
Lobe A 
Lobe B 
Lobe C 
Lobe D 
Lobe E 
Lobe F 
Lobe M 

Wefght of lung 
Trachea - irradiated weight 

13.3 8.35 9.54 9-6 8.48 
3,r. 2.8 1.7 0.35 

15.6 19.1 1g.i 19.7 19.7 
151~2 21.2 21.2 18 18 



Table 22. 

Minute Volume Measurements in Dog Experfmente 

VI1 vi11 V VI I I1 I11 $v 
Time Res Meter Decay Decay R e l .  t i m e  
mfn. m-p ft3 l/mincTime Factor between VI tfmes 

readfigs V I 1  

IX 
Proauct 
of IT, V I  
and V I 1  

18 76.35 1-49 175 
41  10 77.24 1.09 150 
56 78.31 2.05 135 

86 12 81.13 2.k8 105 
71 12 79.81 2.8? 120 
- 
1Q1 lh 82.47 2.52 
116 17 a . 4 5  3.72  
131 x) 86.13 3.16 
146 20 88.07 3.65 
159 22 89.47 3.06 
183 Dog disconnected 

~W 3.33 
15 8 4.25 1.74 

7i 34 9.66 g064 
88 Dog dfscomeeted 

30 io 5.38 2-13 
45 13 6.40 1.92 

0.038 
0.083 
5.076 
0.11 
0 154 
0.219 
0.30 
0,41 
0.55 

0 e 057 
0 0 090 
0.16 
0.31 
a38 
0.55 
1.12 
1.30 
2.01 

0- 26 1 a256 0.445 

s048 1 0.48 0.92 

Average = 2. 8 d / m  

0.36 1 0.356 0.758 

c.69 1.72 -si- k-25 
18 0.23 ~ . 5 6  

54 0,64 8 3 2  
79 0.96 a 3 5  

lorn 0 3 6  

33 0.4 0.32 

Dog No. 3 
~ . t  t = 0, min. vol. = 1.11, respiration =  IS/^ 
Estimated average m%. vsl. = 1.7 

t = 180111 , aog a m s m e c t e a ,  ~ e s p i ~ a t i o n  = 15/m 
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8.3., Correction of Cormtts fo r  Geometry. 

The countfng rates of the lobes were corrected for differ- 

ences in  eountfng efffcience5 caused by the different heights of 

the lobes in  the teet  tubes. The csrrectfon was minfmized by 

locating the lobee at that portion of the counter where the 

variation wfth sample volume was least. Corks were inserted in to  

the t e s t  tuberJ t o  bring the bottom ~ . f  the lahe63 approxim8tely 

2.5 cm. from the bot tm ends of the t e s t  tubee. 

comectfon, a dfsk sou~ce, preparedfrom a f f l t e r  paper sample 

of the daughter products, was counted at variow hefghts i n  a 

sample t e s t  tube f i l l e d  wfth water. 

about 5 per cent. 

To determine the 

The pp89efmum correction waa 

8.4 Sampling of A i r  f w  Daughter Products 

The daughter prsducte were sampled from the chamber next 

t o  the place where the ~ e e p f p a t ~ v  check valve leading t o  the 

dog was connected. AH8 independent experiment was performed t o  

detexmfiae the 1 0 ~ 8  of radioactive ma,terfetl ia; the dead space 

(about 30 cc.) of the vaPve-tracheal carnula system. 

a i r  samples with the water aspbator  were taken. alternately from 

the end of the tracheal c m d a  and d%rectly f ~ o m  the chaniber. 

The sample volumee were abaut 150 ee. FfPst, abaut 208 ee. of 

air from the eahmber was flushed through the cannula. m e r  a 

Several 
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delay of ten seconds t o  sfailate L e  delay between inspirations, 

the 150 cc. f i l t e r  paper sample was drawn. 

experiment are given in Table 23, 

t ion of the sample and i t a  measurement was the same fo r  each 

The results of t h i s  

Sfnce the time between collec- 

sample, no correction for decay IT~E necessary. 

Table 23 

Ektent of Daughter Product Inss i n  !Fubes 
Conneetfnp; Dog t o  Chamber 

: 
Sample Volume Counts for  
No e ml. Counts 120 cc. 

Sample collected through cannula and valve 

2739 . 2055 
2456 1960 

2105 
2150 

2053 
2132 
2088 1990 - Average 2052 

S m l e  collected c- directly f m m  chamber 

6 
7 
0 
9 

118 2208 2246 
1952 1970 
2261 2240 

la9 
121 
I22 2260 2230 

Average 2172 

I he  average act ivi ty  for the air samples drawn directly 

from the chamber w88 6 per cent p a k r  than the average for 

t h e  sample drawn through the cannula. 

ported i n  Table 24 were increased by 6 per cent over the 

!The retention figures re- 

f 1 b U I J  1 ‘ 1  
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measured dues  Qx corneet fo r  this difference. Ming this 

correction an average retention of U per cent w&s found for  

the do@ w i t h  the higher respiratory rates and a retention of 

50 per cent was found for %he dog t21a-t was begby anesthetized. 

Per Cent of Inhdd Daughter mducts  Reui lneC by the Dog. 
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Table 25. 

Dosages Received by tha  Lunge of Dogs Breathfng in  an 
Atmosphere Containing Radon 

RaC ( e/,kog 1 
Lobe A 
Lobe B 
Lobe C 
Lobe D 
Lobe E 
Lobe F 
Lobe M . 

ErglEi/k to lUng 
Trachea 

Lobe A 
lobe B 
Lobe C 
Lobe D 
Lobe E 
Lobe F 
Lobe M 

Trachea 
Average over 

lgd2 
1280 4 
59.8 
151 4 
57.3 
56.0 
144.6 
66.2 
663.7 
12.2 

21.2 
N.6 
34.6 

51.6 
34.8 
118.2 
42.6 
495 0 6 

~ 8 . 2  

85.3 
7549 
72.8 
8s. 6 
70.6 
75.2 
96.2 
78.8 

18 
80.5 
48.0 
114 9 
57.6 
40.7 
153.1 
77.9 
5720 1 
25.6 

66.3 
69.5 
69.0 
95 $0 
108~0 
77.0 
120 0 8 
79.6 

1300 

18 
62.5 
40.6 
74.1 
35.8 
31.5 
70.8 
32.2 
347.5 
2.92 

59.7 
60.6 
44.3 
48.6 
68.5 
42.2 
59.3 
51.1 
167 
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average doserge for the other four doge. 

of dOS€ge on minute volume p0inte -to a diffusfonab process as 

the main mechanism fo r  deposStfon sf the daugRter products. 

