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1. INTRODUCTION

1.1.1 Historical Considerations

When the uranium miners of the twentieth century began to display 

an elevated incidence of lung cancer, they became part of a chain of 

evidence linking radiation and lung cancer which extends back at least 

500 years. The first clues to such a causal link were noted in the 

mining groups at Schneeberg, Saxony and Joachimsthal (now Jachymov), 
Bohemia. Between 44 and 75%1 of the metal miners in these groups 

developed a disease labelled Bergkrankheit (miners lung), characterized 

by coughing; mucoid, mucopurulent, or bloody sputum; increasing dyspnea; 

loss of strength and weight; boring pain in the chest or back; and, 
finally, death.1 While he was not able to hypothesize a causal agent, 

it was clear to Agricola, the town physician of Joachimsthal in 1527, 
that the disease was connected in some manner to the conditions in the 

mines.

Two hundred and fifteen years would pass before the subject was 
again broached, this time by Scheffler,2 who showed that the Bergkrankheit 

was not pneumonia, peripneumonia, or asthma. Another 100 years were 
needed before Harting and Hesse3 could establish that the disorders 

resulted from a primary cancer of the lung, although they incorrectly 

labelled the cancers as lymphosarcomas. A number of possible etiological 

factors were proposed, among them being arsenic, cobalt, nickel, bismuth, 

and silicon. These two physicians also initiated the current interest 

in the smoking habits of the study population.

1
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The next 50 years were to witness a major shift in the paradigms 
of modern science, with a resultant influx of new experimental results.4 

Among the discoveries during this period was the determination that atoms 

could spontaneously emit radiations. These results came from the work 
of Roentgen in 1895 (x-rays) and of Becquerel in 1896 (uranium).
Although both noted a reddening of the skin following exposure to these 

radiations, no theory existed to explain the interaction of the radiation 
with biological systems.

Studies of the lung cancers in the Schneeberg miners led Margarete 
Uhlig5 in 1921 to propose that the Bergkrankheit might arise from the 
inhalation of 222Rn normally found in the mines. During this same year, 

Thiele, Rostoski, Saupe, and Schmorl6 conducted a series of clinical, 

roentgenologic, and pathologic studies of the miners. They concluded 
that the neoplasms were carcinomas, that they occurred only in persons 
who worked in the mines or were in intimate contact with the products, 
and that the cancers were still endemic in the group. For an excellent 
review of the data, the reader is referred to the above references and 
to the compilation in Occupational Turnons and Related Diseases by Heuper.7 

A general conclusion is evident by noting that approximately 75% of the 

deaths in the mining groups were a result of lung cancer, indicating 
that the lung is the critical organ for inhalation of the radon decay 
chain.

During the intervening years between 1923 and the present, a number 

of studies have been initiated to determine the concentration of radon 
and its radioactive daughters which were/are present in the various
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mines. A number of mining groups, including both uranium and hard-rock 

miners, have been studied to determine the underlying form of the 

functional relation between lung cancers and exposure to radon. Among 
the study populations have been the Schneeberg miners,8 Joachimsthal 

miners,9 Canadian Fluorspar miners,10*11 Colorado plateau uranium 
miners,12*13 and both uranium and nonuranium metal miners in the United 

States.14 These groups received relatively high doses to the lung. Low 

dose studies among the uranium miners in the United States, Czechoslovakia, 

and Canada, along with the lead, zinc, and iron miners in Sweden, have 
been reviewed by Archer et al.15 Such studies typically reveal that 

lung cancer incidence increases with exposure to 22ZRn progeny in an 

approximately linear fashion, suggesting that the two might be viewed as 

cause and effect.

1.1.2 Causality and the Critical Cells

A presupposition implicit in this research is that radiation (in 

particular, alpha radiation) is capable of inducing a sufficient number 

of cells to transform to the cancerous state. The validity of such an 

assumption is taken for granted in most studies of the effect of the 
radon decay chain on the human body. While a complete defense of such a 

position would be beyond the scope of this dissertation, it was felt 

that some attention should be directed towards the strength of causality 
in radiation induced lung cancer in general and from the radon decay 
chain in particular. In addition, there is a need to specify the 

critical cells at risk. This section begins with a short treatise on 

the induction of lung carcinomas by inhaled and injected radionuclides.
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Radiation has been cited as an etiologic factor in the induction 

of "acute and chronic myelogenous leukemia, multiple myeloma, malignant 
lymphoma, bone sarcoma, skin carcinoma, lung cancer, thyroid cancer, 
breast cancer, stomach cancer, pancreatic cancer, colon cancer, 
pharyngeal cancer, cerebral tumors, neuroblastoma, Wilms tumor, and 
maxilliary and other sinus carcinomas."16 In fact, current belief holds 
that all human cancers are inducible by radiation. Kennedy and Little,17 

two of the foremost authorities in the field of carcinogenesis of the 
lung, have recently published a review of the available data linking 
exposure to radiation and the development of lung cancers. Their 
document essentially completes the report by Cember18 which reviewed 

data available through 1964, and by Bair.19 As in all studies of 

causality, the evidence is divided into two groups: epidemiological and 

experimental. A third category, theory, might be added by noting that 
no empirical evidence can be used to prove causation without the 
development of a theory describing some underlying mechanism of action.20 

Little and Kennedy reviewed the first two categories and conclude that 
"lung cancer has now been induced by various kinds of radiation in many 
species of animals using several methods of exposure."17 No attempt 

will be made to review the data presented in this document other than to 
inform the reader that cancers have been induced by gamma, beta, and 
alpha irradiation, with beta and gamma radiation being less efficient 

than the short-range alpha particles. Additional reviews may be found 
in the UNSCEAR report21 and BEIR report,22 and the reports by the 

NCRP23 and the National Academy of Sciences.24
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The current philosophy of epidemiology holds that it cannot be 
used to "prove" causality in any real sense.22 However, one is able to 

tast the strength of an association between exposures and incidence.
This strength is typically measured through five characteristics:25

