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Calculations and experimental results with the dog both
indicate that the upper respiratory passageways in the lung
receive the largest pulmonary radiation dosages from the de-

posited daughter products.

The sampling of an atmosphere for the radon daughter

products is discussed in detail. i
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AN EVALUATION OF THE PULMONARY RADIATION DOSAGE FROM RADON AND ITS

DAUGHTER PRODUCTS*

TNTRODUCTION

1.1 Purpose.

The extent of the radiocactive matter deposited in the lungs
by humans breathing in air contaminated with radon was recognized
only recently (1). The radon atoms in the air are the source of
short-lived polonium, lead, and bismuth daughter atoms. These
daughter atoms generally become attached to dust particles and other
solid matter present in the environment where they are produced.

The evaluation of the radiation hazard to the lungs of humans
breathing in air containing radon thus involves not only an evalu-
ation of the dosage from the radon gas atoms but of the dosage from
the radioactive serosol produced by the radon daughter products.

Very little information is available on the nature of the radioactive
aerosols produced by radon under different envirommental conditions
and the extent of the retention of these aerosols by the human
respiratory tract.

The investigations reported here were concerned with the
determination of the radiation dosages imparted to the lungs of rats,
dogs, and man breathing air containing radon and its daughter products.
Measurements were made of the daughter product radioactivity deposited
in the lungs of rats and dogs after they had been breathing for several
hours in an exposure chamber containing atmospheric air to which

radon had been added. Values wers obtained for the per cent

* The material in this paper was submitted to the University of
Rochester in partial fulfillment of the requirements for the
Doctor of Philosophy degree in Biophysics.
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deposition of the inhaled dsughter products in the lungs of man
breathing from mixtures of radon with both uncleaned atmospheric
air and filtered atmospheric air. An attempt was made to evaluate
the readistion hazard from radon and its daughter products to the
different regions of the human respiratory tree for various sizes
of daughter product carriers. Several procedures for sampling a
region for the air-borne daughter product activity were devised and
tested.

The Subcormittee on Permissible Internal Dose of the
Fational Committee on Radiation Protection (2) has recommended on
the basis of data available to 1951, that the maximum permissible
concentration of radon in equilibrium with 1ts daughter products
in the air be 107} éﬁries iperyliterifor. continubus etposure;.

For a forty~-hour work week the maximum permissible concentration
is"then 4.2 x 10°12 curies per liter. The median measured radon
concentration in uranium mines in the Colorado Plateau is

3.1 x 1079 curies per liter (3). The radon levels in meny of the
industrial installations where radium containing substances are
handled cannot be practically reduced much below 10“10 curies per
liter. These levels make radon & major source of human exposure to
radioactivity at the present time. It was with the purpose of further- ‘;

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

breathing in an atmosphere conteining radon that this investigation

was undertaken.
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1.2 Background.

In 1940 Evens and Goodman (4) calculated the dosage delivered
to the humen lung by the alpha particles from radon itself and from
the daughter products of the radon molecules decaying in the lung.

On the basis of their calculation, a concentration of 10'9 curies per
liter of radon breathed forty hours per week led to a dosage, averaged
over the lung, of 5.03 mrep per week, or 1Cl mrem per week of alpha
rediation. In another calculation Evans (5) assumed that the important
radiation doéage was to cells lining the bronchial passagewsys. For a
forty-hour week and a radon level of 10'9 curies per liter, this type
of calculation gave a dosage of 172 mrem. Evans and Goodman calcu-
lated for a radon level which they considered characteristic of the
measured radon levels in the radium mines of Schneeberg, Germany

and Joachimsthal, Czechoslovsakis.

The death rate among the miners of Schneeberg and Joachimsthal
from pulmonary diseases, especially lung cancer, was very high. When
the Czechoslovakian Ministry of Health became aware of the existence
of lung cancer among the miners in Joachimsthal it undertook post-mortem
examinations on the miners and pensioners. Between 1929 and 1938, 89
miners and pensioners died. Of the 89 deaths, 47 were from cancer.

In 43 of the L7 cases, the primary tumor was found in the respiratory

organs; 42 were considered as intrathoracic tumors and one &s carcinoma
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of the larynx. Post-mortem examinations of 30 of the non-cancerous
cases revealed that 24 of the men had died of lung diseases. Peller (6)
tabulated the diagnoses and the ages of death of the miners and

pensioners. His table is reproduced in Table 1.

Table 1.

Diagnosis of Death eand Age &t Death of Joachimsthal Miners
from S. Peller, Human Biology 130(1939)

ﬁined post-mortem "Not examined post-mortem

Age st 19290-= 1193361938 1929-1932
death Cancer Non-Cancer Cancer Non-Cancer

-29 1
30-34 _ 3 1 3
35-39 2 10 ' 1
Lo-kh o 10 - 3. 3
45-49 8 b 3
50-54 8 2
55-59 1 3 2
60-64 2
65-69 1
T0-Th 1
75-T9 1 2

?
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Evans and Goodman (4), assuming radon was the carcinogenic
agent, sumsarized the published data on the radon content of the
air in various mines of the Schneeberg and Joachimsthal districts.
Six samples were taken in each of two Joachimsthal mines between
1924 and 1925. ‘The radon concentrations per liter of air, in units
of 1077 curies s ranged from

0.3 to 1.8 with an average of 0.8 for mine A;
2.3 to 8.8 with an average of 5 for mine B.

Evans and Goodman considered the average of the various

determinations , which was 2.9 x 10=9 curies per liter, as represen-

b A i vl o s A At W S e

tative of ccnditions in the mines. Using a safety facfor of 100,
_they took 10" curies per liter as the safe working concentration
cf radon or thoron in the air.

Their tolerance figure is widely used in the radium dial
painting industry. Since it is based primarily upon human exposure
data, it depends for its validity upon the accuracy of the radon
levels as reported for these Eurcpean mines and on the accuracy of
the assumption that these lung cancers were in fact radon produced.
It may be noted that the mine radon values were accumulated at the
time a high incidence of lung cancer was recognized, and may not,
even if accurate in themselves, be representative of the effective

concentrations encountered by the miners over the many years of

exposure presumably necessary to produce the lung cancers.
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In 1944 Lorenz (7) reviewed the available literature on lmé
ca.nce'zf‘v_in- the Burcpean miners. He concluded thit"a number of environ-
me_r_xtb.i factors could have contributed to the cause of the lung ci.n;ers.
He ...;d;e a dosage calculation similar to the one made by Evans to show
that the radon levels in the mines did not seem to have been high
enoﬁgh to bave produced the lung cancers.

In 1951 Bale (1) pointed out that the dosage imparted to the
lungs in air containing radon was much higher than the published calcu-
latiens bhad indicated. He observed that these calculations had
neglected the radiation dosages produced by inheling the daughter
products of radon present in the air. These daughter prbducts be-
come deposited largely on particulate matter in the air soon after
they are produced and thus create 2 radicactive serosol which remains

suspended in the aixy Theé dust is breathed in along with the radon

and a fraction of the inhaled dust. particles is retained in the lungs.

The result is that the daughter products build up to much higher
levels in the lungs than would be attained on the basis of simple
equilibrium with the inhaled radon. The radiation dosage from the
inhaled deughter products was calculsted by Bale to be many times
higher thp.r. the dosage from the radon in the lurzz and the daughter
products of the radon molecules decaying in the lungs.

Experimental results which confirmed these conclusions were
reported independently by Cohn et al (8), and by Bale and the

writer (9) in 1952. The latter work is covered in this thesis.




T

High ganma activities were measured in lungs removed from rats
which had been breathing air containing radon in equilibrium or
near equilibrium with its daughter products. Almost all of this
activity resulted from the deposition of the inhaled daughter
products. The gamma activity of the lungs of rats exposed to alr-
radon mixtures which wers well cleaned of the daughter products
was only a small fraction of the activity when the daughter

products were nct removed.

2. REVIEW OF PUBLISHED DATA ON RADIATIONS AND RADIOCACTIVE MATTER
N ANA‘ZMQSPHEBE LONTAINING RADON.

When air containing radon gas is inserted into a cheamber
vhoese walls do not adsorb raden, the radon molecules soon become
distri‘i:uted uniformly throughout the <:imnl>er° 'These radon mole~
cules, with a 3.825 day half-life, are the source of a series of
radioactive transformations. That part of the decay scheme which

iz relevant to the present investigation is given in Fig. 1.

2.1 Buildup of Radon Daughter Products from Fresh Radon.

Radium A, the first decay product of radon,will build up
until its disintegration rate equals its producticn rate. It will
reach 50 per cent of its firal equilibrium value in 3 minutes. RaB
and RaC will attain half their final equilibrium values in about
30 minutes and 60 minutes respectively (10). RaC', because of its

extremely short half-life; is always in equilibrium with RaC and
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Fig. 1. Radon decay Acheme,

disintegrates at the same rate. After three hours the disintegration

rates of RaA, RaB, RaC, and RaC' are just slightly less than that
of radon.

2.2, Properties of Radon Daughter Products; Active Deposit (11, 12).

Early investigators in the field of radiocactivity observed
that vhen any material was inserted into an atmosphere containing |
radon, 1t soon became coated with a film of radiocactive matter.

When the material was removed from the radon atmosphere, the activity
decayed fairly rapidly, reaching & negligible amount in the period

of a few hours. Because this activity seemed to collect everywhere
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that radon was present, both on the walls cf the confining vessel
and on any type cf material in the vessel, it was called the
"active deposit” of radon.

Curie reported that the radioactivity deposited on different
plates inserted into a radon atmosphere was independent of the com-
position of the material. Glass, paper and metals were made
equally radicactive.

The activity was independent of the nature and pressure of
the gas (air » hydrogen, carbon dicxide) with which the radon was
mixed in the enclosure.

The activity of bodies in a closed container was proportional
to the free space, between 1 mm. and 3 em., in front of them,

Washing a metallic surface containing the active deposit with
water did not remove much of the'active deposit.

Rutherford reported that the active deposit of radon in air
contained between oppositely charged plates concentrated mainly on
the negative electrode. Under ordinsry experimentel conditions
about 5 per cent appeared on the anode. The small activity which
appeared on the anode in a very strong fileld was shown to be due to
diffusion of uncharged atoms of active deposit {13). Rutherford
obtained the value of 1.3 cm.sec.“] vol't“:l cmf'l for the mobility of

the radon daughters, a value near that of positive ions created in

&ir by x-rays.
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2.3. Diffusion of Active Deposit.

Curie studied the propagation of the active deposit by
diffusion. The experiments were performed in a thirteen liter jJar..
The gas was carefully dried. The activity deposited on a series
of planes placed at various distances apart was studied ss a function
of the radon concentration. It was observed that the activity
increased as the planes were sepirated to a maximm limiting dis-
tance which depended on the concentration. For a radon concentra-
tion of 3 x 10-8 curies per liter, this limiting distance wes 38 m.
For T5x this concentration it was 25 mm., and for 375x the concen-
tration it was 19 mm.

Chamie (14), working with the thorium daughter products,
found that the collected quantity of ThC" on a plate a short dis-
tance from the ThC plate source was independent of the distance
between the sou:éce and collector as long as this was smaller than
the renge of nuclei in the gas (0.13 mm.). When this distance
exceeded the range but was less than 2-3 mm. of air, the efficiency
of ¢ollection decreased in inverse proportion to the distance.

langevin (15), using these experimental results, made a
mathematical analysis of the diffusion and deposition of the thorium
daughter products. He interpreted the results in terms of competi-
tive collection by the emitting and collscting surfaces. He ooncludld'
that the nuclei diffused in the intervening space like molecules of

a gas but were adsorbed on the surfaces with high efficiency. The

LIbaod0
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steady state concentration of activity in the space remained small.

In further experiments along the same lines, Chamie and

 Tsien (16) showed that at larger distences than 5-25 mm., the

apparent rate of diffusion to the walls was much reduced and the
steady state concentration of radioactivity in the space could
not be small any more. This was explained as being due to the

adsorption of diffusing recoil atoms on dust,

2.4, Gravity Effect.

Curie observed a gravity effect when the radon concentra-
tion was high. Measuring the activity on the surfaces of two
parallel planes which were facing each other, she found that sur-
faces looking up in a jar picked up more activity than the surfaces
looking down. PFiltering the air did not affect the results, so
epparently dust particles were not involved. However, watexr vapor
appeared to be necessary for the production of the effect.

The importance of thea gravity effect grew with the concen-
tration of the radon end with the distance of the parallel plates.
It did not appear for faces 2 mm. apart but appeared at distances
of 1 ecm. to 3 cm. It didn't appear under 2 or 3 cm. Hg., 80 the
pressure seemed to be important. She concluded thet in the presence
of traces of water vapor there were agglomerations which carried
the active deposit and vhich were largs enough to undergo the

action of gravity.

ETEEY
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2.5. Association of Gravity Effect with Clustering.

The phenomenon of radiocactive clustering was studied by
Chamie (17) and by Harrington (18, 19) and co-workers. Chamie
directed air containing radon ges against a photographic plate
and noticed stars in the developed image.

Harrington made an extensive study of clustering. He
used a small tube, 6 cm. long, filled with 15 mc. of rﬁdon and
air at atmospheric pressure. He studied the activity along the
tube before and after centrifuging. Without centrifuging, the
activity was fairly unifrom. After centrifuging under a field of
500 g ; he found that most of the activity appeared at the end of
the tube, thus showing a gravity effect. The magnitude of the
effect produced by centrifuging increased with the partial pres-
sure of radon and of water vapor end with the total pressure and
depended somewhat on the shape of the tube. Filtered air was used.

He wes also able to observe the clusters with the ultra-
microscope. He found that they were quickly swept to one side
in an electric field. Most of the aggregates carried e positive
charge, but many also carried a negative charge. The mobilities

of the molecular aggregates fell between 10™% and 6 x 107*

1 vo1t™ cm.” . This was of the same order of magnitude

cm. sec.
as those reported by langevin for large ions produced by x-rays.
Martin, Baylor and Clark (20) studied cluster formation

by the thorium degradation products with the electron microscope,
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collecting the degradation products on a coliocdium film supported
on a 200 mesh copper screen. They reported breaking up of the
clusters in time; indicating that the emission of alpha particles

was sufficient to break up the aggregate.

2.6, Distribution of Daughter Product Activity in a Flask.

Maxwell, Henri and Peterson (21) repcrted experiments on
the distribution of the radon decay products in a gas filled
spherical vessel. BSoms of their results are given in Table 2.

They observed a gravity effect.

Table 2.

Distribution of Daughter Product Activity in a Flask
from Maxwell et gl., J. Chem. Phaye. 18, 179 {1950)

Per cent of total daughter preduct

Radius Pressure of gaes ~activity in flask deposited cn walls
of flask m. Hg. Radon % RaC or. % RaA+RaB

mm. CgHy, - CO» me. wall on wall

o0 3 15.2 g96.4 g9l.5

9C 8o 4.5 52 41

90 80 310 78 64

64 17 20 99 97

an 6so 2k Ok 90
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2.7. Experiments on Air-borne Daughter Product Activity in a Room.

Herley (22) made an extensive study of the air-borne radon
daughter products in a 1000 £t.3 room. His radon concentration was
about 2,9 x 10-]'1 curies per liter. He used various filters to
remove the daughter products from the air and then measured the

alpha activity deposited on the filter paper.

S AR S S R S A MR TR S

In one experiment, air in the room was made relatively dust
free by scrubbing the room down and cleaning the air as thoroughly
as possible by filtration. Under these conditions the alpha
activity measured on a millipore molecular filter was about LO per
cent of the maximmm possible activity. Harley also studied the radon
daughter product activity in a high dust atmosphere. The atmosphere
‘was obtained by spraying a fine mist of aqueous sodium chloride into
a dryer placed in the sampling room. Under these conditions he
obtained 75 per cent of the maximum possible daughter product
activity. His experiments did not determine whether the daughter
products were in the air but nct retained by the filter, or whether
they had been removed by the walls of the chamber.

Charmichael and Tunnicliffe (23) also measured the radon
daughter product activity suspepded in room air. 'They removed the
decay products with an electrostatic precipitator. They reported
that they removed 80 per cent of the daughter product activity pro-

duced by the radon per unit volume of air sampled.
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2,8, Distribution of Redon Daughter Products on Atmospheric Dust.

About 96 per cent of the radicactivity found on particu-
late matter in the atmosphere is produced by the daughter products
of the radon in the air. Wilkening (24) measured the mobility of
the carriers of the radicactivity with an electrostatic precipi-
tator and obtained the particle gize with the aid of Stoke's law.
He found that 90 per cent of the patural radioactivity he removed
from the air waz attached to particles that had effective diameters
less than 0.5 mu. Most of this fraction resided on particles in
the size range 0.001 mu. to 0.0% mu. The major group at 0.018mu.
agreed well with that cf the so-called “intermediate” atmospheric

fons having mobilities of 0.02 cm.sec. ‘volt=lem.”L.

2.9, Measurements of Radon and Radon Daughter Products in

American Uranium Mines.

Meagsurements of the radcm and daughter procduct levels in
the air of the uranium mines of the Coloradc Plateau have been made
under the directicn of Holaday since 1950 (3, 25). The radon
levels vary considerably with a median value of 3.1 x 10°? curies
per liter, The corresponding daughter product concentrations also
vary over a wide range withmcst of the values between 30 per cent
and 80 per cent of the concentrﬁtion which would be in equilib:_“imn
with the radon in the air.
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3. CAICULATED RADON DAUGHTER PRODUCT DECAY CURVES.

3.1, Decay Curves for Very Short Sampling Time.

We can obtain the relative distributions of RaA, RaB,
and RaC-C' in air containing radon by removing the daughter pro-
ducts from the air and enalyzing their decay curve. A simple
method of obtaiﬁing a daughter product sample is to draw the air
very quickly through a suitable filter. Alpha, beta, or gamma
counts can then be made on the daughter products removed by the
filter. The shape of the decay curve of this rapidly taken or
"grab” sample is more sensitive to variations in the relative
concentrations of RaA; RaB; and RaC~C' in the sampled air than
the shape of the decay curve of an air sample obtained over an
extended period of time.