%is elf&% dependence 

A n  interesting result is the k rge  dosage of 940 m m /  

w /10"9c / { ~ a e *  ts the trachea, %is is mer ten tines the 

average dosage imparted ta the lo 'be~ of the lung. 

to the trachea was sb=&ine& by assuming =the alpha energy w88 

dissipated in a eyPfnt3rica.l shell, 66 mu th%ek., lZlfs is the 

range in water of alpha paptieles w i t h  the average energy of 

the alpha particles emitted by tihe daughter proZluets %ha% were 

removed from the  W e d  air, The inner dfameter of tkk shell 

was taken as 1 em. and tihe length 

approximately t he  dimensfe~s of" the t r achee  whose! activities 

were measured. 

The dosage 

as 11 emo a e s e  were 
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Fig.  12. Experimental arrangement for hun: 
experiment. 

- 
n inhalation 

The vacuum -pump i n  Fig. l2 operated during the entire run. 

When the subject did not expire through the check valvt, room air 

was drawn through gas meter and inspiratory valve 1 and through 

%he millipore filter, 

elseed and the subjectss air was &awn through the millipore f i l t e r  

by the vacuum pump. The pressure a t  the outlet  end of the respira- 

tQry check valve w w  about -1 cm. HzO beeawe ef t h e  flow of air 

When the subject exhaled, f l u t t e r  valve 1 
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through meter 1. 

t o  insure that  no a i r  would be drawn by the vseuum pump directly 

from the chamber. In a control experfmen%, the outlet of the 

cheek valve t o  the lung was stoppered and the pump was turned 

on for several minutes. 

The chamber was maintained at  about -3 cm. 

Negligible act ivi ty  wa8 measured on 

the f i l t e r  papep. 

The procedure for a 

1. 

w a ~  8 8  follows: 

The outlet  & the respiratory check valve t o  the 

"he preassw ia the cbdeniber wae made sub3ecA was &xppered. 

equal t o  atmospheric preslsure. 

was pinched off. About fif teen liters of air Were drawn from 

the chamber through the millipore f i l t e r  and gas meter 2 by 

the vacuum .pump, 

t o  about -10 em* 

The connection t o  valve 1 

This brought the pressme i n  the chamber down 

2. The chamber p~esswe was brought back t o  -3 cm. A 

new f i l t e r  paper was quickly irserted into the millipore 

'hdder. The Subject then be- bPeathiw from the cha&er* 

H i s  first ten exhalations were bypassea wound the f f l t e r  

paper t o  squilfbrate him w i t h  the chamber. About f i f teen  

exhdatfons were then passed though the millipore f i l ter .  

During the experiment the air in the chamber -8 maintsfned 

at  about -3 cm. 
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3. After the subject had completed breathing, a new 

millipore was inserted and the air sampled again as in 1. 

The act ivi ty  on each millipare f i l t e r  was l e f t  t o  decay 

the same length of time before counting, t o  eliminate the need 

t o  make corrections f o r  decay. 

The volume exhaled by the subject was obtained from 

the difference in the readings between meter 1 a,nd meter 2. 

The zero reading was obtained from the readings of the two 

meters when air was paseed through them i n  series., 

The experimental results were converted t o  counts per 

minute per l i ter;  of a i r  through the millipore f i l t e r .  

between the act ivi ty  of the expired air sample and the sample 

drawn dlrectly f rmthe chamber gave the fraction of the daughter 

The r a t i o  

products that was not retained. 

9.2. Results. 

In the f irst  series of experiments the retention was 

measured using air which had been freshly inserted into the 

chamber fram the outside. 

f i l t e r ed  air was wed, 

I n  the second series of experiments 

The results are given i n  Tables 26 snd 

The average retention of the daughter products in 

air containing normal atmospheric dust was 25 per cent. 

average retention of the daughter products i n  f i l t e r ed  air was 

The 
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Per Cent Retention of Daughter Products Carried on Atmospheric 
Duet fish Humarn Inhalation Experiment 

R u n 1  
1st reading 673 
a a  reading 658 

R u n  2 
1st reading 1065 
2nd reading 1062 

465 
455 

8ll 
882 

Run 3 
1st reading 49.7 37 
2nd reading 49.3 3902 

1040 
1012 

23.8 22 
24.5 21.9 

49.2 25.5 24*7 
47.6 24.7 22 

k t e i c a l  lunga 
1 st reading 49.2 48,9 47.6 
2nd. reading . e .  47.6 48.5 4607 . o *  

R u n 1  
2.92 
2.14 

1 . 3  
14-2 
38.4 
14.2 

- 
11 

* 
0.68 
9.4 
% o n  

i4.4 
16.4 
14,4 

14.4 
18.2 
n%P04 

%e a r t i f i c i a l  lung was a neoprene balloon which W ~ S  enclosed i n  a Jar. 
cheek valve 

Neoprene balloon 
TQ mouth 
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I 

7’5 per cent, ‘The minute Vcplume w a ~  ten liters snd the tidal 

Table 27 

Pep Cent Retention of Daughter F’mducts fn 
Cleaned Afr from Human Inhalation rfIDent 

Elm1 R u n 2  
Sample A ( l i tare)  
Exhaled A i r  (liters 1 
S C U I Q ~ ~  B ( l i t e r s )  8.52 11.38 

m _. 
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the room experiments except when t h e  clham9er 

Bust 

fp was cleaned of 
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after cessation of inhalation. 

w i t h  insoluble particulates, d 

Stokinger - e t  al (34), working 
- -  

a not find m y  s i m f i c u t  removal 

over short periods of time from3 the alveolar regions of rats' lungs 

The retention of the daughter prdlrrcte after a period of 

several home probably varies in different regions of the lung. 

The ci l ia ted regions, which extend davn to the bronchioles, mpry 

remove the dmghters mom readily than the non-ciliated regions. 

However, for  lack of any quantitative infaamatioq it was assumed 

i n  all the calculations that the daughter products remained 

where they had been deposited un t i l  they decayed. 

10. C A U U L A T I O B  OF TBE RADIATION DOSAGE To TEE LUNGS OF MAN 

BREA'IPIIIJG IN AIR CONTAINING RNOH. 

The experimental figure fo r  human retention of the radon 

daughter products obtained in Section 9 was used to calculate 

an average dosage t o  the lung. 

idea of the radiation hazard i f  we could assess the dosages 

imparted t o  the different regions of the lung. These dosages 

depend on the pattern of deposition of the particulate matter 

which carries the daughter products. 

late the dosages to the constituent regions of the lungs for 

several sizes of particles 

l ikely t o  be deposited. 

We should have a more r ea l i s t i c  

We shall attempt to calcu- 

on which the daughter products are 
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10.1. Par%icle Sizes Selected for  Dosage Calculatians. 