1. the consistence of the association

2. the strength of the association

3. the specificity of the association

4. the temporal relationship of the association, and

5. the coherence of the association.
These categories have been utilized by authors to examine data pertinent 
to the induction of lung cancers by irradiation. It is possible to 

divide the data into two groups: those which are directly related to 
the radon problem and those which provide peripheral evidence. In the 

latter category falls the A-bomb data and three different groups of 

patients exposed to radiation through medical diagnosis. These may be 

used to demonstrate an association between radiation exposure in general 
and the induction of lung cancer. The JNIH-ABCC Life Span Study26 . 

report has utilized the A-bomb data to display an increase in lung 
cancer incidence which appeared directly associated with exposures 
received during or immediately after the bomb. The BEIR report22 states, 

however, that difficulties exist in interpreting these data since the 

observed cancer rate in the control group was "about 50% higher than • 
that expected for the Japanese at large" and since there was an uncer

tainty as to the contribution from neutron irradiation. Other groups 
which have exhibited increased risks of lung cancer are the ankylosing
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spondylitis patients,27 tuberculosis patients given fluoroscopy 

diagnosis,28 x-ray technicians,29 and patients receiving injections of 
thorium dioxide as a contrast agent.3 0 Once again, the association is 

significant, although competing factors may have been present.

Such studies as the ones cited above have been utilized to develop 

a risk/dose conversion factor for lung cancer. A risk factor for the 

induction of lung cancer by the actinon chain would then require a 
knowledge of the radiation dose and the appropriate modifying factors.
The dose itself is difficult to calculate, but the modifying factors are 

even more uncertain. Therefore, it is desirable to explore any 
information concerning irradiation under circumstances similar to those 

encountered during inhalation of the actinon chain. As was discussed 

earlier, this information is partially available through the long history 
of exposure of miners to the radon decay chain. The significance of the 

current research hinges on the ability to display a direct causative 

link between exposure to radon and the induction of lung carcinomas.
All of the studies cited earlier (which consist of the Schneeberg,8 

Joachimsthal,9 Canadian Fluorspar,10,11 Colorado Plateau,12’13 
Czechoslovakian,31 and Swedish32 miners) have found a direct link between 

the amount of exposure to radon and its daughters and the incidence of 

lung cancers in the population. This link has satisfied the five 
requirements for causality postulated earlier, unlike the relatively 
poor links discerned with other forms of cancer. Complete reviews of 
this information may be found in the articles by Archer et al.,15 Archer 
and Wagoner,33 Wagoner et al.,34 Donaldson,35 and Sevc, Kunz, and
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Placek.31 However, the question arises as to whether there might be 

another agent in the mines which is the true causal factor, with 

radiation acting only as a cofactor. A number of agents have been 

suggested, among them being silica, compounds of cobalt and nickel, 
bismuth, and arsenic. Of these, only arsenic has shown any significant 
correlation with lung cancer induction, although exposure to silica has 
produced numerous instances of silicosis. Weller1 and Heuper7 have 

reviewed the nature of this correlation and the general opinion is that 

only radiation shows a consistently significant correlation among all 
study populations. However, the possibility of synergistic or cocarcino- 
genic effects of any of the above agents has never been ruled out. Much 

more work is required in this area before any firm conclusion may be 

drawn. In the interim, the health physics community is acting on the 

assumption that inhalation of radon and its radioactive daughter? leads 

to an increased risk of lung cancer.
Lung cancer actually encompasses a wide range of histologic types. 

Some care must be taken to ensure that the dose from both the radon and 
actinon chains is delivered to the critical cells at risk. Three 

bronchogenic carcinomas are found in humans and are typically designated 

as squamous, glandular, and undifferentiated. Usually, the squamous 
celled tumors predominate.1*24 In the mining groups, Wagoner et al.36 
and Kotin et al.37 found that more than 60% of the histologic types fall 

into the category of small-cell, undifferentiated (oat cell) tumors.

This suggests that the critical cells are the basal cells of the bronchial 
epithelium. Such a finding strengthens the belief that cancers will
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arise in those cells which have not yet differentiated, retaining the 
ability to divide rapidly. Bergonie and Tribondeau generalized the 
characteristics of radiosensitive cells by providing three criteria: 
they have a high mitotic rate, they have a long mitotic future, and they 
are of a primitive type. The basal cells of the bronchial epithelium 

appear to be less differentiated than either goblet or Type II alveolar 

cells and, hence, it is not surprising to find that they are the 
precursors to radiation induced lung cancer.

While it is not certain as to which generation of the lung is to 
be viewed as the critical generation, there is little reason to suspect 

that there is any real difference in the susceptibility of the various 

basal cells to cancer induction. Current practice places the critical 

cell dose within the third to fifth generation (hereafter referred to as 
the lobar, segmental, and subsegmental generations.) As an aside, it 

might be noted that oat cell carcinomas are recognized as a particularly 
fatal form of lung cancer,38 with no cure having been proposed to date.

The preceding, necessarily brief, discussion was intended to 
suggest several observations central to this thesis. These are that:

1. There is a strong association between incremental radiation 

exposures and an increased incidence of a variety of human 

cancers;
This association is extended to lung cancer, with alpha 

particles showing a propensity for the induction of this 
disorder;

2.
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3. Inhalation of the radon decay chain has been shown to 
be associated with the induction of lung cancers in a 

statistically significant manner; and
4. The cancers arising from exposure to the radon decay chain 

arise primarily in the basal cells of the third to fifth 

generation of the lung.
A fifth observation, although not specifically discussed, would state 
that the incidence of lung cancers among the various study populations 

is not adequately accounted for by the beta and gamma doses. This 

strengthens the following axiom, which will act as a basic presupposition 

in this thesis:

The induction of basal cell cancers in the lungs of humans 
exposed to an atmosphere containing the 222Rn decay chain 
arises principally from the deposition of energy by alpha 
particles within the basal cell nuclei.