The theoretical decay curves are obtained by solving the
series of first order differential equations relating production
and decay of each member in the decay series and inserting the
appropriate initial conditions. Using the data in Table 3 one
obtains ithe following equations for the disintegration rates of
RaA; RaB and RaC-C!,

For RaA. X N = AN et
For RocB.  A3Ny= -0.128 A Ny e 3% (A1N] v028 AN

For RaCC  AyDNy= 00234 N T 4 @ T75ANS + 0.485 0 NG Ye *3C
vy el 3193 2 A
HAuNS -3 715 A3NS -OSeBANS Ye
X=dsmntegration constant ; Nz nunber of atoms

)\1N°1)>\3N§ A.i[‘\;: initwal disintegration rates of RaA,RoB Rall!
! \—espect\ve\xl,

ee
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The decay curves of RaA and RaC® have been plotted in
Fig. 2 for the case where the daughter products are initially in
equilibrium. The EaC' curve has been broken down into curves
which give the contributions from the decay of RaA, RaB, and RaC
to the RaC' disintegration rate.

The initial disintegration rates of Rs4, RaB, and RaC-C!'
sampled instantanecusly from a stable atmosphere containing radén
will be equal if the daughter products are nct removed selectively
after they are formed. Thus, the disintegration rates will be
equal for radon in a stable atmospnere of infinite size. They will
also be equal for a finite atmosphere containing a very high and
stable dust load. The radon daughter products then become attached
to the dust particles and remain in the air. In practice many
of the daughters are removed from the air in aAfinite enzlosure
by depositing out on the walls. The iéter members of the decay
series will be removed to a greater extent than the earlier ones,
since their later times cf decay give them a greater chance to
reach the walls. Accordingly, pertinent conditionms for caiculation
include only cases where the inftial RaA disintegration rate per
unit volume is equal to or greater than tha% of RaB. Similar
restrictions apply tc RaB and RaC.

Once the disintegration rates ¢f the elements in the series
are known, the activitiés which would be measured can be calculated

from a knowledge of the radiations given off. Thus the total
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alpha rate is the sum of the disintegration rates of ReA and RaC';
the total beta rate is the sum of the disintegration rates of
RaB and RaC; and the total measured gamma disintegration rate is
the sum of the disintegration rates of RaB and RaC, each multiplied
by the average number of photons given off per disintegration and
the efficiency of detection per photom of the specified energy.

Alphe decay curves are plotted in Fig. 3 for several dif-
ferent relative initial disintegration rates of RaA, RaB, and
RaC-C'. They were cbtained with the aid of Fig. 2. Gamma and
alpha decay curves starting with RaA, RaB, and RaC-C' in equilib-
rium are plotted in Fig. b. _

The theorstical gamma decay curves were derived on the
assumption that the soft and hard garma readiations were detected
with equal efficiency. This wes a satisfactory sssumption since
experimental data tc be reported later indicated that the detection
efficiency of the counter used was nct very different for the
various photon energies emitted by the daughter productsz. It can
also be shown that the shapes of the decay curves are not very
sensitive to moderate variations in the detection efficiencies of

the different gamma energies.

3.2, Decay Curves for Infinite Sampling Time.

g dr 2

We shall want to know the equilibrium buildup of the

daughter products on a filter paper vhich samples air from a given

-~
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Fig. 4. Decay curves of the radon daughter products after
they are separated from a constant radon source ,
for the case vwhere they were all initially in
equilibrium with the radon. The ordinate gives
the ratio of the activity of the daughters to
the activity of the radon source.

Curves A, B, and C are the decay curves for Rad, 4
RaB, and RaC-C' respectively. Cuxrve D is the ;
sum of A and B. It gives the alpha disintegra-

tion rate. Curve E = 1.445B + 0.823C. It gives

the ratio of the gamma disintegration rate to

the disintegration rate of the radon.

Selected numerical values taken from this graph

ares
Decay time Activity of daughters apm/f daughters for
min. Activity of radon 10-9 ¢/ radon
O curve Y curve Q curve Y curve
0 2.00 2.28 Lho 5060
20 .93 1.90 2065 4220
ko .71 1.36 1575 3020
60 .5 .93 1110 2065
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radon atmosphere for an infinite length of time. For practical
purposes, any sampling time over two hours may be considered as
infinite.

When we sample through the filter paper, ReA, RaB; and
RaC will build up cn the filter paper till their disintegration
rates equal their ratesof growth. The rate of growth of any one
daughter product equals the rate at which it is removed from the
medium plus the rate at which it is produced from the decay of
the preceding member of the series. The number of atoms per unit
time produced from the preceding member is, of course, equal to
the disintegration rate of the preceding member. Thus, the maxi-

mm disintegration rates attained by RaA;, RaB, and RaC-C' on the

-

filter paper are
For RaA: )\21\1(2) = QoV
For ReB: 3Ny = Qgv ¢ Aol
For RaS-C's AN} = Qv 4,\31«%

hN = disintegration constant
Ngg Ngy Ny = final numbers of atoms of RaA, RaB,
RaC respectively
Qs Q3y Qh = daughter atoms per unit. volume of
RaA, RaB, Ral respectively
Y =

volume of air sampled per minute
The RaC' activity effectively equals the Ral activity be-

cause the RaC! activity produced on the filter paper frcm the
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removal of the relatively few RaC' atoms in the sampled air is
negligible in comparison to the M' activity produced . from the
decay of RaC. .

It Q is the number of radon atoms per liter and if we
assume radiocactive equilibrium between radon and its daughter

products, then '\1Q'l =,\202 =) 3Q3 =)\ 4Qy -

For RaA; A 2Ng = 5.53 x 10~k Qv
For RaB: A 5&3 = S4.16 x 10‘“Q1v

For RaC: A th = 89.90 x louthv

When v is in liters per minute, AN = disintegrations

per minute.

The total daughter product activity reaches 97 per cent

of its final value after 2-1/2 hours sampling time.

Decay curves of activity on the infinite filter paper
sample, after sampling has stopped, are given in Fig. 5. They
are given both in terms of AiNi and in total counts for a:
sampling rate of 0.1 liter pE%vminute in a radon concentration
of 1077 curies per liter, assuming 100 per cent equilibrium be-
tween parent and daughters. From these curves, one can easily
obtain the disintegration rates for other values of sampling
rates and radon concentrations.

Curves giving the buildup of radon decay products as a

function of sampling time have been plotted by Harley (22).

[TbGool




Fig. 5.

min.
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"25&'

Decay curves of the radon daughter products after
they have built up to a steady state level in a
system which has filtered them with 100% efficiency
from air containing radon and its daughter products
in equilibrium. The decay time is measured from
the end of the filtering period. The left hand
ordinate gives the ratio of the activity of the
daughters in the filter to the rate at which radon
atoms passed through 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 liters per
minute.

The curves marked g and y give the alpha and gamma
disintegration rates respectively.

Selected numerical values taken from this graph are:

Decay time  Daughter activity on filtervqoﬂ Daughter dgm on filter
Rn atoms/min thru filter for 10~ cﬂfRn,
0.1 min
o 4 o 4
95.4 175.5 16800 30950
65.5 122.1 11530 21540
4.9 81.3 7950 14330
29.7 52.7 5230 9300
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k. EXPERIMENTAL DESIGN

4.1, Experimental Chamber.

All the sampling and animal exposure experiments were
performed in & chamber 3.9 ft. by 2.9 ft. by 6.4 £t. of approx-
imately 1800 liters capacity. The chamber was of wood construc-
tion and was painted inside and out with an enamel paint. The
gaskets used on the outlets from the chamber were of neoprene.

The chamber had a large rectangular lucite window, 18 in.
by 24 in. A sponge neoprene gasket sealed the lucite window' to
the chamber. It was found necessary to use angle iron to clamp
the lucite frame to the chamber to produce a uniform pressure
on the gasket.

The ch@er wag tested for lea.i:s by maintaining the air
pressure inside at a positive pressure of several inches of
water and painting soap on the outside. The formation of bubbles
pointed out the leaks, which were then sealed with glyptal.

Fig. 6 is a photograph of the chamber.

4.2, Establishment of Radon-Radon Daughter Product Atmosphere

in Chamber.
‘ In experiments to study daughter product retention in an
atmosphere containing " normal atmospheric dust,” outeids air was
blown through the chamber during the night preceding the first dey

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

ANTERE
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Fig. 6.

Chember used for animal exposure and sampling

experiments.
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of an open window. In the morning the chamber was sealed and
radon inserted.

In experiments to study daughter product deposition in
filtered air, air from the compressed air-line was filtered with
a millipore filter before being blown through the chamber. The
air was blown through the chamber during the night preceding the
first day of the experiments. In the morning the chamber was
gealed and redon inserted.

A period of at least two hours was allowed for the radon
daughters to come into equilibrium with the radon in the chanber'
before beginning the first experiment.

The radon for the chamber was collected with a MMtion
apparatus similar to that described in University of Rochester
Atomic Energy Project Report UR-255 (29). Air vhich was broken
into fine bubbles by a sintered glass disk was drmm through a
radium chloride solution into an evacuated liter bulb. A small
length of thermometer tubing between the radium solution and the
collecting flask insured very slow passage of the air through
the solution. The air was passed through the solution for about
ten minutes, after which the solution was disconnected from the
collection flask. Room air was then flushed through the system
to bring the collecting flask up to atmospheric pressure. This
method removed almost all the radon produced by the source. The
radon was inserted from the collecting flask into the exposgn'e

chamber by water displacement. -

EETEEE




4.3. Method of Inserting Rats into Chamber.

An apparatus was built for inserting a cage containing a

rat into the chamber while continucusly sealing the chamber from

the outside. It is shown in Fig. 7. The hollow lucite piston in
Fig. 7 was constructed to fit as closely as possible 1n'to the

brass barrel. The rat cage was inserted into the piston through

& large opening which was cut in the side. This was the main
opening for the.'rat cage to the chamber atmosphere. Other small
air holes were also cut in the lucite cylinder. The brass cylinder
had two outlets through which room air could be flushed to expel

the radon in the cylinder out-of-doors.

4.4. Sempling for Radon Daughter Products.

Alr from the chamber was taken from an opening close to
and on the same level with the rat cage. The hole was closed by
a metal slide which was clamped between two felt gaskets. A
rubber stopper could be fitted intc a 1lip outside the slide. Glass
tubing and other equipment was connected to the chamber through
this stopper. The daughter products in the chamber air were removed
with an AA millipore filter. Two sampling methods were used.

Method 1. Grad Sampling. A liter bulb was evacuated and

connected to the outlet side of the millipore holder whose inlet
side was connected to the chamber. On opening the flask, air was

sucked into the bulb through the millipore, which filtered out the

I 1bEuoi
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Fig. 7. Method of exposing rat in chamber.

[1hEosa




-31-

decay products. In most of the runs a capillary was inserted between

the bulb and the filter paper to allow for morz uniform sampling.

A liter was collected in about fifteen seconds through the capillary.
An alternate method was used at times for grab sampling.

A large jar filled with water was placed at some distance above

the sampling outlet and the top connected to the millipore holder.

A rubber tube from the bottom ¢f the jJar passed down several feet

to a liter graduate. Ome could pass a liter of air through the

millipore in about fifteen gaconds by using this water displace-

ment aspirator and letting the water fall freely through the tube

into the graduate. An extra half minute was allowsd after the

graduate was filled with water to insure aquilibration of pressures

on both sides of the millipore filtar.

Method 2.Slow Sampling. Slow sampling was accompliéhed by

attaching a capillary tc the outlet tube of the water aspirator, causing
the water to flow out very slowly. The sampling rate was approximately
0.1 liters per minute.

The sampling apparatus is ghown echematically in Fig. 8.

4.5, Source of Imhaled Air in Dog and Human Experiments.

In both the dog and human experiments air was breathed from
the sampling outlet described iz Section 4.-. Detailed descriptions
of the experimantal arrangements are giver irn Sections 8 and 9.

4.6. Measurement of Radiations.

Alpha radistion from the millipore filter was measured with a

scintillation counter. The scintillatior counter wes calibrated

with ap uranium foil whcse absclute counting value was determined by

S
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measurement in a 247 gas flow proportional counter. The efficiency
of the scintillation counter was about 42 per cent.

Radon in the chamber was measured with the vibrating reed

electrometer. The radon determinations were made on the same eir
samples that had been drawn through the miliipore filter for
daughter product analysis.

The radon from the liter bulb was shared with a 1.8 liter
ionizetion chember which was connected to a vibrating reed
electrometer. It did not appear necessary to add any air to the
chember to bring it up to atmospheric pressure. Operating at a
lower pressure decreased the sensitivity of the apparatus somewhatf
This was unimportant because the measured radon levels were high.
The method gave good reproducibility.

In the early experiments, a cold trap was inserted between
the liter bulb and the millipore filter to dry the gas before
inserting it intoc the ioniz-ation chamber used with the vibrating
reed electrometer. This is standard procedure in radon measure-
ments with the alpha counting apparatus used for low level radon
determinations at the University of Rochester Atomic Energy Project.
The counters respond to electrons and it is not desirable for the
electrons to become attached to the water vapor molecules a.s‘ this
slows the collection time. Since the vibrating reed was operated
as a current reading instrument rather than as a pulse counter,

there did not appear to be eny reason why the air should be

Pibh8ool
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completely dried, and drying of the air was eliminated in later
runs. The later runs did not yield any noticeably different
results from the previous measurements where the air had been dried.
The redon measuring system was calibrated by deemanating a
two microcurie radium sample provided by Dr. John B. Hursh. The
radon from the standard source was collected in the liter bulb
and shared with the ionization chamber of the electrometer in the
same menner as radon samples from the exposure chamber. The
results of two calibration tests were:

Buildup time  Decay time

of radon after collection mv Curies/mv
-1

3 hr.,k2 min. 8 nr. oust 21.5 x 10
12 hr. 3 br. 785%3 21.56 x 10~

.

The calibration figure of 21.5 x 10”1 curies per mv. was used
for this method of determining the radon.

Gamme measurements on the rats® lungs were made with a well-

type scintillation counter using a socﬁum=iodide crystael after the
design of Anger (30). The first counter used was calibrated with

231 59

and Fe’” solutions provided by the Radioisotope Services
Division of the University of Rochester Atomic Energy Project. The
strength of the I}31 solution had been determined by the Radio-
isotopes Services Division. The Osk Ridge value for the radio-
activity of the Fe59 was used. It .was believed accurate to within

10 per cent.

| 168507
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The results of efficiency determinations as a function of
sample volume for both of the isotopes are given in Table L. The
gamma activity of a uranium ore source, made by sealing same
uranium ore powder into a brass rod, wes noted at the time of the
efficiency determinations and the source was subsequently used

as a standard to calibrate the counter from day to day. The gamma

spectra emitted by the daughter products and the standard were
similar enough to make thie calibration method suitable for the
purposes of the present investigation.

The efficiency of the counter used on the first experiments
was approximately 10 per cent. An improved counter used on the
later experiments had about double this efficiency. It was cali-
brated by a method described in Section T.3.

Table 4.

Efficiencg of Ral Well-type Scintillation Counter for
113" and Fe’7 Solutions as & Function of Sample Volume.

Volume in Height in
Test Tube Test Tube
ce. . I

8
15
22

v Per cent Efficiency
Fe”?
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A constant voltage transformer was used to improve the vol-
tage st;bility of the crystal counter since the counting rate was
very senitive to fluctuations in the high voltege supply.

The crystal wes shielded by about three inches of lead. This
was very effective for shielding gamma radistion. However, at
the first location of the counter; the background rose by & factor
of ten vhen the 130 in. cyclotron at the University was on. This
was possibly due to n, 7 reactions in the lead shield. A location
was found in the building at which the background rose only
50 per cent when the ‘c:rclotron was on. When the cyclotron was
off, the background was 120 cpm. When it was desirable for the
background to remain as constant as possible, the experiments were
performed on those days when the cyclotron was off. _'

The Texaco well-type Geiger counter, Type GR, menufactured
by Welch Allyn Inc., was used for the experiments on the dog. It

had a background of 500 cpm.

5. SAMPLING TESTS WITH MILLIPORE FILTERS.

Millipore filter paper, type AA, was selected for the
sampling. Its properties have been described by First (31). The
AA Tilter has an estimated pore size 'betwéen 0.5 and 0.7 mu.
According to First, it may be used as a sieve under gentle suction,
retaining particles greater than 0.9 mu. When air is pulled

through at a rapid rate, however, the filter is effective down to
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extremely small particle sizes. This is explained as due to an
electrostatic action produced when the air rushes past the
filter surface.

The millipore filter becomes transpasrent when immersed:
in cederwood or special oils which have the millipore index of
refraction of 1.56 and thus it can be examined under the micro-
scope. The millipore sample iz prepared for examination by placing
it, dust side down, on a clean microscope slide and adding a few
drops of oil to the upper side. Special techniques have been
described for examining millipore filters under the electron
microscope (31, 32).

Tests were conducted ocn the millipore sampler, using the
grab and the slov sempling methods described in Section 4.3. Both
methods were considered useful for measuring the daughter product
concentration in the chamber air. The grab sample contained the
material filtered from air which had been sucked through the filter
paper very rapidly into an evacuated liter bulb. It therefore
gave the filterable decay product activity per unit volume of
chamber airo The slow sampie was cbtained by drawing the air at
apprcximately the vsame rate at which the rats were breathing
(i.e. 100 cg/min). = The slow sample, therefore, might give the
actual daughter product concentration breathed by the experimental
animals more accurately than the grsb saz;ple; ‘Accordingly, experi-

ments were conducted at various times durﬂ,.ng the course of the

Lib85hYy
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investigation to answer the following questions:

1. Did the millipore filter give reproducible results for
repeated measurements on the same atmosphere?

2. How efficient was the filter paper in removing the decay
products from the atmosphere? What was the loss in alpha counts
because of self-absorption in the filter peaper?

3. Was there any loss of decay products in the sampling
tubes preceding the millipore filter?

L. Did the decay product concentration in the air fluctuate
to any extent about a mean value over short periods of time? If
this occurred; one should prefer to sample over a relatively long
period than to take a grab sample.

5. How did measurement of the decay product concentration
differ when the air was drawn through the millipore at a fast rate
as compared to when it was drawn through slowly?

The results of the tests depended on the dust load in the
air that was sampled. The most consistent and reproducible results
were obtained when the radon was mixed with air which had sufficient
dust in it so that radioactive equilibrium or near equilibrium
conditions existed smong the radon dsughters in the chamber. Such
air was obtained by plecing a fan in an open window which was rlxext
to the chamber, and blowing air into the chamber directly from the
outside. The laboratory building was located near the university

poverhouse and the animal house incinerator, and since the odor of

Plb2onb
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smoke was almost always in the air, it may be assumed that these
two sources kept the air well supplied with nuclei on which the

radon daughters could be deposited.

5.1. Tests of Grab Sampling Technigue -- Radon Mixed with Air

Teken Directly from the Outoéf—Doors .