In normal atmospheric air, the radon daughter products 

ex is t  largely on nuclei whose diametere vary between 0.004 mu 

and 0.12 mu (24, 39). Ihe size of the nuclei seems to depend 

0n the humidity. These nuclei are produced by epray f r o m  the 

ocean and by canbustion i n  industrial areas. 

tions, have been measured .fm high m 2 5 W / c c  

as low as ~ / c c .  in clean country air (40). 

Their concentra- 

i n  c i ty  air and 

In a mine, when the air is s t i l l ,  we should expect only 

Ihe a small fraction of the daughter products to be on nuclei, 

r e s t  e i ther  exis t  as suspended ma%ter of high mobility or  become 

attached .e;S the w a l l s .  

radon daugh%er products become attached to the dust and pPodUCe 

a spectrum of radioactive dwt0 The radioactivity of each size 

is pmpcaptiorml. to the combined surface area of a l l  the particles 

of that s ize ,  The size frequencies of dusts produced by drilling 

and blasting sandstone are given i n  Table 280 

IEIOwewr, when the air is dusty, the 

The available experfn%nW &-La indicates that f e w  

particles l ess  than 0.2 mu in df-ter are formed i n  mineral dusts 

produced by mechanical disintegration processes (41). 

c oneluded 

liquids can be reduced i n  size by disintegration methods is of 

the order of 0.1 mu. 

Gfbbs (42) 

that the Lowest theoretical size to which solids or 

". 
2bis I M %  is imposed by the operation of 
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Table 28. 

Size Frequency of Particles in  V a r i o i l s  Mineral Dusts 

from H. L. Green, -5 .  Faradav SQC. 32, iwi, (1936) 

Size Group Per cent Frequency 
aim. (mu) Shale Shale 

duriw dri l l ing after blastiw 

.rrp t o  0.2 

0.2 - 0.4 

0.4 - 0.8 
0.8 - 1.2 

1.2 - 1.6 

1.6 - 2 

2 - 2.5 

2.5 - 3 

3 - ' 4  

4 - 5  

5 - 10 

Above 10 

7.6 

13.6 

15.6 

10.6 

9.3 

8.0 

7.6 

7.0 

6.6 

3.6 

3.0 

7.5 

10.0 

10.5 

17.0 

12.5 

19.5 

6.5 

4.0 

10.0 

6.5 

4.6 

4.0 

5.0 

Samples were obtained with the thermal precipitator. 
They were examined with a microscope f i t t e d  with a 2mm 
o i l  immersion apochromatic microscope obgeetive and a 
x3.7 eyepiece giving 150Cdiametera magnification. 

L. 
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cohesional or surface tension forces upon each separate fragment 

of material as it is being formed during the process of disinte- 

gration. 

particles in mine dust was shown to be produced from smoke par- 

ticles derived from explosives used in disrupting the rocks. 

Green (41) reported that the appearace of smaller size 

It is instructive to calculate the dosage imparted to the 

lungs by those radioactive particles which may exist in signifi- 

cant amounts in mine atmospheres (i.e. 0.2 mu to 6 mu diameter) 

and by particles which normally exist in the air. 

a particle with a diffusion coefficient of 16 x 

(approx. 0.06 mu diameter) as typical of the permanent atmospheric 

We shall select 

cm. /set. 2 

'nuclei (435- This size is characteristic of the large Langevin 

ions in the airo 

have been measured on the so-called "intermediate" nuclei originally 

discovered by Pollack (44) which are more mobile. The selection 

of the larger particle size seems Justified, however, in view of 

the discovery by Pollack that the intermediate ions disappear 

presumably to give large ions, in regions of high humidity. 

transformation to the larger size then should occur in the saturated 

atmosphere of the human respiratory tract. In addition, we shall 

calculate dosages from inhaling the daughter products as positive 

ions Cdiffusion coefffcient = 0.03 cm. *'set (45) .J 

Most of the air-borne radioactivity appears to 

The 
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10.2. &view of Published Experfmental Data on Deposition Of 

Particulate Matter in the Humern Respiratory Tract. 

Several extensive fnvestigatione of the deposition of 

particulate matter in the human respiratory tract have been 

reported (46) 

Van Wijk and Patterson (47) carried out experfmen- underground 

in a South African gold &e fa which the rock consfeted 

of quartzite. using an optical microscope, they made a alee 

analysis of dust which waa collected from inhaled and exhaled 

air with the thermal  precipitator, 

with an average minute volume of 17 liters and em we- 

breathing rate of 19. 

~ a m e  of the results are given i n  fig. 13. 

B e y  used three subjects 

Wilson and kbkr (38) used a radioactive monodisperse 

aerosol of" particles eonsfsting of' eq- 'csofumes of water and 

glycerol and a smerll amount of H a c 1  contafgfng a.  trace of Na24, 

to obtain retention data as a function of the breatbing rate for 

seven human subjecte. The W e d  atad exhaha sfr were analyzed 

for radioactivity and the retention vaa dbulated from the 

difference, In addition, Wilson an8 LBMer counted fhsJ $mna 

activity in the lungs by placing a (pa tub a r e e t l y  agaSnk!t tbe 

chest. They used ea exgerlmnte3, a;praagemeat which they 'believe8 

gave them aa5nl.y alveolar eoullta, mey foUna a maxfwMi a1veo;tat. 

retention for p8rtfcl.e dfarneters batwe8n 0.7 mu a d  1.7 mu. 
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I I 1 I I I I I I I 

1 I /  I I I I I - ? I  I I 
3 2 

p4r&/e s,Ah: 
I 

Landahl e t  al(49) -mouth breathi 

3a I I I I I I I , I , I t  

=b  Pd3rclL s%& = =* 
Wilson and LaMer( 38) -mouth breathing. 
data of Van WiJk and Patterson(47) for  nose breathing. 

Dotted curve gives 

Fig. 13. Published curves of percent retention of dust par t ic les  
by human subjects as a function of par t ic le  diameter i n  
microns. R=respfrations/min. TV=tidal volume. 
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They presented arguments which indicated that the maximmi 

alveolar retention w a s  of the order of 45 per cent of the 

inhaled aerosol. 

Hatch - e t  al (48) measured the retention of china clay 

dust, density 2.6, as a function of particle size.  

range was from 0.2 mu 

close agreement with that of Wilson and LaMer, i n  spite of the 

difference in density of the material used. 

the exhaled a i r  i n  fractions and classified the t o t a l  retention 

into alveolar and upper respiratory fractions. 

alveolar retention was f o r  particles w i t h  diameters a l i t t l e  

!be size  

to 5 mu. ?heir results were in  fairly 

They collected 

The maxlmwn 

larger than one micron. 

Landahl e t  a1 (49) carried out experiments w i t h  aerosols 

of homogeneous droplets of triphenyl phosphate f o r  several par t ic le  

sizes.  Data w a s  obtained fo r  twenty-four subjects, employing 

several different 'breathing patterns 

found a t  0.5 mu diameter. 

was found a t  0.25 mu diameter for 8 1350 c e .  ti&alvoluJne. 