The uranium and nonuranium miner data can only be employed strictly 
to estimate health effects at doses in the same range as those observed. 

However, doses from the actinon decay chain (in the concentration noted 
at studied facilities) are much lower, falling within the range of 
exposures typically associated with occupational limits. The question 

arises as to whether there is evidence to support cancer induction at 

these low levels and how best to utilize existing data in extrapolations 

to the required doses. It is towards a partial answer to these questions 
that the following discussion is directed.



10

1.1.3 Extrapolation of Miner Data to Low Doses

The health physics community has, in the past, employed linear 

extrapolations in extending high dose data to the low dose region. 
Justifications of this procedure have been founded principally on 
considerations of the scarcity of data and on a desire for estimates to 
be conservative. In the case of low LET radiations, this practice is 

being called into question (see, for example, the controversy over the 

new BEIR III report). However, for high LET particles, it would appear 
that such an extrapolation may be well founded. Support comes from 
theory (the theory of Dual Radiation Action) and from experimental 
and epidemiological studies.

A number of authors have performed studies on the relation between 
the cumulative exposure of the miners and the increased incidence of 
]ung cancer. Archer and Lundin39 and Archer et al.33 have utilized 

data from 18 mining groups to develop dose-response curves for the alpha 
emitters of the radon decay chain. These results indicate a roughly 
linear plot up to a certain dose, followed by a leveling of the curve, 
presumably due to excessive cell killing. Little and Williams40 

have reviewed the epidemiological data for the miner groups and concur 
with the linear extrapolation of Archer et al. Complications in each 

of these studies arise from the finite period of study. Since the 
latent period may be a function of absorbed dose,41 it is possible 

that the low-dose groups may not, as yet, have reached their maximum 
incidence of cancer. In addition, the latent period varies between
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(and within) species, indicating the possible need for elucidating 

host factors in the expression of radiation-induced lung cancer. Of 

course, if the general population was genetically "similar" to the 

miners, this problem would not arise. Studies to date have not 
uncovered a threshold dose, with Archer's dose-response curve reaching 
as low as 30 cumulative working level months (approximately 15 rads).

Additional groups which have been studied for the shape of the 

dose-response curve in lung cancer have included the atomic-bomb 

survivors, patients treated with x-rays for ankylosing spondylitis, 

patients receiving injections of thorium dioxide, and former tubercu
losis patients who underwent fluoroscopic examinations. In each 
instance, the dose-response curves have been approximated by Fig. 1 

for the high LET radiations, although the x-ray data more closely 

approximate a sigmoid shape. This is particularly evident in the data 

for Hiroshima, which were produced by a large component of neutron- 

induced dose. As a result, it would appear that, at least for high 

LET radiation (a group which includes alpha particles), there is no 

apparent dose threshold at low doses, and the general shape of the 

curve in Fig. 1 may be representative of the true curve underlying the 
data.

Turning to the experimental studies, it should be made clear that 
the effects of high LET radiation are poorly documented. Most of the 
studies, such as those of Han and Elkind,42 Borek,43-46 and Terzaghi47-49 

utilize low-energy x-rays. Han and Elkind have performed some studies 

on transformation frequencies in C3H/10 T^ cells over a range of
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neutron doses. Results indicate a linear plot with a plateau at 2000 to 
3000 rads (larger than the average dose to the basal cells of the uranium 
miners). Borek50 irradiated hamster embryo cells and plotted the 

fraction of transformed clones versus dose over a wide range of doses.

The resulting graph indicates that a linear (plus cell-killing) model 

may be realistic for high LET radiation in the low-dose region. As in 

most studies of in-vitro systems, the data for x-ray irradiation 

indicate a curve which falls between sigmoidal and linear curves.
The great majority of experimental data relies on studies of in-vivo 

systems. While the in vitro systems probably offer the greatest hope 
for understanding the causal chain of events in carcinogenesis, studies 

of in vivo systems will continue to be viewed as being the most realistic 
for estimating effects on the human system. What do such studies tell us 

about the shape of the dose-response curves for high LET radiations? In 

addition, what is the effect of dose rate on the carcinogenic potential? 
Neary et al.51 studied the yield of chromosome aberrations in microspores 

of Tradescantia paludosa and conclude that the response for gamma rays 

is a function of the square of the dose, while that for neutrons is 

linear. In addition, they have presented evidence that the gamma- 

induced yield is dependent on dose rate, but that for high LET neutrons 

is not. These conclusions are substantiated by a number of studies on 
the frequency of chromosome aberrations in the lymphocytes of atomic 
bomb survivors,52 and in the frequency of pink mutation events in stamen 

hairs of Tradescantia clones.53 Similar results were obtained in the
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study of mouse spermatogonia,51*'55 and mouse oocytes.51*-56 Each of 

these studies indicates a linear relationship for dose-response for 

irradiation by high LET radiations and a linear-quadratic relation for 
low LET x-rays and gamma rays. Studies by Upton et al.,57-59 Ullrich 

and Storer,60 Yuhas61 and others show a dependence of gamma-ray-induced 
mutations on dose rate. This dependence is believed to be eliminated57*58 

when the radiation consists of high LET neutrons. The reader should 

recognize that these results lead to the deductive consequence that the 

RBE of high LET radiations should increase with decreasing dose (since 

the efficiency of y radiation in inducing cancer decreases more rapidly 
with dose than does that of high LET radiation), a hypothesis supported 
by the work of a number of authors62-64 utilizing Sprague-Dawley rats.
On the other hand, Ullrich et al.65 have determined dose-response 

curves for carcinogenesis in Balb/c mice and have found a marked 

dependence on dose rates for neutrons. For malignant lung carcinomas, 
they found that decreasing the dose rate for low doses decreased 