1. Reproducibility. Two gradb samples taken in succession

always agreed very closely, and the differences were no greater
than the differences to be expected from the statistical varia-
tions in the counts. The results of one group of experiments are
given in Table 5. 'The samples were taken four minutes apart.

. In runs 1 and 3; the air flow through the filter paper was slowed
by inserting a capillary between the filter and the evacuated bulb.
. The bulb was filled with air about fifteen seconds after it had
been opened to the chamber. In runs 2 and 4; no capillary was used
and the bulb was filled very quickly. Forty seconds were allowed
for equilibration between the bulb and the chamber in all four runms.
The activities obtained when the capiliary was used were the same
8s when the capillary was not used.

2. Efficiency of sampling. An idea of the efficiency of

filtration was obtained by putting two filters in series and com-
paring the activity picked up on the second filter to the activity
picked up on the first. When the series filters were about 3/16 in.

apart, negligible activity was measured on the second filter paper.

e
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Table 5.

Reproducibility of Measurements of Daughter Product Activity
with Grab Sampling Method '

Run Method® Counts
1 Cap ThT
2 No cap "(53Z
3 Cap 7281
b No cap 7189
Runs 1 and 3 Avg. 7379
Runs 2 and 4 Avg. 7363

%Cap. Sample drswn through with evacuated liter bulb, with
capillary between bulb and filter to give more uniform
sunpling rate.

No cap. Sample drawn through with evacuated liter bulb.

In one run, the readings Qf the first and second filters vere #
7600 and 5, respectively.

The loss of counts from the filtered daughter products
because of self-absorption in the millipore filter was obtained
by taking three measurements on the millipore sample. Messure-
ment 1 was the normal measurement of the sample activity. Measure-
ment 2 was the activity measured after the sample hed been covered
vith an unused millipore filter. !dpasurement 3 was the activity
measured when the radioactive millipore filter was placed in the

counter upside down. The equation relating these three readings

and the ratioc of meagured activity to true activity is derived

Tbiuod
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in Appendix 2. It is

Measured activity _ 2 x {Meas. 1)
True activity 2 x (Meas. 1) 4+ (Meas. 3) -(Meas. 2)

The results of the self-absorption measurements are given
in Table 6. The average loss of counts from self-abscrption was
3 per cent.

. Table 6

Measurement of Self-Absorption Loss in Millipore
Filter Paper Sample

True Activity

1 8690 5478 5710 0.985

2 6753 3484 k130 0.955

3 15250 9800 10750 0.97
-

Meas, 1. Direct measurement.
Meas. 2. Activity after clean millipore placed on top of

sample,
Meas. 3. Activity of sample turned upside down «

- -

%o Lospes in sampliing Linss, Siudies were made

only under slow sampling cornditions. Because of the small size of
the nuclei on which the daughter products were carried, they were
removed from the air stream mainly by diffusion to the walls

and by sedimentation to the bottom of the sampling tube. There-
fore the probability of contact of a particle with the wall of

the tube increased with the time spent by the particle in the

tube. It will be shown in a later paragraph that even under slow

IR INER
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sampling, the losses in the sampling lines used were negligible.
It therefore followed that losses in the sampling tubes were

also negligible under grab sampling conditioms.

4. Variations of activities of samples taken at short

time intervals. Table 7 presents the results of repeating measure-

ments of the daughter product activity in the chamber at dif-
ferent time intervals. The table shows that the daughter product *
concentration changed only slightly over a period of several hours.

5. Effect of velocity of air flow on filtering efficiency.

Sampling the chamber air by the evacuated buldb method or by the
use of the water displacement a.spir&or gave the same results vhen
the liter was drawn through in less than fifteen seconds. In one
set of experiments on air to whiel; an aerosol had been added to
reise the air-borne daughter product activity, the activity re-
moved from a liter of air drawn through the filter paper by the
water displacement aspirator in 1.5 minutes, was 94 per cent
of the activity removed from a liter drawn through with the

- evacuated bulb.

S5.2. Tests of Slow Velocity Sampling Technique.

Two filter papers were compared at a slow sampling speed
for reproducibility of neasurements on air containing normal
atmospheric dust by connecting the common end of a Y-tube to the
chamber and connecting the ends of the Y to the two filters. The

outlets of the filter holders were connected to two water
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Table T.

Veriations in Daughter Product Activity in Exposure Chamber
Over Short Time Intervals

W———
Exp. Time sample
Date Cond.® taken{min.) Counts/min.
L/21 I-2 0 6100
30 6700
120 5400
5/7 I-18 ! 3600
A 15 3450
7/27 I-1 0 17800
60 17300
270 17800
7/31 1-5 ) 5900
€0 5840
78 5750
96 5550
110 5500
8/3 1-8 0 4300
_ 3 k200
6 4300

W

8g5ee Table 9.




displacement aspirators. Thus, both millipores sampled from the
samé tube. The sampling rate was 0.1 liters per minute. The
results of one set of measurements are given in runs 2 and 3 of
Teble 8. Tne activities agreed to one per cent. They were

9 per cent lower than the activity of sample 1, which was the

same size as samples 2 and 3 but taken sixteen minutes earlier

Table 8.

Reproducibility of Measurements of Daughter Product Activity
in Exposure Chamber for Slow Seampling Rate (0.1 1/m)

Run time (;‘in. ) Actiﬂty
1 0-10 7650
2 16-26 6910
3 16-26 7080

a8Runs (2) and (3) were simulteneous samples of the same air.

No significant difference was measured between the activity
removed from air drawn directly from the chamber and air which |
first .passed through a 5/16 in. diemeter, 10 in. long tgbe at the
100 cc. per minute sampling rate. In another experiment; air
was drawn through a 15 in. long, 0.042 in. I. D. Genflex plastic
tube (#603); placed immediately preceding the millipore filter. The
flow rate was 100 cc. per minute. The tubing was then coiled up
end counted in the same gamma counter as the filter paper. The

activity deposited in the tube was about one per cent of the

L1bEh 17
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activity removed by the filter paper. The experiment was conducted
two days after air had been inserted into the chamber from the
out-of-doors. |

Since the decay of a radioactive sample is linear over time
intervals which are short compared to the half-life; the activity
of a liter sample taken over ten minutes should very nearly equal
the activity of a liter sample taken over a few seconds if the
time of decay of the ten minute sample is measured from the middle
of the sampling period. In practice, the activity of the ten
minute sample was always less than the activity of the grab sample,
and the diffefence was greater the lower the dust load in the
chamber. The ratios of the activities of slow to grab semples
as measured at various times during the course of the investiga-
tion are given in Table 9.

All the values given in Table 9 are for samples taken from
an opening in the chamber wall. Three factors were studied for
their relative importance in affecting the differences in activi~
ties obtained for slow and grab sampling.

l. The slow sampling methcd drew air from & region that
was closer to the wall and thus perhaps had a significantly lower
daughter preduct concentration than the region sampled by the
grab sample.

2. The difference was because of poorer filtration at the

slower velocities through the millipore filter.
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Table 9.

Ratios of Activities of Slow to Greb Air Samples

Exp. Slow J
Date Cond.? Grab ;
4/20 I-1 0.88 b
4/21 I-2 0.8% il
L/22 1-3 0.h42 il
4/23 I-k 0.29 b
7/27 I-1 0.85 it
7/28 1-2 1.02 il
8/1 I-6 0.83 I8
11/12 I-1 0.49 i
11/13 I-2 0.39 }
Fan on 10 min. 0.64 :
Fan on several it
hours 0.78 i
Fan off 0.67 il
Fan on 10 min. 0.78 I
11/14 0.83 ik
11/17 Fan on all 0.84 y
previous night
11/2% II-1 0.07

8Experimental Conditions

I Outside air blown into chamber during previous night and early 1
morning of first day of series of experiments. Chamber then |
sealed and radon inserted. No changes for succeeding !
experiments. Air not stirred. Arabic numeral gives day of i
experiment counting from time air changed in chamker.

ITI Filtered air blown into chamber during night preceding
experiment.
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3. The difference was because of increased deposition
on the walls of the filter holder; since there was a dead space
of about 30 cc. in the filter holder itself. At a flow rate of
100 cc. per minute the air would have remained approximately
twenty secopds in the small viume of the filter holder before
passing through the filter.

The wall effect was eliminated as a major cause of the
difference in the slow/grab ratio by comparing the ratio for
air sampled directly from the hole in the. chember and for air
sampled from a tube leading to a point about twelve inches
inside the cheamber. The experiment wes done when flltered air
was in the chamber, a condition which gave the greatest dif-
ference between slow and grab sampling. There was no significant
difference in the slow/grab ratio for samples taken from the
region next to the wall and for samples taken from the region
twelve inches inside the chamber; although the measured activity
at the wall was only about 59 per cent of the measured activity
inside the chamber. -

The effect of linear flow velocity through the millipore
filter on its filtering efficiency was studied in two ways.

In the first method, the activities of two millipores which
had been placed in series about 1/8 inch apart were compared.

The experiments were done in a filtered air atmosphere. For

1635715
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fast sampling, no activity was found on the second millipore

paper. For slow sampling, the activity of the gecond filter was
about 7 per cent the activity of the first filter.

Another method used was to sam}wich the millipore filter
between two rubber diaphragms, one centimeter in diamster; to in-
crease the linear flow velocity through the millipore. Exberiments
were done in a filtered atmosphere. Since the utilized diameter

of the millipore when used in the filter holder without the dia-

phragm was 3.7 cm., the flow velocity through the smaller opening
was fourteen times as great as through the larger. The difference
in activities was compared for a 1.5 minute liter sample through
the larger area, and a ten minute liter sample through the
smaller opening. The ten minute sample activity was 18 per cent
of the activity of the 1.5 minute sample; which in turn was 51
per cent of a greb sample. In the other experiments where & dia-
phragm was used with ten minute liter samples to increase the flow
velocity through the millipore, the activity was always lower than
when no diaphragm was used for the same sampling minute volume.
Ihese resultes indicate that the difference in linear velocity
through the filter was not the major factor in producing the
difference between the slow and grab sampling.

The only remaining factor that could account for the dif-

ference between slow and gradb sampling was increased deposition

PTbooih
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on the filter holder at the slow rates. In one experiment
aluminum foil was used toc line the millipore holder and alr was
sampled through st the slow rate. The activity measured on the
foil at the end of the sample period was not enough to account
for the difference between slow and grab sampling. However, the
measurements were very rough and it is possible that the value
of the deposition in all regions of the filter holder when
measured more accurately will sccount for a large share of the

difference between the slow and the grab samples.

5.3. Conclusions from Sempling Tests.

Because the activity of a slow filter paper sample of =&
given volume of air was always less than the activity of a grab:
sample; and because the difference increased as the dust load
decreased, the slow sample was not a reliable method of determin-
ing the daughter product concentration in the chamber air. All
the values for the RaC' concentrations in the chamber were obtained
from grab samples using the sampling outlet described in
Section k.k,

One explanation for the dependence of the difference be-
tween slow and fast sampling on the dust load in the chamber is
that under low dust conditions the daughter products were suspended
in the air in a very mobile form and were removed to a considersble

degree by the walls of the filter holder when the air was drawn

16557
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through slowly. Since the mobility of the daughter products
plays an important role in determining their deposition in the
respiratory tract, the ideal sampling method would give their
mobility as well as their concentration in the sampled air.

Although it seems that the slow sampling method could be developed -

to give an indication of the mobility of the suspended daughter
products, it was not studied sufficiently in the present investi-

gation to present as a useful supplement to the grab sampling method.

SRR "‘;)‘L%" ‘&#%W e

6. OBSERVATIONS ON THE DEPARTURE OF THE FILTERAELE DAUGHTER

PRODUCTS FROM EQUILIBIRUM WITH THE RADON IN THE CHAMBER AIR.

6.1. Departuresfrom Equilibrium in Stored Atmospheric Air

and in Filtered Air.

An enalysis of the decay curve of the daughter products
removed from an air sample taken from the chambér several
hours after the insertion of outdoor air usually showed
radicactive equilibrium between RaA, RaB, and RaC-C'. Decay
curves of samples taken over a period of days after the
radon was inserted showed a gradual stespening in the fifit.,
part of the curve, indicating an increased proportion of Red,
and a gradual leveling off of the central portion of the curve,
indicating that RaC-C' was decreasing with respect to RaB.
This can be explained in terms of the decrease of the‘atmospheric
dust in the chamber air over this time. As the dust concentration

decreases, the walls compete to a2 larger extent for the radon
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daughter products because their surface area increases relative to
the surface ares ¢f the dust. Because the later elements in the
decay series have a greater chance to get to the walls than the
earlier elemerits, their concentrations will decrease relative to the
earlier ¢nes ag the dust concentration decreases. Decay curves taken
over & pericd of days are given in Fig. 9 along with the calculated
fraction of equilibrium with radon attained by RaA, RaB and RaC-C°®.
Table 10 summerizes the departures of the daughter products
from equilicrium with the radon in the chember air, expressed as the
per cent ¢f the total RaC' in the chamber which was filterable from
the chamber air. Series I, III, and IV give three different sets of
experiments in which the RaC' concentration was measured on successive
days starting from the day ouédoor air was put into the chamber. Series
II gives the results of sampling - from the chamber after it had been
filled with filtered air. The concentration averaged 5.6 per cent
of the concentration which would be in equilibrium with the radon as
compared to a high of 81 per cent measured in freshly inserted uncleaned
outdoor air. The lowest RaC' concentration in uncleened air wes measured
after the dust had settled over a period of two weeks. The RaC' dropped
to 10 per cent. Stirring the air brought it down to 1.6 per cent.
All the values in Table 10 were obtained by extrapolating the
measured alpha activity on the filter paper to zero time, assuming
equilibrium between RaA, RaB ard RaC-C' in the chamber. Equilibrium

often did not exist and the errcr involved in neglecting the true

I 1boo i
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Measured decay of liter grab samples of radon daughter
products as a function of settling time of dust in cham-
ber. Outside air blown into chamber during previous
night and early morning of first day of experiments
(4/20). Chamber then sealed and radon inserted. All
data extrapolated to same radon level of 10000 dpm.

The vertical lines through the experimental points give
the 95% confidence intervals

The curves presented in conjunction with each series

of decay measurements is a theoretiecal curve which
closely fits the measured data and which was calculateu
for the initial relative concentrations of RalA, RaB,
and RaC-C' given by the first, second., and third digits
on the curve. : '

The experimental data on the curve dated 11/24 is from
an independent experiment in which the chanmber was filled
with filtered air before the radon was inserted.
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Table 10.

Approach to Equilibrium with Radon Attained by
RaC' in Air of Exposure Chember

W

Series II
Days air Series I % Equil. Series III Series IV
in chamber % Equil. (air filtered) % Equil. % Equil.
1.... 52 5 61 81
41 6.8
2.. .. k2 (2.2 3L T7
39 LE31.6
3.... 2 sdla.2 25
27
A 1 <
6 . . . e e e e e eieiae e e e ae sieeon .36
: ZnOg dust added 19 ~
T Y 12
Air fanned S
Fan turned off . .. . 32
13 . . 0 . e e e e e s e o e« oo J15.2
Animal expérimeft done
1 = o
B L e o s . 223
Cigarette smﬁke added
9

RaeC' measured was removed from air with millipore filter; Rn was
measured with vibrating reed electrometer.

Series numbers refer to chronclogical order of experiments.
In Series I, III and IV the measurements were taken on successive

days after outside air was blown into chamber; in series II, the
air in the chamber wes replaced with filtered air.

Beginning dates. I. 10/31; II. 12/13; III. 4/20; IV. 7/27.
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relative concentrations of the dsughter products will be discussed
in Section 6.4. It will be shown that from the standpoint of cal-
culating the dosage to ﬁ}e lung produced by breathing the daughter
products over an extended period of time, the error involved in
neglecting the relative departures of the daughter products from

equilibrium is small,

6.2. Departurs from Equilibrium in Fanned Air.

In one éxperiment » atmospheric air which had ﬁeen stored
in the chamber for several days was fanned and sampled periodically.
Thc fan was on the floor in one corner and pointed toward the
opposite corner about half way up from the floor. Decay curves of
the activity removed from air sampled during the fauning are given
in Fig. 10.

The daughter product acitivity in the chamber decreased
by an order of magnitude two hours after the fan had been turned
on. The motion of the air thus increased the effectiveness of the
walls in removing the daughter products. Two hours after the fan
was turned off the activity of an air sample had risen tc 7O per cent

of the value measured at the beginning of the experiment.

6.3. Departures from Equilibrium in Different Regions of Exposure

Chamber .
Because all sclid material in the exposure chamber was a

sink for the daughter products, it was to be expected that the

BRETEEE
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ﬁlpha counts per minute

\ \ - <8553

Fig. 10.

20 30 Y0 50
Decay time (mun)

Measured decay of liter grab samples of daughter products

as & function of time air stirred in chamber. Fan turned

on at t=0. '

The curve presented in conjunction with the measurements

on the sample taken before the fan was turned on 1s a
theoretical decay curve for initial radioactive equilibrium
between RaA, RaB, and RaC-C*®.

RN
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daughter product concentration in the air in any particular region
of the chamber would depend on the geometry of the solid matter in
the environment. In perfectly still air the solid environment
which would be most important in influencing the air-borne
daughter product concentration in the region of interest would be
that within a distance of the crder of magnitude of the distance
traveled by the daughter products during their average lives.
This is a few centimeters for daughter products which undergo
Brownian movement in the air as molecules or as constituents of
molecular aggregates;, but the distance becomes decreased by
several orders of magnitude when they become deposited on the sus-
pended atmospheric dust particles. However, the air is never per-
feetly still, and its motion serves to extend the sphere of influ-
ence of any solid matter in removing daughter products from the air.
Perheps the most difficult problem in the entire investi-
gation was that of determining the daughter product concentration
breathed by the rats. BSince the rats were inserted intc the |
chamber in wire cages; which in turn were partially encloged in a
lucite cylinder, they breathed in an environment which under cer-
tain conditions might contain a daughter product concentration
much lower than that existing in more open regions of the exposure
chamber. The results of sampling experiments from the different

regions in the exposure chamber are given in Table 11. Region 1

was air taken directly from an opening in the wall of the chamber.
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Teble 11.