A minimum retention was 

A n  average retention of 41 per cent 

10.3. Deposition of Particulate Matter i n  the Human Respiratorg 

Tract - Theoretical. 

Calculations of the deposition i n  the lunge of particlee 

with diameters between 0.2 mu and 6 mu were made by Lanaahl ( 5 0 ) .  

He used a model of the respiratory tract; patterned after one 
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original ly  proposed by Findeisren (53.9 

model are given in Table A.1 of the appendix. 

the t ree  passes t h o u g h  eeveral different regions; fn  succession. 

Each region consists of a number of identical  tubes which branch 

i n  turn into another set of identical tubes which comprise the 

next region. 

by settling t o  the bottom of the tu& under %he fnfbuence of 

gravity, by dfffusirg t3 the sidm of" t h e  tube 8s 63. result of 

their Brmim movement, and by impacting against the w a l k 3  of 

bends i n  the tube because of their iner t ia .  In aecountfng for 

the total per cent retained, impaction is of fmportance f o r  

the particles w i t h  diameters larger than 3 mu2 dfffuaion and 

sedimentation for gmtfc lea  between 0,2 mu end 1 mu, and diffu- 

sion is the m ~ t  hpsrtant removal. proceas for the s m a l l e s t  

particles 

The dimemions of the 

Air inhaled fnto 

I 

&e particles a r e  removed f r o m  +&e air stream 

The smPles5 particle size considered by h d a h k  was 

0.2 mu. me results are given in Table 2gC 

B e  theoretical. tmaXpfs cf the deposition of p r t i c u -  

bate matter WEAS extend& i n  -ME investigation $0 fnclude calcu- 

lations of %he deposition 0f partfc1es0,66 rn i n  i99amter and of 

posftfve ions, since most cf the air-borne daughter product 

act ivi ty  is carried on panicles between -%hem extreme sizes. 

The only importan% process fer  the remmI. cf these particles is 
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Table 29. 

Per Cent Deposition of Inhaled Particles in the Constituent 
Regfans of the Human Respiratory Tract 

Tidal volume = 450 cc. 
Minute volume = 6.751/m 

part ly  from H. D. Landahl, Bull. Math. Biophys, - 12, 43 (1950) 

Region Diameter 
Sub-micr@ecopic 

6~ 2u 0.6~ 0 . a  ~16x10-6 D=o.03 
1. Mouth 0 0  0 0 0.0ri' 5.2 
2. Pharynx 0 0  0 0 0.013 2.6 
3. Trachea 1 0  0 0 0 033 6.0 
4. Prim. Bronchi 2 0 0 0 0.033 4.8 

6 .  Ter. B. 9 0  0 0 0.23 17.4 
5 .  Sec. B. 4 0  0 0 0 * 075 8.5 

7. Quart. B. 7 1  0 0 0.43 19.8 
8. Terminal B. 19 4 2 2 6.4 22 .a6 
9. Resp. B. 11 4 2 2 6 
10. A1v.  Ducts I 25 16 5 6 16.4 
11. A l v .  Ducts I1 5 28 10 9 15.3 - 0 

87 
- 12. Alv. Sacs 5 0 -  0 

51 19 19 45 

aDiffusion coefficient (cm 2/sec 

bDiffusion coeff icfent of positive ions. 

of atmospheric condensation 
nuclei. 
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diffusion. 

deposition by diffusion of the particles flowing in a cylindrical 

tube derived by eOrmley (52) 

Appendix 2. 'fbe value of the diffusion coefficient of the atmos- 

pheric nuclei is that  measured by 30- (43) fo r  the condensation 

nuclei in atmospheric air stored f o r  1,7 hours. 

The bsais of the calculations is an equationfhkthe 

A sample calculation is given in 

The effect  of 

mlxiag AS neglected i n  the calculations. Mixing increases the 

nrrmber o f  pwt ic les  removed from the air streara. 
I 

Variables i n  addition t o  particle size which affect 

deposition iQ the human respiratory t r ac t  are par t ic le  density, 

depth of breathing, rate of breathing, and factors which may 

enter  t o  change the particle as it passes through the t rac t .  

Hygroscopic particles are l$kd.y to increase appreciably in size 

as they enter the saturated atmsphere of the: respiratory tract. 

- 

The calcuhtions are made f o r  a 450 ec. tidal volume and a 

4 second respiratory cycle. 

'ihe cycle i s  divided i n t o  the followiog fractfons: 3/8-inspiratj,on, 

1/8 pause, 3/8 expiration, &/8 pause. 

This gives 15  bresths per minute. 

Landahlrs results apply 

to particles of un i t  density. 

of different density f If they are b r g e r  than one micron i n  
' 6  

diameter by assigning them an equivalent diameter equal to fl. 

They may be extended to particles 
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10.4. Ccmpar iaon of Theoretical and Ek'perimentd Results. 

'fhe atrailable experfmental data agrees fairly well vlth 

the theoretical cabeulatiorw down to 0,2 mu (49) 

mental data i~ meager belaw 0.2 mu beceause of the dff f fcaty  of 

!5e experi- 

determining smsller partiele sfzee, 

It is difficult to cormpare exprinmn%dL values of the 

tigation vith theoretical calsuJ.atfoms beesuse of =the uncer4;ainQ 

of the value of the d i ~ l o n  coefficient for the sir-borne 

radioactivity. 

used to obtain the results in Table 

for atmospheric condensation nuclei reported by bhn. 

also reported %9.6 x IOe6 for nuclei whfcb had been stored for 

2 hours and I) = 2 0 8  x IOm6 for afr t3PAPsedl 39 hours Even if we 

!be dfffueion coefficient of 16 x Ue6 cm 2/sec 

is the Parges% value 

Nolan 

uae the smallest value of tihe diffusion coefficient gimn by 

Nolan, we still c a l c u b t e  a .&epcmitroa? sf about 60 pep cent for 

the breathing pattern employed by the human stabJec$ in Section 9, 

as compared t o  the meaaared d u e  of 25 per cent. 'Be eqlana- 

tion of this difference n u t  await mther mvestfgatfsn of %he 

suitability of the i d e a z e d  model of the re~pfra%~ngr tract and 

the real nature of the air-borne carriers of the daughter products. 
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Although the model may not give the t o t a l  retention correctly, 

it should be more successful i n  giving relative dosages t o  the 

different sized bronchial tubes 19 the lung. 

of the Respiratory Tract. 