the incidence. At high doses, however, this trend was reversed.
As a result, one should be careful when stating that no dose-rate effect 

has been observed for high LET radiations, particularly when dealing 

with mammary and lung adenocarcinomas and ovarian tumors. Due to the 

complexity of host-mediated hormonal and immunological reactions and the 
interaction of the repair system, it is certainly possible that no 

general statement may be made about the effect of dose rate on the 
response of all cell lines and organs. This introduces some uncertainty 

in attempting to extrapolate existing data to the oat-cell carcinomas
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induced by radon daughters in the lung. The consensus of opinion, 
however, is that dose rate effects decrease significantly for high LET 

radiation in organs which are not subsequently subjected to complex host 

regulation. Existing data concerning in vivo irradiation of the lung 

from a variety of deposited radionuclides support this conclusion.
Chameaud et al.,66 Filipy et al.,67 and Morken et al.68 have each 
presented evidence that protraction of the dose from inhaled 222Rn and 

its daughters increases the incidence per rad. Similar studies using 
beta-emitting radionuclides and the alpha emitter 21°Po have concurred 
with these results.69-71 To indicate the danger of drawing general 
conclusions, however, it is of interest to note that Laskin et al. 2 

did not find a dose-rate effect for 32P and 10GRu. The reader should 
also bear in mind the results of Ullrich et al.,65 cited earlier. Most 

of the evidence appears to indicate that linear extrapolation will not 

overestimate the incidence of lung cancer.
There are a number of other factors which could affect the true 

extrapolation of miner data to the general public. Most of these are 

physical considerations such as the degree of attachment of radioactive 

daughter atoms to aerosols, the air breathing rate, the degree of 

radioactive equilibrium, and the effect of inflammatory reactions, and 
will not be dealt with here. The assumption is made that these parameters 

will either remain fixed or that any changes may be taken into account 

in models used for extrapolation. An example is the difference in 

aerosol size distribution noted between mines and normal urban or rural 
air. This effect can be accounted for by the use of a suitable lung
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model in calculating received doses. However, there remains one topic 

of importance which lies in the realm of radiobiology. This is the 

question of the length of the latency period for the expression of 
genetic damage. If the latency period changes dramatically as a 
function of dose or dose rate, it will change the final incidence of 
cancers (due to concurrent competing risks).

The author knows of no physical theory which accounts for the 
phenomena of the latency period. Considering the wide variability of 

this length of time as one moves between species or applies a number of 
cocarcinogens, it is likely that the problem will be resolved through 
studies of host factors and probably not from purely biophysical 
considerations. However, the possibility remains that there are simply 

different types of biophysical damage which manifest themselves after 

different lengths of time. Archer et al. have studied the epidemiological 

evidence among miners and have concluded that, for this group, the 

induction-latency period increases with decreasing dose. In addition, 
they found that this same interval decreased with increasing age of the 
miner at the start of exposure and with increased smoking habits (in 
support of the "gate" theory). They also assessed the effect of dose 

rate and cumulative dose on the induction-latency period. Increasing 
the dose rate decreases the period, but cumulative dose (to a given 

age group) has little effect. However, the data show wide confidence 

intervals and further studies are in order.
Kennedy and Little,17 in a comprehensive review of radiation- 

induced lung cancer, have approached the question of the effect of
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dose and dose rate on the latency period. They concluded that, in 

general, this period increases with decreasing dose. For example,
Kennedy and Little [unpublished data) have found a minimum period 

of 154 days for the appearance of the first malignant tumor in animals 
given seven instillations of 0.2 yCi of 21°Po in saline (total dose of 

1850 rads). Compare this to the minimum period of 105 days obtained 
with 5000 rads.73 Of course, one should keep in mind that each form of 

malignancy (and each species) appears to possess a necessary "minimum" 

latency period.

There is one final consideration which will be scrutinized in this 

paper; that is the effect of cocarcinogens on the incidence of radiation- 

induced lung cancer. Indeed, due to the complexity of the atmospheres 

to which both the mining and general populations are exposed, it may be 
meaningless to refer to the incidence of a purely radiation-induced 
cancer. Arthur Frank74 has recently reviewed causal agents in occupa

tional lung cancer and lists arsenic, asbestos, chlormethyl, ethers, 

chromium, coal-carbon, iron, steel, nickel, mustard gas, and radiation. 

These agents may be responsible for the large increase in the "normal" 
incidence of lung cancer in recent years, a problem which tends to 
complicate the interpretation of 222Rn data (see Fig. 2). Di Paolo75 

and Di Paola et al.76,77 have studied the interaction of the radiation 

with U.V. light, benzo(a)pyrene and a variety of other chemicals and 

conclude that these cocarcinogens can increase the apparent incidence of 
radiation carcinomas in hamster cells. Kennedy and Little78 showed that 

protease inhibitors, applied postirradiation, decreased the incidence
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Fig. 2. Lung cancer incidence in the U.S. from 1930 to 1975. 
(Curve based on data obtained by author from the U.S. National 
Center for Health Statistics, June 1979.)
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of tumors induced by x-rays. It is possible that this effect results 

from the inhibition of error-prone repair, although this is purely 
speculative. Terzaghi and Little79 have applied benzo(a)pyrene (BP) 

both before and after irradiation and have noted enhanced incidences in 

an in vitro system, with the enhancement varying according to the 

schedule of BP administration. The literature abounds with cases where 

cocarcinogens have been shown to effect the incidence of radiation- 

induced carcinomas, and it would be futile to attempt to cite each 
study. A general conclusion may be drawn however; it is highly probable 
that both the mining and general populations are being subjected to a 

wide range of cocarcinogens and that this may affect the absolute values 
of the dose-response curve. As a result, any studies may do best to 

focus on the relative risk from radiation, where one is interested in 

the increased risk relative to some "natural," or baseline risk. The 

true situation probably resides somewhere between relative and absolute 
risk. Even this approach, however, assumes a small contribution from 
synergistic agents. If this contribution were large in the miner data, 

and if the synergistic agents were absent in the environment of the 

general public, then extrapolation of miner data would overestimate the 
risk to the populace. Conversely, the occurrence of synergistic agents 
only in the environment of the general populace would cause an under

estimate. The author knows of no data which would support either 
contention.