Relative Air-borne Daughter Product Activities in
Different Regions of Exposure Chamber

Region from Which Air Sampled.
I II : I1T
: Exp.® SlowP Hole in Tube 12° Dummy cage
Date Cond. Grad wall into chamber in charber
9/2 I-1 ~0.8 1 0.89
11/23 II-1 0.07 1 1.7
11/24 II-2 0.16 1 1.6 0.2

8g5ee Table 8

PRatio of daughter product activity removed from liter sample "
collected in ten minutes to activity from liter sample ’
collected in several seconds. |

\

e ————— L

Region 2 was air taken through a tube extending about twelve
inches into the chamber. Region 3 was from s dummy cage placed
in the chamber in a cylinder in an arrangement similar to that
used in the rat experiments (Fig. 7).

It is seen that under normal atmospheric”dust loads, the
cage activity was about 90 per cent of the daughter product
activity in the chember. However, when filtered air was inserted
in the chamber; the activity removed from air sampled from the

cage was only 20 per cent of the activity of air removed from the

expcsure chamber.
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6.4. Errors in Interpreting Sampling Results When Relative Concen-

trations of Daughter Products Are Not Taken into Account.

The daughter product concentrations in the chamber were
determined by measuring the alpha disintegration rate of the
filter paper at a known time after the air sample had been taken
and extrapolating the measurement back to zero time on the assump-
tion that RaA, RaB, and RaC-C' were in radioactive equilibrium.
These concentrations were theﬁ used to calculate the daughter
product buildup on a filter paper which sampled the atmosphere for
an infinite length of time at a specified sampling rate. The resulis
of this calculation could be used to obtain the daughter product
buildup and alpha energy released in any filtering systems (i.e.
the lung) whose sampling rate and filtration efficiency were
specified.

In practice the daughter products were not always in
equilibrium. It will be shown, however, that the error in assuming
equilibrium to calculate the alpha disintegration rate of an infinite
sample is small for the rglative air-borne daughter product concen-
trations measured in practice.

A sample containing equilibrium amounts of RaA, RaB, and
RaC-C', each initially giving 10 dpm will give a total of 9.26, 7,10
and 5:05 alpha dpm in 20, 40, and 60 minutes respectively. ‘These
alpha dpm would also be measured for the non-equilibrium initial

disintegration rates listed in Table 12. The rates given in Table 12

s
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Table 12.

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

o
——

I II
Alpha dpm measured Initial combinetions of deughter product
after listed decay time dpm which will produce alphe dpm in I
RaA RaB RaC /!
9.26 dpm 20 min. a) 10 , 10 10
after sample collected b) 23.8 11.9 7.2
c) 383 12.8 5.1
a) 191 0 0
7.10 dpm 40 min. a) 10 10 10
after sample collected b) 21.4 10.7 6.42
' c) 32.2 10.7 4.29
da) 148 0 0
5.05 dpm 60 min. a) 10 10 10
after sample collected bg 20.3 10.2 6.1
c 29.5 2.83 5.93
a) 122.8 0 0

apply to the grab samples of atmospheres containing the following

relative concentrations of RaA; RaB;, and RaC-C'.

Rad ReB RaC-C!
a) 1 1 1
b) 2 1 0.6
c) 3 1 0.4
a) 1 o] 0

Cese (d) is an extreme case which would never be encountered in
practice.
Table 12 was calculated as follows. Using the above sets

of numbers to fix the relative non-equilibrium initial disintegration

fa
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rates of RaA, RaB, and RaC-C', erbitrary values for the magnitudes
of the initis)l disintegration rates were assigned. Thus, for the
ratios 3/1/0.4, it was convenient to assign the initial disinte-
gration rates of 30, 10, and 4 to ReA, RaB, and RaC-C' respectively.
Fig. 2 was then used to determine the alpha disintegration rate at
the desired decay time for the specified initial disintegration
rate. Thus 30 dpm of RaA at t=0 gives 0.3 dpm of RaA and

0.38 x 3 or 1.1% dpm of RaC' at t=20. Similarly 10 dpm of RaB
give 3.84 dpm of RaC' and 4 apm of RaC give O.4 x 4.96 or 1.98
dpm of RaC' at t=20. The total alpha rate is 7.26 dpm. Since 10
dpm each of RaA, RaB, and RaC will give 9.26 dpm at t=20 (Fig. 2
or Fig. 4), the initial non-equilibrium rates which will give the
same values are 9,,26/7026 times the arbitrarily chosen values.
Thus 38.3, 12.8, and 5.1 dpm of RaA, RaB and RaC-C' will also

give the desired counting rate at t=20. '

The first set of equations of Section 3.2 can be combined
to give a single equation for the buildup of the alpha activity on
infinite filter paper samples of atmospheres containing given
dsughter product concentrations. The equation is

alpha épm = (2Q2+ Q + Q) v

Qps Qgs Qy = atams of RaA, RaB, RaC per liter, respectively.
v = sampling rate in liters per minute.
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This equation can also be written

alpha dpm 1 2AQ, +AQ3 iy \ 4
227 .0259 0352

A%(As835 A,Q,) = RaA (ReB, RaC-C') dpm per liter
v = sampling rate in liters per minute.

Table 13 gives the buildup after an infinite sampling
time on a filter paper which removes the daughter products
with 100 per cent efficiency from the atmospheres containing
the concentrations given in Teble 12 at a sampling rate of

one liter per minute. The table shows that the buildup of the

activity on an infinite filter paper sample is closely propor-
tional to the activity of a grab sample, counted preferably one
hour after decay, and is very insensitive to the actual relative
concentrations of RaA, RaB, and RaC-C' except when the departure

from equilibrium is extreme.

Table 13.

Activities of Infinite Samples Calculated from Activity
of Grab Sample for Different Non-Equilibrium
Daughter Product Concentrations in Atmosphere

Relative concentrations of |Activities of infinite samples (lj/min
daughter products in sampled|sampling rate) when grab samples glve
atmosphere same activity after fixed decay time
ReA RaB RaC .26 dpm T.10 dpm 5.05 dpm
at 20m at L4om at 60m

1 1 1 758 758 758

2 1 0.6 873 785 T45

3 1 0.4 975 821 752

1 0 0 1680 1305 1080
b e ————
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For a specific example, suppose a liter grab sample of
the daughter products is taken and after it has been allowed to
decay for 60 minutes, gives 5.05 dpm. If we assume the deughter
products gre in equilibrium in the sampled atmosphere, we see
from Table 12 that the activities of RaA, RaB and RaC-C' in the
sampled atmosphere are each 10 dpm per liter. We read from
Table 13 that for air sampled at the rate of one liter per
minute an infinite sample would build up to an alpha distinte-
gration rate of 758 dpm.

We will now show that very similar results are obtained
in sampling atmospheres not in equilibrium. The greatest depar-
tures from equilibrium measured in American uranium mines by
Holadey et al (25) were nct as great as the ratios 3/1/0.L for
RaA/RdB/RaC-C' used for the calculations in TableslZ and 13.

For the 3/1/0.k relative concentrations, the extrapolation of
the 5.05 dpm sample to zero time gives 29.5, 9.83, and 3.93 dpm
per liter for RaA, RaB and RaC-C' respectively. The calculated
buildup of an infinite sample of this atmosphere at a one liter
per minute sampling rate is 752 dpm. The difference between this
result and the result assuming equilibrium is less than one per
cent. On the other hand, it is seen frcm the tabls that extrapo-
lations from single readings of grab samples counted after 4O
minutes decay can be about 8 per cent low and after 20 minutes
decay can be 22 per cent low for the extreme departures from

equilibrium which may be encountered in practice.
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Since the lung acts as a filter of the daughter products,
the buildup of alpha activity in the lungs of a person breathing
in an atmosphere containing the daughter products is not sensitive
to the relative daughter product concentrations in the air but
depends only on the activity of a grab sample, measured 4O to 60
minutes after it is taken. The average alpha energies per alphsa
disintegration emitted by the daughter products built up in an
infinite sample are calculated from the date in Table 3 and the
equations in Section 3.2 to be 7.56 Mev. and 7.4 Mev. for
relative air-borne concentration of RaA /RaB/RaC-C' = 1/1/1 and
3/1/0°h regpectively. Thefefore, the error in evaluating the
total energy imparted to tﬁe lung from a single measurement of
a greb sample is also small. The error in evaluating the average
energy imparted per gram of lung tissue, which'is the important
quantity from the standpoint of determining the dosage, is even
smaller since the range of the alpha particles in the tissue is
approximately proportional to the energy of the alpha particles.

We therefore conclude that the activity of a grab sample
of decay products filtered from air and determined at a fixed time
40 to 60 minutes after the sample was taken is an index of the alpha
dosage to a human being breathing this air, regardless of the rela-
tive concentrations of ReA,RaB, and RaC-C' in the sampled air, if

conditions are otherwise equal.
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7. RESULTS OF RAT EXPERIMENTS.

7.l Procedure.

The arrangement for inserting the rat into the chamber has
been described in Section 4.3 and illustrated in Fig. 7. To
insert the rat cage into the chamber; the lucite pistoxi was drawn
partly out of the brass cylinder to the loading position
indicated 1n Fig. T and the cage containing the rat was put in.
The piston was then pushed through the cylinder into the chamber
as shown in the figure. A lucite cover was screwed on the outside
of the brass cylinder.

After a period of about 2-1/2 hours, the piston was drawn
into the cylinder and rcom air flushed through for one minute.
T™is was considered the zero point of the daughter product decay
in the lungs of the animal. The piston was then drawn partly out
of the cylinder and the cage removed. The animal was anesthetized
in ether and the lungs remcved. The lungs were then inserted into
test tubes and counted in the well-type counter. During the time
the animal was exposed, filter samples were taken to determine the
daughter product levels in the chember. The animals were usually

resting quietly most of the time they were in the chamber.
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Variation of Radiocactivity of Lungs with Daughter Product

7.2.
Activity in Air.

The experiments were conducted using twenty-two male rats of
The rats were

the Wistar strain over a period of several months.
exposed to radon mixed with the following atmospheres:
l. eair inserted into the chamber from the out-of-doors a

few hours before the animal exposure;
2. air confined in the chamber for several days before

the exposure;
3. filtered air;
4. air to which cigarette smoke had been added;
5. air to which a fine ZnO‘2 dust had been added.
During most of the experiments; the air in the chamber was

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

undisturbed.
preceding and- during the time the rat was in the chamber.

results are given in Tables 14 and 15.
The RaC' values in Tables 14 and 15 were calculated from

one meassurement of a grab air sample taken from an opening in the

.~,~‘!.4,:i’;‘? e e

chamber wall on the assumption that radiocactive equilibrium existed

It was seen from Table 13 that even

kg, o8

between RaA, RaB, and RaC-C',
when the departure of the daughter products from equilibrium is

R e

fairly large; the assumption of equilibrium may be used to calcu-

.

late the activity of an infinite sample. When the air in the chamber )

ML
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Table 1k.

Results of Rat Experiments. Counter I

Activity
Exp. Rat Wt.jEn Con09 of lungs |RaC' Conc. |Lung Activity
Run|Date |[Cond.®| gm. |o/fx 107 |y dpm® |c/#x 107 |~ ReC'
1 11/% I-1 189 24.1 20700 12.7 1630
2 I-1 233 23.4 66600 10.9 6110
3 11/5 I-2 197 18.8 20600 8.07 2560
4 I-2 210 18.L 15200 7.32 2080
5 11/6 I-3 190 15.5 13050 - L.08 3200
6 I-3 177 1L.7 11300 L.06 2780
7 12/13 II-1 175 25.2 3560 1.22 2920
8 II-1 198 24.9 3780 1.69 2240
9 II-1 170 2h.9 3330 1.27 2620
10 12/ak II-2s 184 20.2 490 0.272 1800
11 II-28 189 19.8 z12 0.349 895
12 12/15 II-3s 180 16.3 342 0.116 2940

8Experimental Conditions

I Outside air blown intc chsmber during previous night and early
morning of first day c¢f series of experiments. Chember then
sealed and radon inserted. No changes for succeeding experi-
ments. Air nct stirred.

II Chamber washed, lined with glycerine-coated glossy paper.
Filtered air blown into chamber during night preceding first
day of series. Chamber sealed and radon inserted on first
day.

's® means air fanned. Aratic numeral gives day of experiment
counting from time air changed in chamber.

bCorrected to 100% detection efficiency. Approximately ten times
measured counts per minute.
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Table 15.
Regult of Rat Experiments. Counter II
I Activity
Exp. |Rat Wt.| Rn. Conc.|éf lungs|RaC' Cong.| Lung Activity
Run|Date|Cond.®| gm. e x 109]y dpmP c/fx 10 RaC'

13{4/20 I-1 219 24.3 87500 13.3 6580
14{5/5 1-16 215 22.8 12600 2.68 4700
15 I-16 196 22.2 25600 ~T:5 3420
16|5/6 I-17s 189 16.5 420 low
17|5/8 I-19¢ 197 21.0 53800 19.1 2820
18|7/27 I-1 214 22.4 76500 20.3 3740
19|7/31 1-5 247 22.6 27400 7.61 3600
20{7/31 I-5¢ 230 22.2 72500 16.9 4290

Results with Restrained Rats
21(9/2 I-a 195 22 88500 21.2 4170
22 I-1 200 22 88500 2.2 4170

8See Table 1%.

bCorrected to 100% detection efficiency. Approximately five times .
measured counts per minute. Tr

cCigarette smoke added

d7n0, powder added
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was 8till, no runs for which daughter product ratios were deter- 1

mined gave ratios of ReA to ReB to RaC greater than 3 to 1 to 0.h.
Even with this departure from equilibrium, extrapolation to an ‘
infinite sample, assuming deughter product equilibrium, does not
give a serious error. Thus it was not necessary to determine
the relative daughter product concentration in order to calculate
the theoretical dosage to the lungs from breathing for an extended
period in the sampled atmosphere.
The experimental results are presented in chronological
order. They show that the radioactivity of the rats' lungs was
roughly proportional to the rgdioactivity removed by>the filter
paper from a liter of chamﬁér air 6ver 2 wide range of experimental
conditions.
Table 3 covers the experiments performed with the first
gamma counter discussed in Section 4.6. Table 15 covers the
succéeding experiments. ﬂ

Discussion cf Table 1li. Runs 1-6 were performed on three

successive days. Outside air was blown into the chamber the
previous night and in the early morning of the first day of the
experiments. Runs T-12 give the results of experiments in which
the chamber was filled with filtered air. The walls of the chamber

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

believed; might assist in removing dust from the air.
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The average gamme activity per unit radon concentration
measured in the lungs of rats 1-6 which inhaled radon and its
daughter products in atmospheric air that had not been cleaned
was reduced 8.5 times in rats 7-9 by filtering the air before
inserting it into the exposure chamber and 60 times in rats
10-12 by also fanning theair to further lower the air-borne
daughter product activity. Cohn et al (8) reduced the daughter
product activity measured in the lungs of rats by about 125
times by using an experimental arrangement in which rats were
exposed to an air-radon mixture which was filtered of the ‘
daughter products just before being inhaled by the rats.

The results of runs T-9 in Table 12 were obtained using
filtered air which was not fanned. From the discussion in
Section 6.3 we should expect that the reported RaC' levels,
vhich were measured in the chamber proper, were several times
higher than the RaC' concentration actually breathed by the rats
in the more confined volume of their cages and cage holder.

The increased retention to be expected under low dust conditions
because of the increased mobility of the daughter products was
not detected because of the overestimation of the RaC' levels
breathed by the rats. The independently dstermined daughter
product levels in a dumy cage under filtered air conditions

vere not used to correct the RaC' levels measured from the chamber
in the filtered air experiments ﬁecause it wes uncertain to what
extent the levels would be affected by the presence of the rat

in the cage.

P
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It should also be noted that when the daughter products
were not carried on dust particles, they may have been removed
to a significant degree by the nasal passageways before reach-
ing the lungs. Increased nasal deposition may thus have been
partly responsible for failure to detect an increase in the per
cent deposition in the lungs under low dust conditioms.
Measurement of deposition in the nasal passageways was not made

in the present work.

Increased retention under low dust conditions was found

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

Discussion of Table 15. Teble 15 gives the results

obtained with an improved counter. Run 13 was done with "normal

. atmospheric air, runs 14 and 15 in an atmosphere in which the

dust had settled for sixteen days. We note that the introduc-

tion of the second rat increased the RaC' concentration consider-

ably. This higher value was estimated from a ten minute sample. !
Run 16 was performed under stirred air conditions and produced

results quite similar to the previous results under stirred

conditions when filtered air had been used. In run 17, adding e

cigarette smoke to air whose dust load had been decreased con-

sidersbly by settling, brought the RaC'! concentration up tremen-

dously with a corresponding rise of activity in the rats' lungs.
The glycerine-coated glossy paper, which had been placed

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

chamber after run 17. In run 18, a cannulated dog was connected

25 SUHeih T S S

t6 the chamber at the ssme time the rat was in the chamber. The

results of the dog experiments are reported in the next section.

In this experiment, the RaC'® concentration reached its highest

Plotsyyg
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level to that time under atmospheric air conditions, 81 per cent
of equilibrium. Runs 19 and 20 give comparison readings between
a rat in 8 settled atmosphere and one in a high dust atmosphere.
The high dust atmosphere was obtained by blowing into the chamber
finely ground ZnO, with an aerosolizer designed to disperse
material in the so0lid phase. The powder increased the RaC' in
the chamber air and increased the radioactivity of the rats' lungs

proportionately. -

T.5. Experiments with Restrained Rats,

In the experiments reported to this point, the rats were
inserted infﬁ the chamber in cages. Their heads were often buried
in their bodies while they rested in the cages and presumably this
position could affect the amount of activity inhaled. To see if
the rats' positions in fact made a difference runs 21 and 22 were
done by inserting into the chamber two rats stretched out on rat

boards. In this position it wes impossible for the rats to contact

their bodies with their nostrils. The rats were fairly celm during -
most of the run though et times they did struggle to free themselves.
In addition to the results given in Table 15 decay curves
for the rats' lungs and the filter paper air sample are plotted in
Fig. 11. TheltheOretical decay curves celculated on the assﬁmption
of daughter product equilibrium are compered with the experimental
points. The results on the two rats were not significantly different

from the results obtained with previous rats.

Flbiubsil
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Fig. 11.
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Curve Sa). Measured decay of gamms activity in the lunge
of two rats that had been exposed for several hours ipn an
atmosphere containing radon and its daughter products.

The curve presented in conjunction with the experimental
data is a theoretical curve for an infinite sample of an
atmosphere containing equilibrium concentrations of the
daughter products.