Dosages t o  the comtltuent regions of the respiratory 

t r a c t  were calculated fran tbe average alpha-psrticle energy 

expended per gram i n  cylindrical shells whose inner diameters 

equal the inner diameters of the passageways i n  the t r ac t  and 

whose thicknesses equal the range in water of alpha-particles 

with the average energy of the alpha particles absorbed i n  the 

t issue.  

the respiratory t r ac t  for  the following two cases: 

Table 30 gives the rem in  the different regions of 

a) inhaling a radon concentration of 10-9 curies per 

l i t e r  and assuming radon is fn equilibrium with its daughter 

products i n  the respiratory t r ac t .  

b) inhaling an equilibrium RaA-RaB-RaC-C I concentra- 

t ion of lo-' curies per l i t e r .  The dosages were calculated 

for  the carrier-particle sizes and deposition data given i n  

Table 9. 

The dosages apply only t o  the breathing pattern given 

i n  T a b l e s .  

in  the calculations, the per cent depoeftlon of inhaled par t ic les  

is much higher, but the increaaad depcmition is a l l  5n the 

For breathing that is deeper than that assumed 
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alveolar region. 

absorb the alpha energy i n  the alveolar region, the resulting 

dosage to alveolar tissue I s  s t i l l  relatively smaU. 

increased deposition a t  deeper breathing is probably not very 

significant from a health physics viewpoint. 

Became of the large volume that is available to 

lhus, the 

If the breathing rate  is doubled, but the depth of 

breathing remains the same, the per cent deposition per respiratory 

cycle w i l l  decrease because of the shorter t i m e  spent by the 

Brownian particles i n  any particular region. 

for  a flow rate of 600 cc /see 

deposition of 32 per cent compared t o  a deposition of 45 per cent 

for  the minute volume of 6.75 a i m .  

Calculations made 

(&!in, vol. = 13.5 &xn ) give a 

!he most striking result of the calculations is the varia- 

tion i n  dosages imparted to  the different regions of the respira- 

tory t r ac t .  Table 31 gives -&e ra t io  of the maximum regional dosage 

for  a given particle size 'to the dosage averaged over the whole 

lung. 

deposited, that  is, between 2 mu and 0.03 mup the ra t io  varies 

between 5 and 16 times the average dosage. B e  maximum doaage is 

320 times the average for  positive ions and 670 timea the average 

for  6 mu particles.  

For the particles on which almost a l l  the radioactivity is 

Tm dosages a t  the branch points in  the respiratory tract 

were not considered. DO6ageB a t  these regions could conceivably be 

many times higher than the average dosages t o  the other regions of 

the t ract .  
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The model used i n  the calculations presented in th i s  

section was based on mouth breathing. Deposition in the nasal 

passages is negligible except f o r  the largest particles and fm 

the positive ions, which should generally account f o r  only a 

small fraction of the daughter product activity. 

culated lung dosages are equally valid f o r  nasal breathing and 

mouth breathing when the daughter products are carried on nuclei 

normally present i n  the a i r ,  

when the daughter products may exist  t o  a large extent as high- 

ly mobile ions or  molecular aggregates in the a i r ,  These may 

be deposited t o  a significant degree in the nasal passageways. 

However, the writer does not have enough information at  the 

present t i m e  t o  assess the r o l e  of the nasal passageways ip 

protecting the r e s t  of the respiratory t r ee  when the  daughter 

products are inhaled in very low dust atmospheres. 

Thus the cal- 

Instances are conceivable, however, 



-111- 

Table 31. 

Ratio of Maximum Local Dosage to Average Dosage in 
the Lung for Different Sized Particles 

Max. Dose Region of 
Avg, Dose Max. Dose 

Diameter 
mu 

6 670 Quart. Br. 

2 

0.6 

0.2 

~=16fio' 6& 

BO. 03b 

Radon' 

16 

5 

5 

8 

320 

27 

Quart. Br. 

Resp. Br. 

Resp. Br. 

Ter. Br. 

Sec. Br. 

Trachea 

aDiffusion coefficient for atmospheric condensation nuclei. 

bDiffusion coefficient for positive ions. 

Dosage from radon and daughter products of radon molecules 
decaying in lung. 
C 



11. D I S m O N  OF RADIOACTIVITY IN AIR COlTCAINIEJG RATION. 

F r a  the results given in Table 31, it is seen that the 

dosages imparted to the different regions of the respiratory 

tract depend on the nature of the carriers of the air-borne 

dau&ter products. 

cent deposition occur when the daughter products are inhaled as 

they were originally formd, that is, 88 positive ions. 

dosages are to the upper regions of the respiratory tract. 

When the daughter products lose their mobility by becoming 

attached to the submicroscopic condensation nuclei normally 

present in the air, they are carried much farther into the respira- 

tory tree before diffusing to the walls. 

released by the daughter products when they are carried on the 

condensation nuclei is absorbed in the alveolar regions. 

the surface to volume ratios of these regions axe very large, 

the alpha dosages produced by the deposited daughter products are 

the least in the respiratory tract. 

B e  greatest local dosages for a given per 

'fhese 

Most of the alpha energy 

Because 

U.1. Combination of h a t e r  Products with Atmospheric Nuclei. 

About 90 per cent of the daughter products are positive 
1 

ions at the end of the recoil which accompanies their formation (13). 

The fate of positive ions in the atmosphere has been studied 

extensively (52-56). 

with negative small ions, by affixing to particulate matter in 

These smal l  ions disappear by recombination 
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the air, and, if radioactive, by decaying. 

rate of formation equals the rate of disappearance and we can write 

At eguilibriam the 

W l  = ~Pl+)\lONO~l’ 212 N2D) +hp1 
nl = concentrbtion of +small fone 

n2 = concentration of.- small ions 

No = concentration of uncharged condensation nuclei 

N2 = concentration of - charged condensation nuclei 
Ab= decay constant for the radioactive ions 

If we neglect the role of charge in the deposition of the 

daughter products we can write for their disappearance 

pn =r\Nn+ Xln 

n =  

2 =  
m =  

concentration of daughter products existing as free 
molecules 
combination coefficient for condensation nuclei 
concentration of condensation nuclei 

!bus we can calculate the ratio between daughter products 

which have and which have not combined w i t h  the atmospheric 

nuclei. Some published values of the concentrations of these 

nuclei are (40) : 

50/cc for country air 
~OOO/CC for city air 

1 m / c c  for city air 

1 is of the rder of 
A =  38 x I d ,  4.3 x 

cm 3/sec. (54 i  
and 5.9 x 10’ sec.” for RaA, RaB 

and RaC-C’ respectively. 

c 
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For 50 nuclei/ce. the fraction of uncombined da-ter 

products w i l l  be 

38/38 4 5 
(4.3/4.8) x 0.9 or 0.89 for  
(5.9/6.5) x 0,89 or 0.81 for  W - C '  

or  0.99 for  RaA 

For 5000 nuclei/ce the fraction of uncombined daughter 

products will be 

38/88 o r  o .43 for R ~ B  
(4.3/54,3) x 0.43 or 0.08 for  RaB 
(5.9/55.9) x 0.08 or  0.08 fo r  RaC-C' 

r o r  1OOOOO guclef/@@. a negligible number of the dauter 

product molecules remain uncombined. 