It is now possible to draw a general conclusion concerning 
extrapolation of 22zRn data to the exposures typical of the actinon
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decay chain. Available evidence suggests that the shape of the dose 

response curve is linear, with no threshold to a dose at least as low as 
15 rads. These results suggest another presupposition, again central to 
this thesis:

The induction of lung cancers by relatively low doses of alpha 
irradiation is supported by experimental, epidemiological and 
theoretical results. Extrapolation from high dose data is 
possible through the use of a linear plot, with corrections 
for variable latency-induction periods.

1.2 The Actinon Decay Chain

Uranium-235 is the parent of a radioactive decay chain which has 
come to be known as the Actinium series (see Fig. 3). This chain is 
alternatively called the 4n + 3 series, since the atomic number of 

each member satisfies the relation A = 4n + 3, where n is an integer.
A series of one beta and one alpha decay of the uranium parent leads to 
the production of 231Pa, which decays primarily by alpha emission with 

a half-life of 3.25 x io4 y. The immediate parent of actinon (219Rn) is 
223Ra, which results from two successive alpha decays of 231Pa. The 
decay of 223Ra yields 219Rn, or "actinon." Actinon is a highly mobile 

inert gas and may separate from the rest of the decay chain.

Actinon decays rapidly with a half-life of approximately 3.96 
seconds. This decay results in the emission of one of three alpha 
particles with energies of 6.42 (8%), 6.55 (11%), or 6.82 MeV (81%).80 

The average energy of these alphas is approximately 6.76 MeV. The first 
daughter of actinon is 215Po, known historically as Actinium A. This 

daughter decays by alpha emission with a half-life of 1.78 milliseconds.80
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Essentially all of these disintegrations lead to the production of 211Pb 

(Actinium B) and after emission of an alpha particle of energy 7.38 MeV. 
211Pb is a beta emitter with a half-life of 36.1 minutes. The decay of 
211Pb gives rise to 211Bi (Actinium C), which decays primarily by alpha 

emission with a half-life of 2.15 minutes. Alpha particles emitted by 
211Bi have energies of 6.28 and 6.62 MeV, with an average energy of 6.57 

MeV per disintegration. In 0.28% of its disintegrations, 2nBi decays 

via beta emission to 211Po, which in turn decays by alpha emission to 
stable 2 07Pb. The decay of 211Po (Actinium C") gives rise to an alpha 

particle of energy 7.45 MeV. In the remaining 99.7% of the decays of 
211 Bi, the daughter product 2 07T1 (Actinium C") is formed. Actinium C" 

then decays with a half-life of 4.79 minutes to 207Pb, emitting a beta 

particle of 1.44 MeV maximum energy in the process.
Since the half-lives of the actinon daughters are, in general, 

greater than that of actinon, no state of secular equilibrium will 
develop. Instead, the concentrations of the daughters located below 
215Po will eventually exceed that of the actinon and will continue to do 

so until all original atoms have completed their chain of decay. The 

growth of each of the daughters of actinon in an initially pure sample 
of 219Rn is shown in Figs. 4 and 5. Due to the extremely short 
half-life of 215Po, it is reasonable in practice to assume that the 
activity of 215Po is equal to that of the 219Rn. The curves depicting 

the growth of the daughters of actinon display the characteristics of 
transient equilibrium typical for the growth of long-lived daughters 

from the decay of a short-lived parent. In addition, it may be noted
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that 211Pb, 21lBi, and 2 07T1 reach a maximum activity which is orders of 

magnitude below the initial activity of actinon. This situation differs 
from that of 22zRn, where the radon daughters may approach the initial 

activity of a sample of purified radon given a sufficient length of time.

1.3 The Actinon Problem

It is common knowledge in the radiation community that there exists 

in nature three rather lengthy decay chains. These chains begin with 

238u, 232Th, and 235U, and are known historically as the uranium, thorium, 
and actinium chains, respectively. A characteristic shared by these 
chains is that each eventually gives rise to a gaseous emanation which 
is an isotope of the element radon, an inert gas at room temperature 

(STP). The small degree of interaction between these isotopes and the 

matrix in which they are embedded allows them to separate from the rest 
of the chain and migrate into surrounding areas. These isotopes have 

come to be known as radon (222Rn, T^ = 3.83 days, 238U chain), thoron 
(220Rn, T^ = 55 sec, 232Th chain), and actinon (219Rn, T^ = 3.96 s,
235U chain). To date, most of the attention has been focused on the 

isotope 222Rn, because it is the most abundant and long-lived.

Under normally encountered conditions [with the exception of 
areas such as Brazil, where the 232Th concentration is high81], the 

concentration of radon in air greatly exceeds that of thoron and 
actinon. This is due to a number of factors, the most important of 
which is long half-life of 222Rn relative to 219Rn and 220Rn. Upon 

its production in the earth's crust, a radon atom has a certain
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probability of being ejected from the soil matrix in which it is embedded. 

This ejection may arise either from the recoil of the atom into the 
interstitial spaces82 or from transport with water vapor in the soil. 