Curve (b). Measured decay of alpha activity of a one
liter gradb air sample taken during the exposure of the
rats. The curve presented in conjunction with the exper-
imental data is a theoretical curve for a greb sample of
an atmosphere containing equilibrium concentrations of
the daughter products.
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7.4. Dosages Received by Rats.

From the radiation hazard viewpoint, the only important
dosage is from the alpha radiation. The total alpha dosage to

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

gamme counter for the lung geometry, and the ratio of the alpha
energy to the gamma radiation emitted in the lungs.

The efficiency of the counter used in runs 1-12 for
different sample volumes and gamme energies was given in Section

4.k, The results, which were obtained for the radiations from Fe’?

and 1131, are approximately applicable to the radiations from the
radon daughter products.
Another way to obtain the efficiency of the gamma counter

is from the number of gamma photons counted per alphe disintegraticn

of a daughter product source. The true alpha disintegration rate

of the daughter products removed from the air by millipore filters

can be obtained rgadily from appropriate calibration experipents

gince self-absorption in the millipore source is small. Gamma

counts are made on the same filter paper used for the alpha measure-
ment and the alpha and gamma values are extrapolated to the same decey

time. The measured 7/a ratioc as compared to the theoretical ratio

gives the efficiency.

The radon daughter product gemme spectrum wes published by

Evans (28) and is presented in Table 3. A total of 0.823 gamma

quanta per disintegration of RaB and 1.455 gamme quanta per
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disintegration of RaC are given off. Using these values, theo-
retical gamma decay curves can be plotted. These curves ate
presented in Fig. 3 and 4.

Small errors in using the 7/q ratio method arise from
differences in the energy spectra of the different samples counted
and departures from daughter product equilibrium in the sampled
atmosphere. The theoretical 74 ratios for a grab semple remain
fairly constant‘for g wide variation in relative daughter product
concentrations. We see this in Table 16, which gives the.7/a
ratios for instantaneous samples measured at specific decay times

for the listed initial dgcay rates.

Table 16.

Nunber cof Gamma Photons Emitted per Alpha Particle
from Grab and Infinite Samples of Non-Equilibrium
Daughter Product Atmospheres

— e ———

Relative activities of y/a ratios
daughter products in air Grab sample measured at o° sample
RalA RaRB RaC 2Cm 40m 60m No decay

16 1¢ 16 2.02 1.91 1.84 1.84

20 10 6 2.19 2.00 1.89 1.81

30 ic L 2.30 2.06 1.92 1.76

10 0 o 2.38 2.23 2.00 1.1k

P ———————
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Thus the efficiency of Counter I may be determined by
two independent methods:

Method 1. From Calibration with Fe’?.

The height of the rats' lungs in the test tubes wvas about

two centimeters. A solution of Fesg, 2.2 cn, deep, gave an
efficiency of 9.7 per cent when the ore standard reed k270.
Assign an efficiency of 10 per cent for en ore standard

reading of 4270.

Method 2. From 7/a Ratios.

We use the data from runs 1-6.

Time of Time of
Run a cpm ¢ meas.(m) Y cpm y meas.(m) a std. 7 std.
2 6200 88.5- 1302 100 2080 4780
3 9160 53 1273 87 2100 5000
L 7300 62.5 850 101 2100 5000
5 2230 91 423 102 2133 5210
6 2780 80 493 - 97 2100 5180

We extrapolate the alpha and gamma measurements to t=0,
extrapolate the gamma counts to a gamma standard of 4270, and
convert the measured alpha counts per minute to total disintegra-

tions per minute, using 4617 cpm = 100 per cent geometry for the

alpha stendard.

Measured 7 cpm
total o dpm

0.272
0.326
0.267
0.228
0.246
Avg. 0.258

[0 )R O I —d UL ) g
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The theoretical 7/a ratio at t=0 is 2.278. Therefore the
efficiency is 0,258/2.278 = 11.3 per cent.
The filter paper occupied a volume of 0.5 cc. Measurements

131 gave 12.3 per cent and

using the same volumes of Fe59 and I
13.6 per cent respectiveiy for the efficiencies.

Thus, efficiency determinations by two independent methods
agreed fairly well.

Counter II was calibrated solely by the 7/a ratio method.
The results are given in Table 17. The method of holding the
filter paper in the test tube was changed for the measurements
wi‘f:t}_ Counter II. Previously the filter paper had been crumpled in
the bottom of the tube so it filled about 0.5 cc. of the volume.

An improved arrangement was obtained by £illing the bottom centi-

meter of the tube with plaster of paris. The filter paper was

then compressed against this base, thus occupying e more defined
volume. Since the height was asbout one-half that occupied by the
lungs, the efficiency of the counter for the lungs was approxi-
mately the same as for the filter paper.

Once the disintegrations per minute in the lungs has been
determined, the ergs dissipated can be obtained 1if the average
alpha energy per gamma photon is known. Table 18 gives the alpha
energy per gamma photon emitted from the lungs for different non-

equilibrium conditions in the inhaled air. We see from the table

B ok
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Table 17.

Calibration of Counter IT from y/a Counts of Grab Sample

Sample Effic. for
7/a  decay Theor. Effic. Ore Std. II
Date counts time y/oo ratio % Ore Std. = 10000
= 8/1 0.314 108 1.7h 18.05 9730 18.5
& 8/1 0.385 60 1.84 2.9  97%0 21.5
9/2 0.354 60 1.84 19.3 10400 18.6
9/2 0.338 €0 1.84 18.k 10400 17.7
i Average 19.1

e e

Table 18

Ratios of Alpha Energy to Gamma Photons Given Off
Simultaneously by Infinite Samples of Non-
Equilibrium Daughter Product Atomspheres

e — ]
Relative activities of
daughter products in air o Mev/photon
RaA RaB RaC
10 10 10 4,12
20 10 6 ' 4.12
30 10 L 4.18
10 ¢] 0 6.0

B e  ———  —— — — _— ___ ___—— _— _——— _ — —— ———
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that an assumption of equilibrium will not lead to a serious error

for the conditions that exist in practice.

Actually, the 7/a ratio of a greb sample should give a
fairly close estimate of the y/a ratio of an infinite sample,
i.e. the lung, and thus give the lung dosage directly from the
gamma measurement. This can be seen if we compare the theoretical
y/a ratios given in Teble 16 for grab and infinite samples. The
ratios are closest for a reading of the instantaneous sample taken
after a decay time of sixty minutes and are equal if equilibrium -
conditions exist. Thus, the y/a ratio of the instantaneous sample
at sixty minutes can be used without further correction as the
y/a ratio of the infinite sample at zero decay time. The alpha
energy impaited to the lungs in ergs can then be cbtained from
the average alpha energy per alpha disintegration, which is 7.58
Mev., and the relationship, 1 erg = 1.6 x 10-6 Mev.

If the weights of the rats® lungs are known, the ergé per
gram can be obtained. Stokinger et al (34) found the average
lung weight (Vet) in the rat to be 0.43 per cent of the body
weight. This formula has been used to calculate the results
in Teble 19. The relations 93 ergs/gm = 1 rep and 20 x rep =
rem for alpha radiation have been used to obtain the rem in the
lungs of the rats breathing radon and its decay products. The
results are exﬁressed in terms of mrem/hr per 10-9 curies/liter

of RaC*®.
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Table 19.

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

Dosage from inhaled radon daughter products, calculated from
activity measured in lungs

Rat Rn RaC' MREM/hr , for

Ran Wt. cffx 109 co/fx 207 Ergs/br MREM/hr _ 10"7 ¢/f RaC!

1 189 24.1 12.7 8.18 2170 - 171

2 233 23.4 10.9 26.4 5650 518

3 197 18.8 8.07 8.15 2070 256

4 210 18.k 7.32 6.00 1430 195

5 190 15.5 L.08 5.15 1360 333

6 177 1.7 %.06 4.48 1270 313

7 175 25.2 1.22 1.%1 402 329

8 198 24.9 1.69 1.50 378 224

9 170 24.9 1.27 1.32 388 306
10 184 20.2 0.272 0.19 51.7 190%
11 189 19.8 0.349 0.12 31.6 , 90.5%
12 180 16.3 c.116 C.1h 38.8 33y%
13 219 24.3% 13.3 3k k4 7880 59%
1k 215 22.8 2.68 L.97 1160 433

15 196 22.2 ~T-5 10.1 2580 3l
16 189 16.5 0.17 45

17 197 21.0 19.1 21.2 5400 280%
18 214 22.4 20.3 %0.1 T70%0 346
19 ol 22.6 7.61 10.8 2190 288
20 230 22.2 16.9 28.6 6200 367

Average 334

Std. dev. 118
*Omitted from averaging

Estimated dosage toc lung of rat breathing 10-9 e[( radon
from radon gas 2.58 MREM/hr.

from daughter products of radon
molecules decaying in lung 6.45 MREM/hr.

[ lofuo
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If we know the total volume of air in the rats' 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
air and by the radon decay products in equilibrium with the radon.
Guyton (33) gives the formula 0.007hk x weight of rat (gm) for the
tidel volume of rats (cc.). Estimating the total lung volume as
six times this, which is the ratio for humans, we have a rough
idea of the dosage produced by radon and the daughter products in
equilibrium with radon. This is compared with the measured

daughter product dosage in Table 19;

T7.5. 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 slightly angsthetized rats as
a function of rat weight was given by the formula:

. Minute volume in cc/min = 0.65 x weight of rat in grams.

The theoretical gamms ratios for an infinite to & one liter
grab sample are:

61.2 v for grab sample measured at O time

150 v for grab sample measured at 60 min.
where v is the minute volume in liters per minute.

Substituting Guyton’s formula for the minute volume as a

function of weight, v = 0.00065 wt., we get:

‘Infinite sample counts (decay = 0) = 0.0975 x wt.
Inst. sample counts (decay = 60 min.)
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This ratio assumes radiocactive equilibrium between radon and
its daughter prodm;tsu
| Applying this formls to the runs in which gammsa filter paper
meesurements were made we get the per cent retention values listed

in Table 20.

Table 20.

Per Cent Retention of Daughter Products by the Rat
from the Ratio of 7 Counts of Lung to 7 Counts
of Filter Paper Air Sample

2 233 3100 711-55 2.4 22.7 10.6
3 197 2280 2416 1.06 19.2 5.5
L 210 2040 1776 0.87 20.5 .2
5 190 1028 1591 1.55 18.5 8.4
6 177 1100 1373 1.25 17.3 7.2
18 21k 62k0 14600 2.27 20.9 9.2
19 2h7 3160 5100 1.61 2k 6.7
20 230 5980 13500 2.26 22.4 10.1
Average 7.8 .
Average Corrected 9.2

In obtaining the efficiency of retention no attempt was made
to take into account the relative efficiency of the counter for the

iurg ani filter peper measurements. An additionel error is intro-

duced because of the difficulty in specifying accurately the

&

&
daughter product concentration inspired by the rat. The measurements w

2
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on the decay products given in Table 20 were made from the chamber.
From the discussion of Section T.l, we may expect that this was
appreciably higher than the activity in the cage for very low

dust conditions. Accordingly, it is possible to give a reten-
tion figure only for the daughter products carried primarily on

atmospheric dust, that is, a figure obtained for rats breathing

in air that was not cleaned. Filter paper samples obtained from

the cage, using both slow and grab sampling; had activities

about 15 per cent lower than the activities in the chamber.

Using this correction figure, we calculate the average re'bention

of the daughter products which were carried on a.tmospl_xeric dust

{
b
to be 9.2 per cent. i 4

8. RESULTS OF DOG EXPERIMENTS. 3 . “

8.1. Procedure.

To study the dosage of the radon daughter products to the

lungs of dogs, the trachea of the snesthetized dog was cannulated ! ,

and connected to the chamber through a respiratory check valve.

The dog inspired air from the chamber through the valve vhose

outlet was connected through e gas meter back ‘ho the chamber. The

gas meter was read periodically during the experiment to determine

the expiredminute volume.

After it had been connected to the chamber for about two

hours, the dog was disconnected and sacrificed. The lobes and

Pl1bUo
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trachea were dissected out individually, put into separate test

G T ﬂgm ikl

tubes, and counted in the Texaco counter (see Section h.h). In
all the dog experiments outside air was blown into the chﬁm‘ber
during the previous night and early morning of the day of the
experiment. The chamber was then sealed and the radon inserted
several hours before the dog was connected. The results are

given in Table 21.

8.2. Determination of Re;spiré.tory Minute Volume.

Dogs 1, 2, and 4 were connected to the gas meter during
the entire experiment. Dbg 3 was connected directly to the chamber,

thus eliminating the respiratory check valve. Its minute volume

was measured with the gas meter at the beginning of the experiment.

At the end of the experiment its minute volume was estimated very

‘l;;s«ag:;;‘ b

roughly by considering it proportional to the respiratory rate.
No measurements were made on the respiration of dog 5.

The respiratory date 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 gamma decay curve
of the daughters starting in equilibrium. The decay time was
chosen from the middle of the measurement period for a given deter-
mination to the time the dog was disconnected. The readings were

also weightedproportionally to the time between the successive

readings of the gas meter.

lbthbl3
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Table 21.

Results of Dog Experiments

Dog No.
1 2 3 L 2
Weight(kg. ) 13.3 8.35 9.54 9.6 8.48
Minute volume (f/m) 3,1 2.8 1.7 0.35
a/y ratio at t = 60m. 15.6 19.1 19.1 19.7 19.7
RaC' concentration (c/fx 10°) 19.2 21.2 21.2 18 18
ycpmat t =0
Lobe A 11520 11600 6950 5610 k360
Lobe B 5280 4760 2400 3345 2835
Lobe C 13370 10300 8520 T9T70 5170
Lobe D 5050 3410 3720 4020 2500
Lobe E hoko 631C 2500 2840 2195
Lobe F 12750 1108¢ 8525 10690 4930
Lobe M 5840 3630 3040 5430 2245
Activity of lung 58550 51090 35655 39905 24235
Trachea 1070 1570 1790 204
Lobe weights(gnm.)
Lobe A 16.¢ 11.5 11.5 14.5 12.5
Lobe B 11.0 6.0 4.5 8.25 8.0
Lobe C 28.5 18.¢ 16.5 19.75 20.0
Lobe D 9.0 k.0 6.5 T7.25 8.8
Lobe E 6.5 7.5 5.0 4.5 5.5
Lobe F 30.5 17.5 16.0 23.75 20.0
Lobe M 9.5 5.5 4.5 T.75 6.5
Weight of lung 111 70 64.5 85.75 81.3
Trachea -~ irradiated weight 0.23 0.23 0.2% 0.23 0.23

I
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Table 22.
Minute Volume Measurements in Dog Experiments
I 1T IIT | IV v Vi Vi VIII IX
Time jResp.|Meter Decay | Decay | Rel. time Product ‘g
min. | m~ £t% [ f/min]Time | Factor | betweer |VI times{of IV, VI 1
readings VII |and VII f
Dog No. 1 ’ :
0 5.4 i
18 76.35 1.b9 172 C.C32 1.2 0.038 0.057 ' it
31 10 77.2F 1.09 150 C.OSk 1.53 0.083 0.090 e
56 78.31 2.05 135 €.076 1 ¢.076 0.16 f
71 12 T79.81 2.8 120 o0.11 1 0.11 0.31 ]
8 12 81.13 2.8 105 ©C.15 1 C.154 0.38 :
101 1k 82.47 2.52 9o¢ g.22 1 0.219 0.55 ;
116 17 8k.45 3.72 75 GC.3C 1 0.30 l.12 i
131 20 86.1% %.16 60 C.h1 1 0.L1 1.30 i
146 20 88.37 3,62 45 ©.55 1 & 0922 5.81 i
159 22 89.47 3.0 3¢ C.T1 0. 0. . ]
18% Dog disconnected ‘ 2.56 7.88 i
Average = EOOB]/m 1
Dog No. 2
3.33 i
15 8 4,25 1.7% 8 0.26 1 0.256 0.445 i
30 10 5.38 2.13 65 0.36 1 0.356 0.758 i
b5 13 6.50 1.92 50 0.48 1 0.48 0.92 3
1 ‘

71 34 9.66 3.6u F1 (.69 T3 1.1 M'Eé
88 Dog disconnected 2:2 45
Average = 2.82f/m

e e e it om e o mi

Dog No. 5
¢ ~ 0
18 0.23 0.36
33 c.k  ©.32
Sk 0.6k 0.32
19 0.96 ©.35
98 1.20 0.%6
104 1.28 C.2

116 Dog disconnected Chose C.35f/m = mir. vol.

Dog No. 3 i
At t = 0, min. vol. = 1.1, respiration = 10/m ;
t = 180m , dog discomnected, Respiration = 15/m
Estimated average mirn. vol. = 1.7

EETERE




8.3, Correction of Counts for Geometry.

The counting rates of the‘iobes were corrected for differ-
ences in counting efficiences caused by the different heights of
the lobes in the test tubes. The correction was minimized by
locating the lobes at that portion of the counter where the
variation with sample volume was leagt. Corks were inserted into
the test tubes to bring the bottoms of the lobes spproximately
2.5 cm. from the bottom ends of the test tubes. To defermine the
correction, a disk gource, prepared from a filter paper sample
of the daughter products, was counted at various heights in a
sample test tube filled with water. The maximum correction was

about 5 per cent.

8.4. Sampling of Air for Daughter Products.

The daughter products were sampled from the chember next
to the place where the respiratory check valve leading to the
dog was connected. An independent experiment was performed to
determine the loss of radicactive meterial in the dead space
(about 30 cc.) of the valve-tracheal cannula system. Several
air samples with the water aspirator were taken alternately from
the end of the tracheal cannula and directly from the chamber.
The sample volumes were sbout 150 cc. First, about 200 cc. of

air from the cahmber was flushed through the cannula. After a

BEEEE
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delay of ten seconds to simulate the delay between inspirations,
the 150 cc. filter paper sample was drawn. The results of this
experiment are given in Table 23. Since the time between collec-
tion of the sample and its measurement was the same for each
sample, no correction for decey was necessary.

Table 23

Extent of Daughter Product loss in Tubes
Connecting Dog to Chamber

Sample <
Sample Volume Counts for
No. ml. Counts 120 cc.

Sample collected through cannula and valve

R 160 27139 . 2055
2 150 2456 1960
3 17 2053 2105
L 119 2132 2150
5 126 2088 1990

Average 2052

Semple collected directly from chamber

6 118 2208 2246
T 119 1952 1970
8 121 2261 2240
9 122 2268 2230

Average 2172
w

The average activity for the air samples drawn directly
from the chamber was 6 per cent greater then the average for
the sample drawn through the cannula. The retention figures re-

ported in Table 24 were increased by 6 per cent over the

P1eCul



measured values to correct for this difference. Using this
correction an average retention of 11 per cent was found for
the dogs with the higher respiratory rates and a retention of

50 per cent was found for the dog that was deeply anesthetized.