The proportion of the uncombined atoms that became de- 

posited on t h e  walls of the enclosure containing the radon is 

a function of the diffusion coefficient of t he  daughter produuts, - 
the circulation of the air in the enclosure, and t h e  ra t io  of the 

surface area of the enclosure -& the volume of gas w i t h i n  it. 

* 

11.2. FkmovaJ of Daughter Products by Surfaces. 

We reca l l  -that taming a fan on w i t h  a l o w  dust atmosghert 

in the chamber decreased the measured daughter product activity 

f n  the air by an order of magnitude (see Fig. l0) 

air raised the concentrations of the daughter products next t0 

the w a l l s  and increased the efficiency of the WBUs i n  r e m a  

them. 

s t i r r ing  is BO effective that the daughter product concentrations 

Stirring the 

We msy consider what happene i n  the extreme case when 
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are alway~ uniform throughout the chamber. 

we calculate the number of csPfisfom/cm 2/,ec 

against the w a l b  of their  conhiner equal &/4 where N is the 

number of atoms/cm and u. is their veboci%y, The mean 

velocity of the daughter product a$gmar i a  about 

4 1.5 x 10 em /see 

4000~ and since there are a p p r o x m t e u  l$crn,2 of s d a c e  tn 

the chamber, the number hitting the waUs per second f e  

4 x 10%. 

and the volume of *e ember 

the disappearance of the daughter products f r o m  the chamber 

FYom kinetic theory 

by gas atoms 

Thus, the nunher h i t t i ng  per second fe 

Since the decay constant for IWA is 0.004 eec," 

2 x d e m 9  we can write for 

A fanning experiment w w  ~ e r " f o m d  &%er creating a 

high dust load in the chamber w&+& a 

air under these conditions decreased the daughter pmduet con- 

centra%fon i n  the chamber by only 28 pep cent, Apparently the 

daughter product6 were deposited ~n dust par t icks  before gettias 

t o  the w a l l s .  

fanning, the dustpar%ie%es were removed f r o m  %he chsniber 

relatively slowly 

aer0~0L Fanning the 

B e y  remained in the chmber because, even w i t h  

! 
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To obtain M e r  infomation on the s t a t e  of the air- 

borne daughter products, cascade impactor sanples were taken of 

the air i n  the chamber. 

directed against four microscope slides i n  succession at in- 

creasing velocities and particles of successively smaller s ize  

are deposited on t h e  slides. 

a millipore filter which removes the remainder of the particulate 

matter i n  the air, 

A i r  drawn through the impactor is  

AL1 t he  air is then drawn through 

One sample was taken of air that had been i n  the chamber 

f o r  eight days and thus had a fairly l o w  dust load. 

sample was taken, a NaCl aerosol was inserted into the chamber. 

When radioactive equilibrium was attained, a second cascade 

impactor sample was taken. 

After the 

Ihe results are given in Table 32. 

Table 32, 

Radioactivity Deposited on the Stages of the Cascade 
Impactor by A i r  Sampled from the Exposure Chamber 

Meas-wed act ivfty 
Stage Stage Stage Stage Ff l te r  

1 2 3 4 Paper 
a) Low dust afr 486 694 558 408 6819 
b) H i g h  dust a i r  6 37 350 6850 47300 

Stage calibration: Median size ~f deposited particles 

13.lmu 5.4m 2.85mu 1.%u ----- 
~ _ _ ~  

Volumes of samples (a)  and (b) were apprcccfnately equal. 

i 
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We see that most of the act ivi ty  was) measured on t he  

f i l t e r  paper. %is is to be expected since the slides do not 

remove many particles smaller than 1.9 mu. 

higher act ivi ty  was measured on the first stages when the low 

dust air was sampled than when the air contafned the added 

However, a relatively 

aerosol. 

mobile form i n  the air w i t h  the lQmr dust load they were de- 

Because the daughter products existed i n  a mort 

posited on the slides t o  a greater extent, These results point 

out that a given daughter produet level is much more hazardous 

i n  a f i l t e r ed  -than i n  an uncleaned atmosphere s h c e  a signifi- 

cant nuniber of the daughter products suspended i n  f i l t e red  air 

are removed i n  the anterior regioas of the respiratory t r a c t  

where high dosages can be produced from the deposition of a 

very small percentage of the fnhaled radioactivity. 

12. SUMMARY AM) c o m u s I o ~ .  
Well-type gaxm counters of high efficfeneywere used 

t o  111cs~tn-e the radioactivity of t h e  hngs remove& from rats and 

dogs exposed to a i r  containing known concentrations of radon 

and i ts  daughter products. 

was used t o  hold the radon atmosphere. 

ing between 1 9  and 250 grams, were inserted direct ly  into the 

chamber. 

by tracheal c a ~ u l a e .  

A two thousand liter exposure chmber 

The rats, a l l  males weigh- 

B e  tracheae of the dogs were connected to the chamber 
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Measurements were made of the retention of the daughter 

products breathed from the chamber by a human subject. A special 

technique was devised for  san~ling the expired a i r  of the subject 

with a miIllpore filter. 

12.1. Results and Conclusions from Expe riments w i t h  the Rat. 

1. I h e  average gamma act ivi ty  measured i n  the lungs of 

rats which had inhaled radon and i ts  daughter products i n  atmos- 

pheric air that had not been cleaned was reduced 8.5 tfnes i n  

further rat experiments by f i l t e r ing  the air before inserting it 

into the exposure chamber and 60 times by fanning the air i n  

addition t o  f i l t e r ing  it. 

2. a t e  gamm act ivi ty  of the lungs was approximately 

proportional to the alpha or  gamma act ivi ty  of a millipore f i l ter  

paper which had removed the daughter products from a small known 

quantity of chamber air. 

3 .  The ra t io  of lung act ivi ty  t o  f i l t e r  paper act ivi ty  

was  not significantly different for  exposures using radon mixed 

w i t h  the following chamber aitmQspheres: (9) air inserted into the 

chamber from the out-of-doors a f e w  houm before the animal expo- 

sure; (b) air confined in the camber fo r  several days before the 

exposure; (c) f i l tered air; (d) air t o  which cigarette smoke or a 

fine Zn02 dust had been added. 

lung ac t iv i ty  t o  RaC9 concentration was probably only coincidental 

However, the proportionality of 
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fo r  the lower dust loads. The RaC' concentration was measured 

i n  the chamber proper and iqdependcnt experiments showed that a t  

very low dust loads, the RaC' concentration i n  a dummy cage wa8 

much smaller t h a n  the concentration i n  the chamber. 