Regardless of the mechanism involved, released atoms are free to migrate 
to the surface of the earth through a combination of diffusion and 
convection. That fraction which reaches the soil particle surface before 

undergoing decay is termed the emanating fraction of the source. This 
fraction is typically assigned a value of 20% for 222Rn, although it may 

range from 14% to as high as 50% or more.83"85 Those atoms which do not 

reach the surface decay in the interstitial spaces and their daughters 
plate out in the pores, contributing partially to the beta and gamma 

exposure rates at the surface.
The ability of radioactive atoms to survive migration through a 

given layer of soil is, obviously, a function of the radioactive half
life of the atoms as well as their chemical form. Given equal source 
terms (in pCi/sec) and equal diffusion coefficients, it may be seen that 
the quantity of thoron or actinon that survives migration through a 
depth X of soil is a small fraction of the amount of 222Rn which survives 

an equal migration range. The relative survival fractions for the three 

isotopes as a function of the depth of a source in a porous soil are 
displayed in Fig. 6. The velocity of 4 cm/hr was chosen as being typical 
for the diffusion velocity of inert gases through porous soil.86 It will 
be noted that 222Rn may travel several meters through soil, while thoron 

and actinon are restricted to migrations of a few centimeters and a few 

millimeters, respectively, when movement is confined to diffusion.
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The assumption of equal source terms in the above discussion is 

usually valid for thoron and radon, since normal soils contain approxi
mately 1.0 picocuries per gram of both 232Th and 238u.87 However, the 

actinium chain is usually present in an activity which is only 5% of the 
total activity arising from the 238U and 235U chains.88 The relatively 
low abundance of 235U in natural uranium (1 part in 140) lends even more 

credence to the assumption that concentrations of actinon in air are 

negligible when compared to radon. As a result, there has been, to 
date, no assessment made of the radiological impact of this isotope.

The Off-Site Pollutants Monitoring Group at Oak Ridge National 

Laboratory is currently engaged in a monitoring program at a number of 

sites formerly utilized by the Manhattan Engineer District and the 
US Atomic Energy Commission (USAEC). These sites were involved in 
several processes, among which are the separation of 238u and 226Ra from 
typical uranium ores. While performing routine measurements of the 
concentration in air of the radioactive daughters of 222Rn, it was 

noticed at one location that the kinetics of decay, as determined by the 
three-channel Kusnetz method,89 were atypical of normal atmospheres. 

Spectroscopic resolution of the alpha decays revealed the presence of 
211Po (AcC). A four-channel method was subsequently developed to differ
entiate between the daughters of the three radon isotopes.90 Application 

of this technique at a number of sites indicated that it was possible 
for the concentration of actinon daughters to approach, and in some 

cases exceed, that of the radon daughters.
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Measurements using the four-channel spectroscopy method (in which 
air filters are analyzed by alpha spectroscopy for the quantity of ZZ2Rn 

progeny on their surfaces) have been made at many sites believed to be 
contaminated by deposits of Z31Pa. The concentration of 211Pb and zllBi 

(whose significance will become clear later) was determined and the 
results are shown in Table 1. The maximum concentration of zllPb which 

has been found to date is approximately 10 pCi/liter.91 It is certainly 

of interest to note that this value exceeds the concentration of radon 
daughters at this site. However, the real problem lies in attempting to 

assign a value of risk associated with this level of exposure. To do 

this requires the development of a suitable risk parameter and a 

hypothetical plot of this parameter vs health effects.

It should come as little surprise to the reader to discover that 
there is no available information concerning the effects of the actinon 

decay chain on the human body. As a result, it is impossible i.o develop 
a risk factor following the empirical logic used for 2Z2Rn, for which 

such information is believed to be availaoie. However, a pragmatic 

approach is possible if there are sufficient theoretical constructs to 

allow extrapolation from the data on * "Rn exposures. Alternatively, 
one might compute the absorbed dose delivered by the actinon chain, 
apply the appropriate dose modifying factors (QF, DP, etc.), and utilize 
the risk/rem conversion factors developed under other modes of irradi

ation. Regardless of the approach, it is necessary to calculate the 
absorbed dose resulting from exposure to 219Rn and its daughters. In 

the case of the pragmatic approach, however, this requirement is
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Table 1. Concentration (pCi/A) of airborne 211Pb at
surveyed sites

Former MED/AEC Site Concentration (pCi/fi.)

Minimum Maximum Average
Burrell Township Landfill 0.01 0.08 0.03
Middlesex Landfill Rectory 0.06 1.71 0.89
Middlesex Sampling Plant
Vitro Rare Metals

0.05 0.22 0.11
Bldg. 1 0.02 0.18 0.08
Bldg. 2 0.00 0,29 0.12
Bldg. 2A 0.06 0.14 0.12
Bldg. 3 0.06 1.70 0.63
Bldg. 7 0.30 0.79 0.44
Bldg. 9 0.03 0.22 0.14
Bldg. 10 0.22 1.00 0.34
Bldg. 11 0.07 0.11 0.08
Bldg. 15 0.12 0.32 0.25
Bldg. 16 0.37 0.66 0.49
Bldg. 18 0.00 0.45 0.12
Bldg. 19 0.32 0.52 0.41

Latty Avenue 1.00 10.00 3.00
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simplified to a determination of the rat uses delivered by the

radon and actinon chains.
One should, at the outset, explain that the following discussion 

concerns only the induction of lung cancers arising from inhalation of 
the actinon chain. As will (hopefully) be displayed, the 219Rn chain 

delivers its energy of decay upon inhalation in a manner analagous to 
the 222Rn chain. Since the history of exposure to the 222Rn chain 

indicates that the lung is the critical organ for the inhalation pathway, 
it is likely that such will be the case with the 219Rn chain. A computer 

code, INREM-II,92 was utilized to determine the relative doses delivered 

to various organs in the body (per pCi intake for both the inhalation 

and ingestion pathways) and the results are shown in Table 2. In each 
case, the dose to organs other than the lung is smaller than the lung 

dose by at least an order of magnitude. This phenomenon arises from two 

causes: the short half-lives of the isotopes of concern preclude 

significant transfer out of the lung and into the blood (either directly 

or through ingestion of the contaminated mucus). In addition, 'the low 
gamma yields result in little cross-irradiation of the organs.