Table 2k

Per Cent of Inhaldl Daughter Products Retained by the Dog.

Dog 7 cpm 7 cpm I i b
No. lungs F.P.2 1Iung cpm  Min. voui. % Ret.
F.P, cpm d/n 15oMv I ¢ II
1 58550 1200 48.9 3.08 465 "11.1
2 51090 1230 k1.5 2.82 426 10.3
3 35655 1230 29 1.7 255 12.1
5 25760 1030 25 C.35 52.5 50.3

N 7 activity of liter grab sample, counted after one hour decay.

b Corrected for daughter product loss in tracheal cannula and
respiratory check valve. '

8.5. Dosages Received by Dogs.

Table 25 lists the calculated dosages to the lobes and the
trachae of the five dogs. The dosages are extraptlated to &
common equilibrium daughter precduct concentration of 1009 cﬂ.,

’.'I_he lobes had been dried cvernight in an oven at 9C° C. before

weighing, sc the weights were maltiplied by five {35) to give the
approximate wet weights in the living animal. Although the minute
volume of dog 5 was only 14 per cent of the average minute volume

of dogs 1l-4, the dosage to the lungs was 62 per cent of the
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Table 25.

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

—

}l

Dog No.
bl 2 3 N 5
Minute volume (%/m) 3.1 2.8 1.7 0.35
Respiration (m™) 20 3G 15 ~1
Ergs/hr
Rac’ (c/#x109) 19.2 21.2 21.2 18 18
Lobe A 128.4 161.h 96.6 80.5 62.5
Lobe B 59.8 66 33.6 48.0 40.6
Lobe C ; 151.L 142.8 118.2 114.3% .1
Lobe D 57.3 47.4  51.6 57.6 35.8
Lobe E 56.0 87.6 34.8 ho.7 31.5
Lobe F 14h.6 153.6 118.2 153.1  T0.8
Lobe M - 66.2 50.k L2.6 T7-9 32.2
Ergs/hr to lung 663.7 T709.2 h95. 572.1 347.5
Trachea 12.2 21.8 25.6 2.92
MREM/hr for 10 Jc/lRaC’
Lobe A 89.9 143 85.% 66.3  59.7
Lobe B 60.8 112 75.9 69.5 60.6
Lobe C 59.5 80.5 72.8 69.0 4.3
Lobe D 71.h 120.5 80.6 95.0 48.6
Lobe E 96.5 118.8 T0.6 108.0 68.5
Lobe F 53.0 89.1 75.2 77.0 42.2
Lobe M 78.¢ 93.2 96.2  120.0 59.3
Average over lung 67 102.7 78.0 79.6 51.1
Trachea 580 950 1300 167

\l




average dosage for the other four dogs. This slight dependence
of dosage on minute volume points to a diffusional process as
the main mechaniem for deposition of the daughter products.

An interesting result is the large dosage of 94C mrem/
nr /1079 /}( RaC' to the trachea. This is over ten times the
average dosage imparted to the lobes of the lung. The dosage
to the trachea was obtained by assuming the alpha energy was
dissipated in a cylindrical shell, 66 mu thick. This is the
range in water of alpha particlies with the average energy of
the alpha particles emitted by the daughter precducts that were
removed from the inhaled air. The inner diameter of theé shell
wes taken as 1 cm. and the length as 11 cm. These were

epproximately the dimensions of the trachease whose activities

were megsured,

9. DATUGHTER PRODUCT RETENTION IN MAN.
9.1. Procedure.

The fraction of the inhaled radon daughter products
retained in the lungs of & human subject was measured by using
an apparatus which appreciably decreagsed the effort required
to breathe through & miliipore filter. The experimental

arrangement is shown schematically in Fig. 12.

bl bhoonod
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for subJject Qy

Vacuum Gas
pump meter 2

5 N Bypass ® Gas meter 1
2N —
s N " ' Flutter valve 1
~ Respiratory
Q N\ check valve b ¢
N il
— =) e . T
‘_]‘—-’_ Weter Millipore
Q Mouthpiece mancmeter filter ®
N\
\
N\

Fig. 12. Experimental arranganent for human inhalation
experiment.

The vacﬁum pump in Fig. 12 operated during the entire run.
When the subject did not expire through the check valve, room air
wag drawn through gas meter and inspiratory valve 1 and through
the millipore filter. When the subject exhaled, flutter valve 1 was
closed and the subject’s air was drawn through the millipore filter
by the vacuum pump. The pressure at the cutlet end of the respira-

tory check valve was about =1 cm. HZO because cf the flow of air

o
o
i~
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through meter 1. The chamber was maintained at about -3 cm.

to insure that no air would be drawn by the vacuum pump directly
from the chamber. In a control experiment, the outlet of the
check valve to the lung was stoppered and the pump was turned
on for several minutes. Negligible activity was measured on
the filter paper.

The procedure for a run was &s follows: .

1. The outlet of the respiratory check valve to the
subject was stoppered. The pressure in the cheamber wes made
equal to atmospheric pressure. The connection to valve 1
was pinched off. About fifteen liters of air were drawn from
the chamber through the millipore filter and gas meter 2 by
the vacuum pump. This brought the pressure in the chamber down
to about -10 ecm.

2. The chamber pressure was brought back to -3 cm."A
new filter peper was quickly inserted into the millipore
hclder. The subject then began breathing from the chamber.
His first ten exhalations were bypassed around the filter
paper to equilibrate him with the chamber. About fifteen
exhalations were then passed thrdugh the millipore filter.
During the experiment the air in the chermber was maintained

at about -3 cm.
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%, After the subject had completed breathing, & new
millipore was inserted and the air sampled again as in 1.

" The activity on each millipore filter was left to decay
the same length of time before counting, to eliminate the need
10 make corrections for decay.

The volume exhaled by the subject was obtained from
the difference in thé readings between meter 1 and meter 2.

The zero reading was obtained from the readings of the two
meters when air was passed through them in series.

The experimental results were converted to counts per
minute per liter of air through the millipore filter. The ratio
between the activity of the expired air sample and the sample
drawn directly from the chamber gave the fraction of the daughter
products that was not retained. ;

9.2. Results.

In the first series of experiments the retention was
measured using air which had been freshly inserted into the
chamber from the outside. In the second series of experiments
filtered air was used. The results are given in Tables 26 and
7.

The average retention of the daughter products in
air containing normal atmospheric dust was 25 per cent. The

average retention of the daughter products in filtered air wes

o
o
-
-
L

ol
eessniilil
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Table 26.

Per €ent Retention of Daughter Products Carried on Atmospheric

Dust Trom Human Inhalstion Experiment

_—
; Retention
I From lFram
Air Sample A II & I | I & III
Run 1
1st reasding 673 31 23.6
2nd reading 658 30.9 25.7
Run 2
1st reading 1065 81 1040 23.8 22
2nd reading 1062 802 1012 24.5 21.9
BRun 3
1st reeding 49.7 37 49.2 25.5 L7
ond reading 49.3 37.2 47.6 4.7 22
Artifical lung?
15t reading 49.2 8.9 47.6
2nd reading 47.6 48.5 L6.7
: Run 1 Run 2 Rup 3 Art. lung
Radon(c//x109) 2.92  2.92 1.06
RaC' (e/fx109) 2,14 2.1k 0.68 |
Min. vol. (£/m) 11 9.4
Tidal vol. ({) 1.3 1.3 1.1 ;
Sample A (liters) .2 1k.3  IkA 1b.b 1
Exhaled air (liters) 38.4 18.9 16.k 18.2 g
Semple B (liters) ~  1h.2 18,5 1.4k kb “

= b
8The artificial lung was a neoprene balloon which was enclosed in a Jer. I
To respiratory check valve

Neoprene balloon
To mouth
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75 per cent. The minute volume was ten liters and the tidal

volume was over one liter.

Table 27

Per Cent Retention of Daughter Products in
Cleaned Air from Human Inhalation Experiment

—_—

Air Semple

Exhaled Air Sample ;
A air B Avg. A and B Retent. g.f 1‘

Run 1 193 v 7.5 151 0.28 72

Run 2 359 __T72.7 289 _0.22 . 78 ,
Radonic/fxl 9.% T
RaC' (e,/,(xl09% 1.0 1!

5

Tidel vol,(f) ~1.

Run 1 Rum 2
Sample A (liters) .88 II.38
Exhaled Air (liters) . 15.7h  16.63
Sample B (liters) 8.52 11.38

These retention figures may be compared to the 50 per
cent retention figure reported by other investigators who made
the measurements using radon mixed with rocm air (36, 37). i
Though it is difficult to compare the results obtained for dif-

ferent subjects under unknown breathing conditions, it may be

expected that the room air was in a state somewhat intermediate
between the two extremes vwhich were employed in the chamber
investigations. The larger size of the room; along with the
lower dust load in the air, favored a higher concentration of |
the more motils daughter proijucts than wers present in those i. ‘ '

chamber experimexnts conducted shortly aftsr the outside air

wasz inserted. This would give a higher retentiorn figure for

l ‘ b Do L
, /
GJoL
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the room experiments except when the chamber air was éleaned of
dust.

Using these values we can calculate the dosage from con-
timuous inhalation of the radon daughter products averaged over
the entire lung. For a RaA-ReB-RaC-C' concentration of 1079
curies/liter, 308 ergs/hr alpha energy would be delivered to

the lung at 25 per ceni retention. This amounts to 3.3 mrep/hr -

M

or 66 mrem/hr if we assume the lung weighs one kilogram. Using

LI

the ratios of 10 to 1 for the dosage in the trachea to the rest

of the lung.obtained from the dog experiment, we estimate the

dosage to the trachea ag 660 mrem/hr. These results are for

f>)

daughter products carried on atmospheric dust. Similar calcu-
lations can be made for the dosage from inhaling the dsughter
products that are air-borns ir cleansd air., We should expect
the trachea to receive a rzlatively highsr dosage because of
the greater mobility of ths daughter products in cleaned air.
An additional uncertairty in the calculations for cleaned air
is introduced by lack of knowlsdge on deposition in the nasal
pagsageways under thess conditions. When the daughter products
are suspended in filtered air; this deposition may be significant.
These calculated dogages are based on the assumption
that the deposited daughter products remain at the site of
deposition until they dscay. Wilson and LaMer (38), working
with a soluble Na(24)Ci aerosci, found that the lung radioacti-

vity of human subjects dscreaszd by one-third about fifteen minutes-
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after cessation of inhalation. Stokinger et al (34), working

with insoluble particulates, did not find any siénii‘icant removal
over short periods of time from the alveolar regions of rats' lungs. 1
i The retention of the daughter products after & perio;i of . '\

several hours probably varies in different regions of the lung.

The ciliated regions,; which extend down to the bronchioles, may
remove the daughters more readily than the non-ciliated regions.

However, for lack of any quantitative infomation, it was assumed

in all the calculations that the daughter products remained

where they had been deposited until they decayed.

10. CALCULATIONS OF THE RADIATION DOSAGE TO THE LUNGS OF MAN ‘1! ;
BREATHING IN AIR CONTAINING RADON. it
The experimental figure for human retention of the radon

|
|

daughter products obtained in Section 9 was used to calculate ! f
|

an average dosage to the lung. We should have a more realistic
idea of the radiation hazard if we could assess the dosages
imparted to the different regions of the lung. These dosages
depend on the pattern of deposition of the particulate matter
vhich carries the daughter products. We shall attempt to calcu-
late the dosages to the coﬁstituent regions of the lungs for
several sizes of particles on which the daughter products are

likely to be deposited. i
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10.1. Particle Sizes Selected for Dosage Calculations.

In normal atmospheric air, the radon daughter products
exist largely on nuclei whose diameters vary between 0.004 mu
and 0.12 mu (24, 39). The size of the nuclei seems to depend
on the humidity. These nuclei are produced by spray from the
ocean and by combustion in industrial areas. Their concentra-
tions have been measured as high as 250000/cc. in city air and
as low as T/cc. in clean country air (40).

In a mine, when the air is still, we should expect only
a small fraction of the daughter products to be on nuclei. The
rest either exist as suspended matter of high mobility or become
attached to the walls. However,; when the air is dusty; the
radon dsughter products become attached to the dust and produce
a spectrum of radioactive dust. The radioactivity of each size
is proportional to the combined surface area of all the particles
of that size. The size frequencies of dusts produced by drilling
and blasting sandstone are given in Table 28.

The available experimental data indicates that few
particles less than 0.2 mu in diameter are formed in mineral dusts
produced by mechanical disintegration processes (41). Gibbs (L2)
concluded that the lowest theoretical size to which solids or
liquids can be reduced in size by disintegration methods is of

the crder of 0.1 mu. This limit is imposed by the operation of

%

R
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Teble 28.

Size Frequency of Particles in Various Mineral Dusts

from H. L. Green . Soc. 1091, (1936
Size Group Per cent Frequency -
diam.(mu) Shale Shale
during drilling after blasting
Up to 0.2 7.6 10.0
0.2 - 0.4 13.6 10.5
0.k - 0.8 15.6 17.0
0.8 - 1.2 10.6 12.5
1.2 - 1.6 9.3 19.5
1.6 - 2 8.0 6.5
2 -2.5 7.6 k.0
2.5 -3 7.0 10.0
LI 6.6 6.5
b -5 3.6 4.6
5 - 10 . 3.0 4.0 g
Above 10 7.5 5.0 P{’
—_—— — = ’:L";

Samples were obtained with the thermal precipitator. ;
They were examined with a microscope fitted with a 2mm x
01l immersion apochromatic microscope objective and & . b
x17 eyepiece giving 150Cdiameters wagnification. ’
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cohesional or surface tension forces upon each separate fragment
of material ags it is being formed during the process of disinte-
gration. Green (1) reported that the appearance of smaller size
particles in mine dust was shown to be produced from smoke par-
ticles derived from explosives used in disrupting the rocks.

It is instructive to calculate the dosage imparted to the
lungs by those radioactive particles which may exist in signifi-
cant amounts in mine atmogpheres (i.e. 0.2 mu to 6 mu diameter)
and by particles which normally exist in the air. We shall select
a particle with a diffusion coefficient of 16 x 10-6 cm;a‘/sec.
(approx. 0.06 mu diameter) as typical of the permanent atmospheric
‘nuclei (h}jo This size is cﬁaracteristic of the large Langevin
ions in the air. Most of the air-borne radioactivity appears to
have been measured on the so-called "intermediate" nuclei originally
discovered by Pollack (44) which are more mobile. The selection
of the larger psrticle size seems justified, however, in view of
the discovery by Pollack that the intermediaste ions disappear
presumably to give large ions, in regions of high humidity. The :
transformation to the larger size then should occur in tﬁe saturated
atmosphere of the human respiratory tract. In addition, we shall
calculate dosages from inhaling the daughter products as positive

ions [~ diffusion coefficient = 0.03 cm. 2 /sec (45) .:]

|
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10.2. Review of Published Experimental Data on Deposition of

Particulate Matter in the Human Respiratory Tract.

Several extensive investigations of the deposition of
particulate matter in the human respiratory tract have been
reported (46). Some of the results are given in Fig. 13.

Van Wijk and Patterson (47) carried out experiments underground
in a South African gold mine in which the rock consisted mainly
of quartzite. Using an optical microscope, they made & size
analysis of dust which was collected from inhaled and exhaled
eir with the thermal precipitator. They used three subjects
with an average minute volume of 17 liters and an average
breathing rate of 19.

Wilson and LaMer (38) used & radioactive monodisperse
aerosol of particles consisting of equal volumes of water and
glycerol end a small amount of NaCl containing a trace of Na.al“,
to obtain retention data as a function of the breathing rate for
seven human subjects. The inhaled and exhaled air were anslyzed
for rediocactivity and the retention was calculated from the
difference. In addition, Wilson and LaMer counted the gamma
activity in the lungs by placing a GM tube directly against the
chest. They used an experimental arrangemant which they believed
~ gave them mainly alveolar counts. They found s maximum alveolar

retention for particle diameters between 0.7 mu and 1.7 mu.
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Fig. 13. Published curves of percent retention of dust particles
by humen subjects as a function of particle diameter in
microns. R=respirations/min. TV=tidal volume.
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They presented arguments which indicated that the maximum

alveolar retention was of the order of U5 per cent of the
inhaled aerosol.

Hatch et al (48) measured the retention of china clay
dust, density 2.6, as a function of particle size. The size
range was from 0.2 mu to 5 mu. Their results were in fairly
close agreement with that of Wilson and LaMer, in spite of the
difference in density of the material used. They collected

the exhaled alr in fractions and classified the total retention Z:

into alveolar and upper respiratory fractions. The maximum

alveolar retention was for particles wi;h diameters a little

larger than one micron. .
Laendahl et al (49) carried out experiments with aerosols

of homogeneous droplets of triphenyl phosphate for several particle

sizes. Data was obtained for twenty-four subjects, employing

several different breathing patterns. A minimum retention was

found at 0.5 mu diameter. An average retention of 41 per cent

was found at 0.25 mu diameter for a 1350 cc. tidal volume.

10.3. Deposition of Particulate Matter in the Human Respiratory

Tract - Theoretical.

Calculations of the deposition in the lungs of particles
with diameters between 0.2 mu and 6 mu were made by Landahl (50).

He used a model of the respiratory tract patternmed after one

Plbousy
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originally proposed by Findeisen (51). The dimensions of the
model are given in Teble A.1l of the appendix. Air inhaled into
the tree passes through several different regions in succession.
Each region consists of a number of identical tubes which branch
in turn into ancther set of identical tubes which comprise the
next region. The particles asre removed from the air siream

by settling tc the bottom of the tube under the influence of
gravity, by diffusing to the sides of the tube as a result of
their Brownien movement, and by impacting against the walls of
bends in the tube because ¢f their inertia. In accounting for
the total per cent retained, impaction is of importance for

the particles with diameters larger than 3 mu, diffusion and
sedimentation for particles between 0.2 mu end 1 mu, and diffu-
sion is the most important removel process for the smallest
particles.

The smalles* particle size considered by Landahl was
C.2 mu. Hies results are given in Table 29.

The theoretical analysis of the depcsition of particu-
late matier was extended in this investigation to include calcu-
lations of the deposition of particles0.06 mu in diameter and of
positive ions, since most cf the air-borne daughter product
activity is carried on particles between these extreme sizes.