4. '&e ra t io  of the a c t i v i t y  i n  the ~ u n g s  t o  act ivi ty  

on the f i l t e r  paper was the same for rats inserted into the 

chamber i n  

dam to rat boards. 

cages as for  rats imerted into the chamber t ied 

!he rats in the cages were usually quiet 

during the exposure. The rats t ied down to  the rat boards strug- 

gled to free thunsclves much of t h e  time they were i n  the chamber. 

Since the gama act ivi ty  of the lungs is proportional 5 .  

t0 the dosage imparted to the lungs by the radon daughter products, 

the experiments demonstrated that t he  f i l t e rab le  ac t iv i ty  in the 

a i r  may be used as an index of the dosage imparted by the radon 

daughter products to the lungs of rats breathing i n  air contain- 

ing radon. This conclusion ahodd a lso  apply t o  the dosage im- 

parted t o  the lungs of humam breathing i n  air contafiing radon. 

If measurements of the radon in the air are also available, the 

calculated dosage from radon i n  equilibriumwith its daughter 

products i n  the lung may be added t o  the dosage obtained by the 

filter paper method. 

is generally negligible canpared t o  the dosage from inhaling the 

daughter products 

However, the dosage from inhaling the radon 
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6. The average bughter product dosage t o  the rat's 

lungs, extrapolated to a rat breathing loou c/1 radon i n  &pi- 

librium with i t s  daughter products was 0.17 mrep/hr ( 3 . 3  mrem/hr ). 

This was f ive times higher than the dosage measured i n  dogs and 

calculated for humans. 'Ihe higher dosage t o  the r a t  should be 

taken into account i n  applyfng the results of chronic and acute 

exposures of ra ts  to radon t o  an evaluation of the hazard to 

humans 

1 2 . 2 .  Results and Conclusfons from Experiments with 

the Do& 

1. The total radioactivity measured i n  the lungs of dogs, 

connected to the radon exposure chamber through tracheal cannulae, 

did not depend very strongly on the respiratory minute volumes of 

the dogs. 

2. The average daughter product dosage t o  the lungs of 

anesthetized dog6, extrapolated to a dog breathing losn c/l 

radon i n  equilibrium w i t h  its dauqZhter products w89 0 .Ob1 mrep/hr. 

(0.82 mrem/hr 1. 

3 .  The calculated dosage to the trachea from measurements 

of its radfoactivitywas ten times the average dosage t o  the lung. 

I 
1 
I 

i 
I 

i 
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12.3. Results and Conclusions from Experimental and 

Theoretical Study of Human Expo sure ,to Radon. 

1. A human subdeet breathing from a chamber conhi- 

uncleaned atslospheric air mhed with radon retafned 25 per cent 

of the inhaled daughter pmduct actfvity.  

atmosphere of radon mixed w i t h  ffl tered air, he retsfned 75 per 

cent of the inhaled daughter product activity.  

and tidal volume were about 10 liters and 1 . 3  l f te rs ,  

respectively. 

When breathing from &n 

His mfiute volume 

2. The average dosage to the lungs produced by retaining 

25 per cent of the inhaled RaA, RaB, and RaC-Co in equilibrium 

w i t h  loon c / 1  radon is 0.033 m r e p b  (0.66 mrem/hr asetrmihg 

a lung weight of one kilogram. 

produced by the inhaled radon and the daughter produete of the 

radon molecules h c a s n g  i n  efie lungs is 0.0013 mrep/hr (0.026 

mrem/hr ), 

3. 

Ihe average dosage to the lungs 

Much larger dosages w e  ce,lsuUted for  local regions 

The msxfrmnm dosage from inhaled daughter products in the lung. 

carried on typical a.tmoepheric nuc~ei (0.06 mu aemeter) ir3 

imparted to the t e r t i a r y  bronchioles in Pfndeisents ldeelitbd 

model of the lung (see Table A.1, Appendix 2). This &sage is 

6 mrem./hr, When the daughter produets exist fn a mope mobile 

fonn, as i n  filtered atanoaphexw, the upper respiratory t raot  

receives a much larger re lat ive dosee than when t h e  bu@%er 
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products are carried on atmospheric nuclei. 

%e trachea gets the maxfmMl dosage of 0.7 mrem/hr from 

the alpha particles emitted by the inhaled radon and the daughter 

products of the radon molecules decaying in the lung. 

These values may be compared wlth the radiation tolerance 

h e  for continuous exposure of human tissue of 1.8 mrem/hr 

used by the Subcolllmfttee on Permfssible Internal Dose of t h e  

Mational Committee on Radfatfon Protection to calculate tolerance 

levels for internal emitters. The l e v e l  of 10-11 c/l radon in 

equilibrium with its  daughter products has been recommended by 

the Subcommittee as the maximum permissible concentration level 

for continuous exposure. 

12.4. Results and Conclusions from sampling Studies. 

1. A grab sampling procedure fo r  determining the sir-borne 

daughter product concentration, u i n g  an AA millipore filter to 

remove the daughter products from the air, was simple and. 

reproducible. 

2. Ihe  resulte of slow sampling, in which a liter of air wae 

drawn through the miufpom fibter in ten mfnutee w l t h  8 wster- 

displacement aspirator, indicated that this metho& c o d a  be 

developed to give an indication of the mobility of the daughter 

products in the air, when coilnpared to tbe results of a grab 

sample of an em81 volums of air. 
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3. Calculations show that 

inhaling the daughter products 

is very nearly proportional to 

a f t e r  the act ivi ty  has decayed 

the dosage t o  the lungs from 

over an extended period of time 

the act ivi ty  of a grab air sample 

for  about an hour, all other con- 

ditions being e@. It is not necessary t o  obtain the relative 

proportions of RaA, RaB, and RaC-C* in the inspired air. 

12.5, Recommendations for Future Research. 

F’uture animal experiments should be planned t o  study the 

pattern of deposition in tihe 1-6 as w e l l  as the t o t a l  deposition. 

Activity measuremen’ta should be made on those larger passageways 

which can be dissected out of tihe lung. The longer-lived - .  thoron 

daughter products could-be used t o  obtain radioautographs of 

the deposited activity.  B e y  would be especially useful in  

studying deposition st the branch points i n  the lung. 

The question of initial deposition versus retention Over 

several hour6 should 00 be studied. 

t o  sample tbe expired air of human subgects wfth miUpore 

paper could be used to measure the initial deposition of the 

daughter products in exgerimental animalso 

pared w i t h  the radiomtivlty of a e  lung a f t e r  it had inhaled 

The qparadws designed 

This could be com- 

the daughter products fo r  a long period of time. Tne biological 

half-l ife of the daughter products could also be 0btaine.d by mea- 

suring the tfme f o r  equilibrium between deposition and decay of 
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the daughter products fn the lungs of experfmental animals, e.g. 

dogs. Ihe measurement could be made by placing 8 GM tube 

against the chest of the animal. 

time to reach radioactive equilibrium w i t h  the theoretical t h e  

t o  reach equilibrium i f  the daughter products were not renoved 

from the lungs would give the biological half-life. 