While the lung is clearly the critical organ for the inhalation 
pathway, it has yet to be proven that inhalation of the 219Rn progeny 

is the dominant index of risk at sites contaminated by 231Pa or 227Ac.

To see that this is truly the case, consider a site uniformly contaminated 
by 1 pCi/g of both 231Pa and 227Ac in soil. The average concentration 
of 231Pa in surface soil at the location of air samples at the Latty Avenue 

site was approximately SO pCi/g. Since the 211Pb concentration in air



Table 2. 50-year dose equivalent committment (rem) resulting from the 
inhalation or ingestion of lyCi of 211Pb or 2llBi

Dose Committment (rem)
Target Organ 21lPb inhalation 211Pb ingestion 21lBi inhalation 211Bi ingestion

Lungs 7.17 X 10'2 6.75 X

p*iom4 4.72 X 10" 3 3.08 X 10'8
Stom. Wall 7.26 X 10"5 3.01 X 10"3 6.04 X 10"7 2.31 X 10"4
S. I. Wall 2.90 X 10"5 1.34 X 10“:3 2.97 X 10"* 1.07 X 10"*
U. L. I. Wall 1.22 X 10'5 5.68 X 10"4 5.27 X 10"9 5.78 X 10“ 7
L. L. I. Wall 1.36 X 10"6 6.21 X 10"5 1.34 X 10"9 3.50 X 10" 8
Total Body 1.13 X 10"3 3.64 X 10" 5 6.87 X 10" 5 6.68 X 10"7
Kidneys 1.10 X 10" 3 6.64 X 10" 5 8.86 X 10" 5 7.04 X 10" 7
Liver 1.50 X 10'5 5.26 X 10"* 1.04 X 10"* 1.03 X 10~7
Ovaries 1.62 X 10" 5 7.47 X 10"6 1.02 X 10"* 8.48 X 10"8
Pancreas 1.73 X 10"5 1.06 X 10'5 1.06 X 10"* 3.74 X 10* 7
Bone 1.26 X 10"3 1.73 X 10"4 4.99 X 10"* 9.42 X 10" 8
Red Marrow 2.25 X 10"4 3.35 X 10"5 1.86 X 10'* 9.45 X 10"8
Yellow Marrow 1.66 X 10" 5 5.04 X 10"* 1.04 X 10"* 8.62 X 10‘8
Endosteal 1.98 X 10":3 2.71 X 10"4 7.86 X 10"* 1.22 X 10" 7
Spleen 1.69 X 10" 5 7.90 X 10"* 1.04 X 10"* 2.37 X 10*7
Testes 1.61 X IP"5 4.48 X 10"* 1.02 X 10"* 6.86 X 10"8
Thyroid 1.66 X 10"5 4.46 X 10"* 1.04 X 10"* 7.09 X 10"8
Uterus 1.63 X 10"5 7.05 X 10"* 1.03 X 10"* 9.15 X 10~8
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was as high as 10 pCi/&, one may assume that 1 pCi/g of 231Pa or 227Ac 

would yield an airborne concentration of 0.5 pCi/2 of 211Pb. Reference 

to Table 2 indicates that continuous exposure at this level for one 
year [at a breathing rate of 2.9 % 104 Si/day), would yield a lung dose 
equivalent rate of 3.6 % 10 1 rem/yr.

Turning now to the ingestion pathway, Hill93 has computed the 

50-year dose committments resulting from ingestion of food grown in 
soil contaminated by 23 *Pa and 227Ac, among other radionuclides. His 
calculations yield a lung dose equivalent rate of approximately 1 x 10 4 

rem/yr and a dose equivalent rate to bone marrow of approximately 
1 x 10-2 rem/yr. These calculations assumed that all vegetables 

consumed by an individual were grown in the contaminated soil (1 pCi/g), 

a situation highly unlikely to occur at the industrial sites currently 
known to be contaminated with 231Pa. However, release of such sites 

for public use should be prefaced by a consideration of this pathway 
even if it is not, at present, a major pathway of exposure. As will be 

shown in Chap. 3, external gamma exposure resulting from 1 pCi/g of 
231 Pa in soil would yield only 4.4 x io-3 rem/yr to the total body 

(assuming continuous exposure).

1.4 On Nature of the Problem and the Scope of the 
Present Research

The results generated by the present research are intended to be 
applicable most broadly to those questions which focus on the effects 

of the decay chain on the human body, on the setting of standards for
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exposure, and on the potential risk embodied in currently discerned 
levels of contamination by the precursors of 219Rn. Towards this end, 

the research reported in this document was designed to provide infor

mation on the following subjects: (1) development of the functional 
relations between exposure to the 219Rn decay chain and pertinent health 

effects; (2) specification of the circumstances under which a significant 
concentration of the decay chain may occur; (3) recommendation of an 

exposure standard which will provide protection of the public from 

significant elevation of health effects; and (4) an assessment of the 
impact of 219Rn on determinations of the concentration of the 222Rn 

decay chain and/or its precursors.
The third item is a relatively simple matter assuming one has fully 

explored the first item and can choose appropriate criteria for setting 
standards. Regulatory bodies such as the ICRP and NCRP have developed 
primary dose standards, with a value of 1.5 rem/year suggested for the 
lung. This value has been utilized in the present research in suggesting 

an appropriate exposure standard for the actinon chain. Since the lung 
can be shown to be the critical organ, attention has been directed 
towards the dose limit of 1.5 rem/year (obtained by dividing the 

occupational exposure limit of 15 rem/yr by a factor of 10). Conversion 

to the standards suggested in ICRP 26 follows directly from the employment 

of the reported weighting factors, in this case 0.12.
The second subject comprised a study of the chemical processes (and 

associated facilities) which have been responsible for the production of
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the source term for actinon. In particular, it was thought necessary 
to elucidate the mechanisms whereby a high concentration of 231Pa may 