The only important process for the removel ¢f these particles is
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Table 29.

Per Cent Deposition of Inhaled Particles in the Constituent
Regions of the Human Respiratory Tract

Tidal volume = 450 cc.
Minute volume = 6.75//m

partly from H. D. Lendahl, Bull. Math. Biophys, 12, 43 (1950)

Region Diameter
Sub—micrgscopic b
6u 2u 0.6u 0.2u D=16x10-6" D=0.03
1. Mouth 0 0 0 o] 0.027 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
5. Sec. B. 4 o] o] 0 0.075 8.5
6. Ter. B. 9 0 0 0 0.23 17.4
T. Quart. B. 7 1 0 0 0.43 19.8
8. Terminal B. 19 It 2 2 6.4 22.6
9. Resp. B. 11 L 2 2 6
10. Alv. Duects I 25 16 5 6 16.4
11. Alv. Ducts II 5 28 10 9 15.3
12. Alv. Sacs 5 0 0 ]
8 51 19 19 b5 87

apiffusion coefficient (em 2/sec ) of atmospheric condensation
nuclei.
bDiffusion coefficient of positive ionms.

by T I
i g (U GRS N
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diffusion. The basis of the calculations is an equation far the
deposition by diffusion of the particles flowing in a cylind:pical
tube derived by Gormley (52). A sample calcu.'l.ati«:"n is given in
Appendix 2. The value of the diffusion coefficient of the atmos-
pheric nuclel is that mea'sured-‘i;y Nolan ﬂ(ﬁ3) foz; the condensation
nuclei in atmospheric air. stored for 1,7 hours. The effect of
mixing 35 neglected ih the calculations. Mixing increases the
number of particles removed from the air stream. .
Variables in addition to particle size which affect
deposition in the human respiratory tract are particle dénsity,
depth of breathing, rate of breathing, and factors which may -
enter to change the particle as i1t passes through the tract.
HYéroscopic particles are likely to increase appreciably in size
as they enter the saturated atmosphere of the respiratory tract.
The calculations are made for a 450 cc. tidal volume and a
i gecond respiratory cycle. ‘This gives 15 bregths per minute.
The cycle is divided into the following fractions: 3/8-inspiration,
1/8 pause, 3/8 expiration, 1/8 pause. Landahl's results apply
to particles of unit density. They may be extended to particles
of different density, @ 1f they are larger than one micron in

diameter by assigning them an equivalent diameter equal to JP d.
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10.4. Comparison of Theoretical and Experimental Resulis.

The available experimental data agrees fairly well with
the theoretical calculations down to 0.2 mu (49). The experi-
mehtal data is meager below 0.2 mu because of the difficulty of
determining smaller particle sizes.

| It is difficult to compare experimental values of the
deposition of the radon daughter products obtained in this inves-
tigation with theoretical calculations because of the uncertainty
of the value of the diffusion coefficient for the air-borne
radioactivity. The diffusion coefficieﬁt of 16 x 1070 cm 2/sec
used to obtain the results in Table 20 is the largest value

fof atmospheric condensation nuclei reported by Nolan. Nolan
also reported D=9.6 x 1046 for nuclei which had been stored for
2 hours and D = 2.8 x 10“6 for air stored 39 hours. Even if we
use the smallest value of the diffusion coefficient given by
Nolen, we still calculate a deposition of about 60 per cent for
the breathing pattern employed by the human subject in Section 9,
as compared to the measured value of 25 per cent. The explana-
tion of this difference must await further investigation of the

suitability of the idealized model of the respiratory tract and

the real nature of the air-borne carriers of the daughter products.

gl
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Although the model may not give the total retention correctly, ﬁ
it should be more successful in giving relative dosages to the

different sized bronchial tubes in the lung.

10.5. Calculation of the Dosages to the Constituent Regions

of the Respiratory Tract.

Dosages to the constituent regions of the respiratory

tract were calculated from the average alpha-particle energy

expended per gram in cylindrical shells whose inner diemeters
equal the inner diameters of the passageways in the tract and
whose thicknesses equal the range in water of alpha-particles
with the average energy of the alpha particles sbsorbed in the
tissue. Table 30 gives the rem in the different regions of %
the respiratory tract for the following two cases: 1}
&) inhaling a radon concentration of 10‘9 curies per !

liter and assuming radcn is in equilibrium with its daughter

products in the respiratory tract.

b) inhaling an equilibrium RaA-RaB-RaC-C' concentra-
tion of 1072 curies per liter. The dosages were calculated
for the carrier-particle sizes and deposition data given in
Table 29.

The dosages apply only to the breathing pattern given

in Teéble 29. For dreathing that is deeper than that assumed

in the calculations, the per cent deposiftion of inhaled particles

is much higher, but the ‘increaszd deposition is all in the
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alveolar region. Because of the large volume that is available to
absorb the alpha energy in the alveolar region, the resulting
dosage to alveolar tissue 1is still relatively small. Thus, the
increased deposition at deeper breathing is probably not very
significant from a health physics viewpoint.

If the breathing rate is doubled, but the depth of
breathing remains the same, the per cent deposition per respiratory
cycle will decrease because of the shorter time spent by the
Brovnian particles in any particular region. Calculations made
for a flow rate of 600 cc /sec (Min. vol. = 13.5 £/m ) give &
deposition of 32 per cent compared to a deposition of 45 per cent
for the minute volume of 6.75 L/m.

The most strikiné result of the cai;:ulations is the varia-
tion in dosages imparted to the different regions of the respira-
tory tract. Table 31 ghres the ratio of the maximum regional dosage
for a given particle size to the dosage averaged over the whole
lung. For the particles on which almost all the radioectivity is
deposited, that is; between 2 mu and 0.03 mu; the ratio varies
between 5 and 16 times the average dosage. The maximum dosage is
320 times the average for positive ions and 670 times the average
for 6 mu particles.

The dosages at the branch points in the respiratory tract
were not considered. Dosages at these regions could conceivably be

many times higher than the average dosages to the other regions of
the tract.

t | T Loy
IRV R .




~11la-~

The model used in the calculations presented in this
section was based on mouth breathing. Deposition in the nasal
passages is negligible except for the largest particles and far
the positive ions, which should generally account for only a
small fraction of the daughter product activity. Thus the cal-
culated lung dosages are equally valid for nasal breathing and
mouth breathing when the daughter products are carried on nuclel
normally present in the air. Instances are conceivable, however,
when the daughter products may exist to a large extent as high-
1y mobile ions or molecular aggregates in the air. These may
be deposited to a significant degree in the nasal passageways.
However, the writer does not have enough information at the
present time to assess the role of the nasal passagewsys in
protecting the rest of the respiratory tree when the daughter

products are inhaled in very low dust atmospheres.

!
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Table 31.

Ratio of Maximum Local Dosage to Average Dosage in

the Lung for Different Sized Particles

Diameter Max. Dose Region of
mu Avg. Dose Max. Dose
6 670 Quart. Br.
2 16 Quart. Br.
0.6 5 Resp. Br.
0.2 5 Resp. Br.
D=l6x10'6a 8 Ter. Br.
D=0.03° 320 Sec. Br.
Radon® 27 Trachea

8Diffusion coefficient for atmospheric condensation nuclei.
bpiffusion coefficient for positive ions.

cDosage from radon and daughter products of radon molecules
decaylng in lung.
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1l. DISTRIBUTION OF RADIOACTIVITY IN ATR CONTAINING RADON.

From the reéults given in Teble 31, it is seen that the
dosages lmparted to the different regions of the respiratory
tract depend on the nature of the carriers of the sir-borne
daughter products. The greatest local dosages for a given per
cent deposition occur when the daughter products are inhaled as
they were originally formed, that is, as positive ions. These
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
pi'esent in the air, they are carried v:much farther into the respira-
tory tree before diffusing to the wa.lls Most of the alpha energy
released by the daughter products when they are carried on the |
condensation nuclei is absorbed in the alveolar regions. Because
the surface to volume ratios of these regions are very large,

the alpha dosages produced by the deposited daughter products are

the least in the respiratory tract.

11.1. Combination of Daughter Products with Atmospheric Nuclei.

About 90 per cent of the daughter products are positive
ions at the end of the recoil which accompanies their formation (13).
The fate of positive ilons in the atmosphere has been studied
extensively (52-56). These small ions disappear by recombination

with negative small ions, by affixing to particulate matter in
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the air, and, if radioactive, by decaying. At equilibrium the

rate of formation equals the rate of disappearance and we can write

Bimy = anpny +\10Non1 + ?12 Nony +A1’11

ny = concentration of +small iomns
ny = concentration of - small ions
N, = concentration of uncharged condensation nuclei
No = concentration of - charged condensation nuclei

)\1= decay constant for the radioasctive ions
If we neglect the role of charge in the deposition of the
daughter products we can write for their disappearance
Bn =fr\Nn+ )\ln
cc;ncentration of daughter products existing as free
molecules

combination coefficient for condensation nuclei
concentration of condensation nuclei

n

Yl
N

Thus we can calculate the ratio between daughter products
which have and which have not combined with the atmospheric
nuclei. Some published values of the concentrations of these
nuclei are (40):

50/cc  for country air
5000/cc for city air
100000/cc for city air

is of the prder of 1076 cm 3/sec. (5k

A=38x10"%, 4.3 x ;LO"* and 5.9 x 10'a sec.” 1 for RaA, RaB
and RaC-C' respectively.
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For 50 nuclei/ca the fraction of uncombined daughter

products will be

38/38.5 or 0.99 for RaA
(4.3/4.8) x 0.99 or 0.89 for RaB
(5.9/6.5) x 0.89 or 0.81 for RaC-C!

For 5000 nuclei[cc the fraction of uncombined daughter

products will be
38/88 or 0.43 for Ras

(4 3/54.3) x 0.43 or 0.08 for RaB
(5.9/55.9) x 0.08 or 0.08 for RaC-C*

For 100000 nuclei/cc. & negligible number of the daughter
product molecules remain uncombined. |

The proportion of the uncombined atoms that become de-
posited on the walls of the enclosure conteining the radon 1s
a function of the diffusion coefficient of the dsughter produats, -
the circulation of the air in the enclosure, and the ratio of the

surface area of the enclosure to the volume of gas within it.

11.2. Removal of Daughter Products by Surfaces.

We recall that f&fning a fan on with a low dust atmosphere
in the chamber decreased the measured daughter product activity
in the air by an order of magnitude (see Fig. 10). Stirring the
air raised the concentrations of the daughter products next to
the walls and increased the efficiency of the walls in removing
them. We may consider what happens in the extreme case when

stirring is so effective that the daughter product concentrations
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are always uniform throughout the chamber. From kinetic theory
we calculate the number of collisions/cm 2/set:’ by gas atoms
against the walls of their container equal Nu/4 where N is the
number of atoms/cm 3 and u is their velocity. The mean
velocity of the daughter product a&atoms is about

1.5 x 10)'"

em /sec. Thus, the number hitting per second is
4OOON and since there are approximately 10°%cm.2 of surface in
the chamber, the number hitting the walls per second 1is

4 x 108N, Since the decay constant for ReA is 0.004 sec, ™t
and the volume of the chamber is 2 x 106cm? ; we can write for
the disappearance of the ds.ughter products from the chamber

_dN = -0.00kN - 4 x 108N
at

The ratio of the number that decay in the chamber to
the number that are lost to the walls 1s(k x 10-3)& x 108)or

101,

This result shows that in the extreme case considered,
all the daughter prodﬁcts are deposited on the walls.

A fanning experiment was performsd after creating a
high dust load in the chamber with & NaCl aerosocl. Fanning the
air under these condifions decrea.sed' the daughter product con-
centration in the chamber by only 20 per cent. Apparently the
daughter products were deposited on dust particles before getting
to the walls. They remained in the chamber because, even with
fanning, the dust particles were removed from the chamber

relatively slowly.
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To obtain further information on the state of the air-
borne daughter products, cascade impactor samples were taken of
the air in the chamber. Air drawn throx.'\gh the impactor is
directed against four microscope slides in succession at in-
creasing velocities and particles of successively smaller size
are deposited on the slides. All the air is the‘n d.r.awn through
a millipore filter which removes the remainder of the particulate
matter in the‘air.

One sample was taken of air that had been in the chamber
for eight days and thus had a fairly low dust load. After the
sample was taken, a NaCl aerosol was inserted into the chamber.
When radioa_ctive equilibrium was attained, a second cascade

impactor sample was taken. The results are given in Table 32.

Table 32.

Radioactivity Deposited on the Stages of the Cascade
Impactor by Air Sampled from the Exposure Chamber

S—
—

Measgured a.cﬂ{:- ivity
Stage Stage Stage Stage Filter

1 2 3 b Paper
a) Low dust air 486 694 558 Lo8 6819
b) High dust air 6 37 350 6850 47300

Stage calibration: Median size of deposited particles

13.1lmu S.hmu 2.85mu 1.9mu  -----

Volumes of samples (a) and (b) were approximately equal.
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We see that most of the activity was measured on the
£1lter pa.pér, This is to be expected since the slides do not
remove many particles smaller than 1.9 mm. However, a relatively
higher activity was measured on the first stages when the low
dust air was sampled than when the air contained the added
aerosol. Because the daughter products existed in a more
mobile form in the air with the lower dust load they were de-
posited on the slides to a greater extent, These results point
out that a given daughter product level is much more hazardous
in a filtered than in an uncleaned atmosphere since a signifi-
cent number of the daughter products suspended in filtered air
are removed in the anterior regions of the respiratory 11ract
vhere high dosages can be produced from the deposition of a

very small percentage of the inhaled radiocactivity.

12. SUMMARY AND CONCLUSIONS.

Well-type gamme counters of high efficiency were used
to measure the radioactivity of the lungs removed from rats and
dogs exposed to air containing known concentrations of redon
and its daughter products. A two thousand liter exposure chamber
was used to hold the radcn atmosphere,. The rats, all males weigh-
ing between 190 and 250 grams, were inserted directly into the
chamber. The tracheae of the dogs were connected to the chamber

by tracheal cannulse.
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Measurements were maede of the retention of the daughter
products breathed from the chamber by & human subject. A special

technique was devised for sampling the expired air of the subject

vith a millipore filter.

12,.1. Results and Conclusions from Experiments with the Rat.

1. The average gamma activity measured in the lungs of
rats which had inhaled radon and its daughter products in atmos-
pheric air that had not been cleaned was reduced 8.5 times in
further rat experimenis by filtering the air before inserting. it
into the exposure chamber and 60 times by fanning the air in
addition to filtering it.

2. The gamma activity of the lungs was approximately
proportional to the alpha or gamma activity of a millipore filter
paper which had removed the daughter products from a small known
quantity of chamber air.

3. The ratio of lung activity to filter paper activity
was not significantly different for exposures using radon mixed
with the following chamber atmospheres: (&) air inserted into the
chamber from the out-of-doors a few hours hefore the animal expo-
sure; (b) air confined in the chamber for several days before the
exposure; (c) filtered air; (d) air to which cigarette smoke or a
fine ZnO, dust had been added. However, the proportionality of

lung activity to RaC' concentration was probably only coincidental
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for the lower dust loads. The RaC® concentration was measured
in the chamber proper and independent experiments showed that at
very low dust loads, the RaC' concentration in a dummy cage was
much smaller than the concentration in the chamber.

4. The ratio of the activity in the lungs to activity
on the filter paper was the same for ratéiinserted into the
chamber in cages as for rats inserted into the chember tied
dovn to rat boards. The rats in the cages were usually quiet
during the exposure. The rats tied down to the rat boards strug-
gled to free themselves much of the time they were in the chamber.

5. Since the gamma activity of the lungs is proportional
to the dosage imparted to the lungs by the radon daughter products,
the expérimcnts demonstrated that the filterable activity in the
air may be used as an index of the dosage imparted by the radon
daughter products to the lungs of rats breathing in air contain-
ing radon. This conclusion should also apply to the dosage im-
parted to the lungs of humans breathing in air containing radon.
If measurements of the radon in the air are also available, the
calculated dosage from radon in equilibrium with its daughter
products in the lung msy be added to the dosage obtained by the
filter paper method. However, the dosage from inhaling the radon
is generally negligible compared to the dosage from inhaling the

daughter products.

586350
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6. The average daughter product dosage to the rat's
lungs, extrepolated to a rat breathing 1 ¢/1 radon in equi-
librium with its deughter products was 0.17 mrep/hr (3.3 mrem/hr ),
This was five times higher than the dosage measured in dogs and
calculated for humans. The higher dosage to the rat should be
taken into account in applying the results of chronic and acute
exposures of rats to radon to an evaluation of the hazard to

humans .

12.2. Results and Conclusions from Experiments with

the Dog.

1. The total radicactivity meesured in 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 to the lungs of

anesthetized dogs, extrapolated to a dog breathing 10_11

c/1
radon in equilibrium with its daughter products was 0.041 mrep/hr.
(0.82 mrem/hr ).

3. The calculated dosage to the trachea from measurements

of its radiocactivity was ten times the average dosage to the lung.
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12.3, Results and Conclusions from Experimental and

Theoretical Study of Human Exposure to Radon.

1. A human subject breathing from a chamber containing
uncleaned atmospheric air mixed with radon retained 25 per cent
of the inhaled daughter procduct activity. When breathing from an-
atmosphere of radon mixed with filtered air, he retained 75 per
cent of the inhaled daughter product activity. His minute volume
and tidal volume were about 10 liters and 1.3 liters,
respectively.

2. The average dosage to the lungs produced by reteining
25 per cent of the inhaled RaA, RaB, and RaC~C' in equilibrium
with 10711 ¢/1 radon is 0.033 mrepfar (0.66 mrem/hr ), assuniig
a lung weight of one kilogram. The average dosage to the lungs
produced by the inheled radon and the daughter products of the
radon molecules decaying in the lungs is 0.0013 mrep/hr (0.026
mrem/hr . ),

3. Much larger dosages are calculated for local regions
in the lung. The maximum dosage from inhaled daughter products
carried on typical atmospheric nuclei {0.06 mu 4iameter) is
imparted to the tertiary bronchioles in Findeisen's idealized
model of the lung (see Table A.l, Appendix 2). This Gosage is
6 mrem/hr. When the daughter products exist in a more mobile
form, as in filtered atmospheres, the upper respiratory tract

receives a much larger relative dosage than when the daughter

PibhEn?
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products are carried on atmospheric nuclei.