A conprison of" the measured 

One could profitably accompany such studies with sdditional 

investigations of the general nature and efficiency of daughter 

product deposition on particles and surfaces. 

i n  affecting depoeition of the daughter products should be 

studied since the Patio of charged to uncharged daughter atom 

depends on the €0- ionfaation fn the air, and therefore on 

the padon concentration. 

tubes, possibly i n  v i t r o  experimentg on human bronchial tubes, 

would yield particularly usefPnl inf"omtion, since the dosages 

t o  the larger bronchial tubes may be the c r i t i c a l  dosages in 

radon exposure. 

%e role  of charge 

Measurements of deposftion in moist 

-- 

All these studies should be made wing both daughter pro- 

ducts which are carried on normal atmospheric dust and air-borne 

daughters which are suspended in cleaned air. fi the f i r s t  case, 

the daughter products should be deposited largely in the alveolar 

regions, while i n  the l a t t e r  ewe,  because of their  higher mobility, 

they should be deposited to  a considerable extent i n  the upper 

regions of the r e s p i r a t ~ r y  t rac t .  
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In the final analysis one must resort to cl inical  

experience to  definitely establish hazardous radon concentrations 

i n  the air. It seems advisable, on the basis of the calculations 

which have been presented, t o  pay special attention to the 

larger bronchialpassageways for evidence of chronic i r r i t a t ion  

f r o m  radon and radon daughter product exposure. 

!be daughter products were investigated primarily in 

connection w i t h  their  hazard in uranium mining. 

investigation has demonstrated.that they also provide 8 

means of tagging aerosols. 

they can be an extmnely usef'ul tool i n  the investigation of 

problems in pulmonary physiology. 

However, the 

It i a  obvious that used as tracers, 

i 

i 
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DEFCWATIOR OF EQUATIQM FOR DETERMIHATION OF ALPHA PARTICLE 
SEU-ABSOR€'TION 3 3  KfILbpBRE AIR SAMPLES 

The equation for  the alpha particles emitted from the source 

of Fig. A - 1  lass been derfved by Bmey  and Evan0 (57 ) as 

2 = a l p b  particles emitted/cm, 
B = a l p b  disintee;Patiom/ee 
R = mean range of alpha particles [ab-em) 
UR = Pan$e fn BOUT@€? (cm,9 
ut = thickness sf source (em) 
t = thickness of source (air-em) 
ag = thickness of" absorber (em) 

a i / q  = thickness of' absorber (air-em) 

Meaeurement 2. Activity measured after 
sample covered with mused millipore f i l ter  . 
Meermrement 3. Activity rneesewed when 
Hlfllipme placed in 6ounter upside dawn. 

Fig'. A-1 .  Alpha particle 8ouree and abcasrbere. 
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n l  = Hut m-t ) 
T R 

Measurement 1. 

n2 = Nut ( 2(Ria)- t ) 
T 

Measurement 2. 

Measurement 3. n3 = Nut (2(R-a+t)- t ] 
4 R 

= 2R-t Fraction transmitted = nl - 
ZR I E r  - 

2 

n3 - n2= 2 E  
R 

K4ut 
4 

t =  where Y = * 3 - %  
l+s a, - 

A 

Fraction transmitted = 2R - 
l+x 

2R 

. .  ’* 

In this derivation it has been assumed that the radioactivity 

is deposited uniformly in the filter paper. 

is very earall, the neglect of the true pattern of deposition wiU onlg 

affect the calculation of the transmission through the paper slightly. 

If the concentration of radioactivity decreases from the surface of 

the filter paper down, the asimption of uniform deposition will 

underestimate the transmission through the paper. 

Since the self-absorption 
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- 
mm1x 2. 

CALCULATION OF D O W S  TO !J!HB RESPIRATORY TRACT FRclM DEPOSITION 
OF RADON DAUGETER PRODUCTS 

The equation giving the fraction of particles removed by 

diffusion t o  the walls from an air stream flowing through a tube i6.(52): 

-1l4h 
fa = i-o.81ge -7 314h-~. 0975e '44*6h-~.~325e -. . . h)0.0156 

fa  = 4.0n 2/3 -2.4h-0.446h 4/3 

2 h = D T  D = diffusion coefficient i n  cm /sec 
2 

volume of tube (cc 
'= f l o w  r a t e  through lube (cc/sec) 

r = radius of tube (a) 

h<O .0156 

Laminar flow is assumed. A plot of fa v a h  is  given in  

Fig. A.2. 

To obtain the deposition in  a given tube of the respiratory 

t r ac t  during one respiratory cycle: 

1. Calculate the deposition from inhaled air which flows completely 

through the tube. 

2. Calculate the deposition from air which cmes t o  r e s t  i n  the 

tube. 

i 



I 

1 1 1 1  I I ,  I I 

1 s”J’ 



-137 - 

If n ( t )  is the fraction of incoming particles which are 

s t i l l  i n  the air stream af'ter traveling through the tube f o r  a 

given time t, then the fraction of incoming particles which 

still  remain i n  the air stream on being exhaled back out of the 

tube is; 

where t f  is the time in whfch the f i r s t  air  entering the tube 

comes t o  rest and?p is the length of the  pause after inhalation. 

The fraction transmitted can also be written 

. .  
. I  

As an approximation, it can be assumed i n  most of the 

calculations that the mean concentration in the tube f o r  air 

coming t o  rest in the tube is the average 

at  the beginning and end of the  tube. 

be obtained by integration only when the deposition is extreme. 

3. 

completely though the tube. 

of the concentration 

The deposition must 

Calculate the depoeitfon from exhaled a b  whfch flows 

The t o t a l  deposition is  the sum of (l), (2) and (3 ) .  

A sample calculation of the deposition for  a given set 

of conditions is i l lust rated i n  Table A.2. The schematic 

representation of the respiratory t r ac t  given in Table A.l 

was used. in the  calculatians. 
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.1 

.05 

Table A. 2( Contfnued) 

Removal on Expiration 

5: 
.2 3 3.3 

.1 1.2 1 .5  6 

3.2 
50 

22.8 24 25.5 31.5 
11 

Region air . ing regiora 
n 1 1  started Vol. of 

51  

28 

8 

9 
I 

5 _ _  156.3 - -  10 106 

Total Bo. Deposited = Conc. x Vol. 

T = particles/ce in  air  leavfng region. 
D = partfcles/ce deposited. 
Removal i n  start- region = 1/2 removed calculated f o r  
air  passing through entire tube. 

a 
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