The trachea gets the maximum 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 with the radiation tolerance
dose for continuous exposure of humen tissue of 1.8 mrem/hr
used by the Subcommittee on Permissible Internal Dose of the
National Committee on Radiation Protection to calculate tolerance
levels for internal emitters. The level of 10”1 ¢/1 redon in
equilibrium with its daughter products has been recommended by
the Subcormittee as the maximum permissible concentration level

for continucus exposure.

12.4. Results and Conclusions from Sampling Studies.

1. A grab sampling procedure for determining the air-borne
daughter product concentration, using an AA millipore filter to
remove the daughter products from the air; was simple and
reproducible.

2. The results of slow sampling, in which a liter of air was
drawn through the millipors filter in ten minutes with & water-
displacement aspirator, indicated that this method could be
developed to give an indication of the mobility of the deughter
products in the air, when compared to the results of a grab

sample of an equal volume of air.

REEESS
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3. Calculations show that the dosage to the lungs from
inhaling the daughter products over an extended period of time
is very nearly proportional to the activity of a grab alr sample
after the activity has decayed for about an hour, all other con-
ditions being equal. It is not necessary to obtain the relative

proportions of RaA;, ReB; and RaC-C' in the inspired air.

12.5. Recommendations for Future Research.

Future enimal experiments should be planned to study the
pattern of deposition in the lungs as well as the total deposition.
Activity measurements should be made on those larger passageways
which can be dissected out of the lung. The longer-liye.d thoron
daughter products couid_be used to obtain ra.dioa.utographs of
the deposi'bed_ activity. They would be especially useful in
studying deposition at the branch points in the lung.

The quegtion of initial deposition versus retention over
several hours should also be studied. The spparatus designed
to sample the expired air of human subjects with millipore
paper could be used to measure the initial deposition of the
daughter products in experimental animals. This could be com-
pared with the radiocactivity of the lung after it had inhaled
the daughter products for a long period of time. The biological
half-life of the daughter products .could elso be obtained by mea-

suring the time for equilibrium between deposition and decay of

PibEuoh
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the daughter products in the lungs of experimental animals, e.g.
dogs. The measurement could be made by placing a GM tube
against the chest of the animal. A comparison of the measured
time to reach radioactive equilibrium with the theoretical time
to reach equilibrium if the daughter products were not removed

from the lungs would give the bioclogical half-life.

One could profitably accompany such studies with additional

investigations of the general nature and efficiency of daughter |

product deposition on perticles end surfaces. The role of charge |
in affecting deposition of the daughter products should be
studied since the ratio of charged to uncharged daughter atoms

depends on the total ionization in the air, and therefore on

the radon concentration. Measurements of deposition in moist
tubes, possibly in vitro experiments on human bronchial tubes,
would yield particularly useful information, since the dosages ‘
to the larger bronchial tubes may be the critical doseges in !
radon exposure. 3

A1l these studies should be made using both daughter pro-

ducts which are carried on normal atmospheric dust and air-borne

daughters which are suspended in cleaned air. In the first case,
the daughter products should be deposited largely in the alveolar

regions, while in the lafter case, because of their higher mobllity,

i they should be deposited to a considerable extent in the upper

regions of the respiratory tract.
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In the finel analysis one must resort to clinical LA
experience to definitely establish hazardous radon concentrations
:

in the air. It seems advisable, on the basis of the calculations
which have been presenteci, to pay special attention to the *
larger bronchial passageways for evidence of chronic irritation Q .

from radon end radon daughter product exposure.
The daughter products were investigated primarily in

Vomiv LA ok NRBCRI 5 | B, ¢

connection with their hazard in urenium mining. However, the
investigation has demonstrated that they also provide &
meens of tagging aerosols. It is obvious that used as tracers,

they can be an extremely useful tool in the investigation of

problems in pulmonary physiology.

g

18500




BIBLIOGRAPHY

Bale, W. F. Hazards Associated with Radon q.nd Thoron. Memo-
randum to the files. Division of Biology and Medicine, A.E.C.,
March 1h4, 1951.

Maximm Permissible Amounts of Radioisotopes in the Human Body
and Maximum Permissible Concentrations in Air and Water.
National Bureau of Standards Handbook 52, 1953.

Investigation of Radon and Radon Decay Products in the Uranium

Mines of the Colorado Plateau. Division of Occupational Health,

U.S. Public Health Service, 1952.

Evans, R. D., and Goodmen, C. Determination of the Thoron Con-
tent of Air and Its Bearing on Lung Cancer Ha.ia.rds in Industry.
J. Ind. Hyg. Toxieol. 22, 89, 19h0.

Jackson, M. L. The Biological Effects of Inhaled Radon.
Unpublished M.S. thesis, Mass. Institute of Technology, 19LO.
Peller; S. Lung Cancer among Mine Workers in Joachimsthal.
Hum. Biol. 11, 130, 1939.

lorenz, E. Radiocactivity and Lung Cancer. J. Nat. Cancer
Inst. 5, 1, 194k,

Cohn, S. H., Skow, R. K., and Gong, J. K.

&. Radon Imhalation Studies in Rats. Naval Rediological De~
fense Laboratory Report, USNRﬁL - 380.

b. Radon Inhalation Studies in Rats. A.M.A. Arch. Ind.
Hyg. 7, 508, 1953.

PibEst




10,

11.

12.

13.

b,

15.

P SPUP

16.

-127-

Bale, W, F. and Shapiro, J. A Partial Evaluation of the

Hazard from Redon and Its Degredation Products. Paper pre-

sented on December 30, 1952 at the S5t. Louis meeting of the

A.AA.S. as part of a symposium on radiation hazards. Later

included in a Univ. of Rochester Atomic Energy Project

Quarterly Technical Report, UR-242.

=
Meyer, S., and Schweidler, E. Radioactivitat. Leipzig,

B. G. Teubner, 1927.

-

Curie, M. Traitd de Radioactivite’. Paris, Gauthier-

Villars, 1910.

Rutherford, E. Radioactive Substances and Their Rediations.

New York, G. P. Putnam's Sons, 1913.

Wellisch, E. M. Experiments on Active Deposit of Radium.

Phil. Mag. 28, 417, 191k,

Chamie, G.

a.

Diffusion of Recoll Radioactive Atoms in Air. Compt.
Rend. 196, 1107, 1933.
Diffusion of ThC". J. Phys. Radium 5, 54, 193k.

Diffusion of Radiocactive Recoil Atams. J. Phys. Radium

5, 436, 193k.

Langevin, P. A Problem of Activation by Diffusion. J.

Phys. Radium 5, 57, 1934.
Chamie, C., and Tsien, S. T. Diffusion and Nature of Radio-

active Recoil. J. Phys. Redium 2 (8), 46, 19kl.

B

Ly

¥ e e i e T

i i

g2 SR

M 8 et




17.

18.

19.

21.

22,

23.

2k,

-128-

Chamie, C., and Goldstein, L. On the Grouping of Radioactive

Atoms in Gases. J. Chem. Phys. 28, 228, 1931.

Harrington, E. L. Experimental Evidence of the Existence of

Aggregates of Active Deposit Atoms in Gases Containing Radon.

Pnil. Mag. 6, 685, 1928.

Harrington, E. L., and Braaten, J. Mobilities of Molecular

Aggregates in Gases Containing Radon. Trans. Roy. Soc. Can.

26%, 177, 1932.

Martin, D., Baylor, M. R. B., and Clark, G. L. A Preliminary

Electron Microscope Sfud,y of the Active Deposit from Radio-

thorium. Science 99, 185, 19Lk.

Maxwell, C. R., Henri, V. P., and Peterson, D. C. An Experi-

mental Determination of the Distribution of Radon Decay

Products in a Ges Filled Spherical Vessel. J. Chem. Phys.

18, 179, 1950.

Harley, J. H. A Study of the Air-borne Daughter Products

of Radon and Thoron. Nucleonics 11 (7), 12, 1953.

Carmicheel, H., and Tunnicliffe, P. R. Measurement of

Alpha-Active Dust in the Atmosphere. J. Ind. Hyg. Toxicol.

30, 211, 1948.

Wilkenning, M. H.

a. Monitor for Natural Atmospheric Radioactivity. Nucleonics
0 (6), 36, 1952.

b. Natural Radioactivity as a Tracer in the Sorting of Aero-
sols According to Mobility. Rev. Sci. Instruments 23, 13,

1952.

ETANE




25.

26.

27.

28.

29.

30.

31.

32.

33.°

3k,

35.

NEDES:

U

-129-

Tsivoglou, E. C., Ayer, H. E., and Holaday, D. A. Occurrence
of Non-equilibrium Atmospheric Mixtures of Radon and Its
Daughters. Nucleonies 11 (9), 40, 1953.

Livingston, S. M., and Bethe, H. A. Nuclear Physics. Rew
Modern Phys. 9, 266, 1937.

de Carvalho, H. G., and Yagoda, H. The Range of Alpha
Particles in Water. Phys. Rev. 88, 273, 1952.

Evans, R. D., and Evans, R. 0. Studies of Self-Absorption
in Gamma-Ray Sources. Rev. Modern Phys. 20, 305, 19Li8.
Shandley, P. D. The Radium Content of Common Foods. Univ.
of Rochester Atomic Energy Project Report, UR-255, 1953.
Anger, H. 0. Scintillation Counters for Radioactive Sample
Measurements. Rev. Sci. Instruments 22, 912, 1951.

First, M. W., and Silverman, L. Air Sampling with Membrane
Filters. A.M.A. Arch. Ind. Hyg. 7, 1, 1953.

Kalmus, E. H. Preparation of Aerosols for Electron Micros-
copy. Atomic Energy Commission Report AECU 2533.

Guyton, A. C. Measurement of Respiratory Volumes of
Laboratory Animls. Am. J. Physiol. 150, 70, 1947.
Stokinger, H. E.; et al. Lobar Deposition and Retention of
Inhaled Insoluble Particulates. A.M.A. Arch. Ind. Hyg.

L, 346, 1951,

Oppenheimer, C., ed. Handbuch der Biochemie des Menschen

und der Tiere. v. 1, Jena, G. Fischer, 1924,




36.

37.

38.

39.

b1,

L2,

43,

-130-

Harley, J. H., and Fresco, J. M. Rete_r;tion of Radon Daughter

Products in the Respiratory System. Atomic Energy Commission,

New York Operations Office, Laboratory Report #22, Analytical

Branch, May 22, 1951.

Jech, C. Inhalation of Radioactive Aerosols and Its Preven-

tion. Acta Radiol. 35 Cancerol. Bohemosloven. 5, 45, 1951.

Wilson, I. B., and LaMer, V. K. Retention of Aerosol Particles

in the Human Respiratory Tract as a Function of Particle

Radius. J. Ind. Hyg. Toxicol. 30, 265, 19u8.

Nolan, J. J.

a. ---- and Burke, T. Observations on the RaA Content of the
Atmosphere. Proc. Roy. Irish Acad.-53, 145, 1949.

b. ---- and Doherty, D. J. Size and Charge Distribution of
Atmospheric Condensation Nuclei. Proc. Roy. Irish Acad.
53, 163, 1949.

Coste, J. H. Nature of Dispersoids in Country and Town Air.

Trans. Faraday Soc. 32°, 1162, 1936.

Green, H. L. Size Frequency of Particles in Mineral Dusts.

Trans. Faraday Soc. 322, 1091, 1936.

Gibbs, W. E. ILetter to the Editor. J. Soc. Chem. Ind.

(London) 51, 1042, 1932.

Nolan, P. J., and Deignen, J. Observations on Condensation

Nuclei in Stored Air. Proc. Roy. Irish Acad. 51, 239, 1946.

Flbdy




L,

45,

7.

148,

k.

50.

51.

52.

——

T
3

-131-

Pollock, J. A. A New Type of Ion in the Air. Phil. Mag.
29, 636, 1915.

Thomson, J. J., and ﬁomson, G. P. Conduction of Electricity
through Gases. Cmbridée, University Press, 1928.
Dautrebande, L. Physiclogicael and Pharmacological Charac-
teristics of Liquid Aerosols. Physiol. Rev. 32, 21k, 1952.
Van Wijk, A. M., and Patterson, H. W. The Percentage of
Particles of Different Sizes Removed from Dust Laden Alr

by Breathing. J. Ind. Hyg. Toxicol. 22, 31, 19ko,

Brown, J. H., Cook. K. M., Ney, F. G., and Hatch, T. Influence
of Particle Size upon the Retention of Particulate Matter in
the Lung. Am. J. Pub. Health 40, 450, 1950.

Landehl; H. D., Tracewell, T. N., and Lassen, W. H. ‘On the
Retention of Alr-borne Particulates in the Human Lung.
A.M.A. Arch. Ind. BHyg. 3, 359, 1951.

lLandahl, H. D. Removal of Air-borme Droplets by the Human
Respiratory Tract. The Lung. Bull. Math. Biophys. 12, 43,
1950.

Findeisen, W. Uber das Absetzen kleiner, in der Luft sus-
pendierter Teilchen in der menschlichen Lunge bei der Atmung.
Arch. ges. Pnyeiol. (Pfiligers) 236, 367, 1935.

Gormley, P. G., and Kennedy, M. Diffusion from a Stream
Flowing through a Cylindrical Tube. Proc. Roy. Irish Acad.
52, 163, 1948,

[

__,ﬁ
L
o




53.

5k,

55.

56.

57.

-1%2-

Whipple, F. J. W. Relations between the Combination Coeffi-
clents of Atmospheric Ions. Proc. Phys. Soc.'.(london)

45, 367, 1943.

Wright, H. L. Size of Atmospheric Nuclei. Proc. Phys. Soc.
(London) 48, 675, 1936.

Sayers, J. Ionic Recombination in Air. Proc. Roy. Soc.
(London) 1694, 83, 1938,

Harper, W. R. A Rigorous Theory of the Recombination of both
Small and Large Ions in Gases at High Pressures. Phil. Mag.
29, k3k4, 19L0.

Finney, G. D., and Evans, R. D. The Radioactivity of Solids

Determined by Alpha-Ray Counting. FPhys. Rev. 48, 503, 1935.




-133-~

APPENDIX 1.
DERIVATION OF EQUATION FOR DETERMINATION OF ALPHA PARTICLE
SELF-ABSORPTION IN MILLIPORE AIR SAMPLES
The equation for the alphe particles emitted from the source

of Fig. A-1 has been derived by Finney and Evans (57) as

oo = Hut [z@-a). -t J

R

alpha particles emitted/cm2

alpha disintegrations/cc

mean range of alpha particles (air-cm)
range in source {cm)

thickness of source {cm)

thickness of source (air-cm)

thickness of abscrber (cm)

thickness of absorber (eir-cm)

«EBrag
mowoRowuuu

ay
ag/uy

We apply this equation to the three measurements of Section 5.1.

T
,,,,,

AGAMLAAAALRA Measpremenf 1. Normal measurement. '
e — Measurement 2. Activity measured after
sample covered with unused millipore filter.
Measurement 3. Activity measured when
ddoodododeddek bbb bisbd J.

millipore placed in counter upside down.

A
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¢
\ a,
uTtW/m/ /47

Fig. A-1. Alpha particle source and abosrbers.




-134 -

Measurement 1. n; = But [ 2R-t ) 2
T R ‘:_
Measurement, 2. no = Nut [2(R-a)- t ] %
4 R
Measurement 3. n3 = Nut [ 2(R-a+t)- t ) ‘
N R b
3
Fraction transmitted = nj = oR-t ¥
Fut X 5
2 .

ny -mp = 2Kt K=§§£

t =

(“3 )(2R -t)

ping where y = 115. - Do
l+y 2“1

ot
]

A M AR R

Fraction transmitted

2n1+n3-n2

In this derivation it has been assumed that the radioactivity
is deposited uniformly in the filter paper. Since the self-absorption
is very small, the neglect of the true pattern of deposition will only
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 assumption of uniform deposition will

underestimate the transmission through the paper.
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APPENDIX 2. )
CAELCULATION OF DOSAGES TO THE RESPIRATORY TRACT FROM DEPOSITION
OF RADON DAUGHTER PRODUCTS

The equation giving the fraction of particles removed by

diffusion to the walls from an air stream flowing through & tube 15.(52):

- Lk, -11kh
£, = 1-0.819¢" 1" 3 0, 0975¢ ¥+ 6B 0, 0325¢ M0, nY0.0156
2
£y = 4.0Th /3-2.hh-0.hh6hu/5 1<¢0.0156
h=D7T D = diffusion coefficient in cmz/sec
2p
2= Yolume of tube (ee)
| flow rate through tube (cc/sec)
% r = radius of tube (cm)
Laminar flow is assumed. A plot of fa vs.h is given in
Fig. A.2.

To obtain the deposition in a glven tube of the respiratory

tract during one respiratory cycle:

1. Calculate the deposition from inhaled air which flows completely
through the tube.

;_ 2. Calculate the deposition from air which comes to rest in the
tube.
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If n(t) is the fraction of incoming particles which are
5t11]l in the air stream after traveling through the tube for a
given time t, then the fraction of incoming particles which
s5t11]l remain in the air stream on being exhaled back out of the

tube is

“ .t'
n(2s) i n(t)Z at
t'

where t' is the time in which the first air entering the tube

comes to rest and'@b is the length of the pause after inhalation.

The fraction transmitted can also be written
ht

5@1&‘_&3 a(n)® an
h

As an approximetion, it cen be assumed in most of the
calculations that the mean concentration in the tube for air
coning to rest in the tube is the average of the concentration
at the beginning and end of the tube. The deposition must
be obtained by integration only when the deposition 1s extreme.
3. Calculate the deposition from exheled air which flows
completely through the tube.

The total depositicn is the sum of (1), (2) and (3).

A sample calculation of the deposition for a given set
of conditions is illustrated in Table A.2. The schematic
representation of the respiratory tract given in Table A.1l

was used. in the calculations.
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Table A. 2(Continued)

Removal on Expiration

Concentration of a&ir leaving regior® Region air
6 T i 9 10 11  started  Vol. of
T DJT DJT ©DJT DJT ©DJT D _ from air(ce)
8
-3 g 2 8 51
0.5 LD
0.1 -3 3.5 2.5 9 28
50 55 56.3
.1 .2 . 3 3.3 5.2 10 106
. 53. o 5.5 31.5
.05 1 1.2 1.5] 6 11 172
Total No. Deposited = Conc. x Vol.
15 102
3 8 99 1
10 21 %18 350 550
8.5 17 240 258 1032
22 6L 759 79 1582
& T = particles/cc in air leaving region.
D = particles/cc deposited.

b Removal in starting region =

air passing through entire tube.

I i b 8 U

T

1/2 removed calculated for
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