be deposited on the ground surface. Additional attention has been 

focused on the effects of such physical parameters as ventilation rates, 

humidity, barometric pressure, aerosol size distribution and concentration, 

soil parameters, etc., on the emanation and subsequent transport of 

actinon and its radioactive daughters as well as the gamma exposure rate 
above a contaminated surface. This study was directed towards outlining 

specific actions for the control of exposures to the chain.
The bulk of the work reported here has centered upon the first 

subject: determination of the relationship between exposure to the 

actinon chain and the induction of various disorders (in this case, lung 

cancer). This determination requires the development of a suitable lung 

model for the estimation of doses received by the various cellular 

populations. A study was performed to determine physical parameters 

which affect the inhalation, deposition, removal, and decay of the 

radionuclides in the lung. Specification of the critical cells is a 

necessary step in any such study. Most of this work relies heavily on 
knowledge obtained through a critical review of the literature concerning 
exposure to the 222Rn decay chain. The author recognizes that there is 

little probability that a massive effort will be directed in the future 
towards research on the isotope 219Rn. As a result, it would be best if 

residual uncertainties in the present study could be stated in such a 
manner that answers would ensue from research on 222Rn. Dosimetric 

models developed in the course of this dissertation research will,
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therefore, be applicable directly to the 222Rn decay chain. The models 

themselves are rigorous yet general, providing a methodology for 

determining dose from any radionuclide. Attempts were made at each 

stage to compare the results obtained from actinon to those from radon.

A desirable goal is to produce a model which is flexible enough to allow 

for simple changes as new knowledge is obtained. The employment of a 
generalized, functional, notation should serve this purpose.

For completeness, it also appears desirable to develop techniques 
for the direct measurement of 219Rn and its daughters. This research 
centered on determinations of the concentration of 215Po, 211Pb, and 211Bi 

in air, as well as of 219Rn, and on the flux of 219Rn from the ground 

surface. In addition, it is necessary to develop a method for determining 
the concentration of 227Ac in the surface soil, since standards applicable 

to the decommissioning of contaminated facilities usually apply to the 
source term. A relationship between the 227Ac concentration and the 

resultant flux of 219Rn from the surface was developed using standard 

Fickian diffusion equations.
While the concentration of 211Pb may be significant at several 

sites in the United States, these tend to be isolated cases. As a 

result, it is improbable that most health physicists will develop the 
capability to measure specifically 219Rn daughters at normal facilities. 
This situation could lead to incorrect estimates of the 222Rn concen
tration should 219Rn be present in significant concentration. The 

impact on estimates of risk derived from these measurements will be a 
function of the relative concentrations of 222Rn and 219Rn (or their
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daughters) in air. The concluding sections of this dissertation will, 

therefore, address the effect of unsuspected levels of the actinon decay 

chain on measurements of the radon chain. Wherever possible these 

results will be related to estimates of risk.

1.5 Production of ?19Rn

Radiological surveys performed by Oak Ridge National Laboratory 

(ORNL) have uncovered highly elevated levels of surface soil contamination 
by 231Pa in a few locations. A review of the types of materials present 

at the surveyed sites revealed that each site had been used at one time 

for the storage of a precipitate which formed during the removal of 

uranium from diethyl ether. Pitchblende ore from the Belgian Congo had 
been digested in nitric acid, followed by sulfuric acid, and the 
supernate removed for further processing.9'* The .iranium was then 

stripped from the supernate through the combined use of diethyl ether 

and dilute nitric acid.
Both 227Ac and 231Pa display a marked propensity for coprecipitation 

and hydrolyzation.95 The latter characteristic causes the nuclides to 

attach to glass and metal surfaces. As a result, these nuclides formed 

a precipitate in the above process which accumulated in the first 

extraction column. This precipitate, which was removed periodically by 
a Sperry Filter press, was found to be enriched in 227Ac and 231Pa. 

Measurement of the concentration of 231Pa in samples of this precipitate94 

indicated that levels exceeding 5200 pCi/g were common. Deposition of 
this product onto the ground surface, either through spills or intentional
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dumping, provides a long-lived source of 219Rn. The result is a steady 
flux of 219Rn into the air above the contamination. Most of the 226Ra 

had been removed from this material during processing and returned to 
the Belgian Congo. The 222Rn source term was therefore depleted and 
the 219Rn term dominated.

In addition to an elevated source term, 219Rn progeny can further 
dominate 222Rn progeny whenever the emanation enters the confines of a 

highly ventilated structure. The most elevated 219Rn daughter 

concentrations relative to 222Rn daughters at the same instant were 
found outdoors or in well-ventilated buildings.91 With the doors 

and windows open, it was possible to obtain air samples in which the 
activity of the 219Rn daughters was in excess of the activity of 222Rn 

daughters. This phenomenon arises from the different lengths of time 
required for the two parents to reach their equilibrium activity. The 
concentration of 219Rn daughters is affected very little by increased 

ventilation. However, 222Rn is relatively long-lived and its daughter 

concentration in a building is greatly decreased by high rates of 
ventilation (>2-3 air changes per hour). As a result, high ventilation 
rates can further enhance the ratio of 219Rn progeny to those of 222Rn 

above that indicated by a simple consideration of source terms.
The only known contamination by elevated levels of 231Pa within the 

continental United States is at sites to which the Sperry Filter Press 
material was removed. These sites were summarized in Table 1, page 30, 
and indicate that the bulk of the material remaining on or near the 

surface is to be found at the Latty Avenue site, the Middlesex sites,
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and the Vitro Rare Metals Plant in Canonsburg, Pennsylvania. Additional 
material has been noted at a disposal site at the St. Louis Airport.96 

It is believed by the author that the particular hazard at these sites 
is confined to material generated by the process described in the opening 

paragraphs in this chapter, which was used primarily during the time of 

the Manhattan Project. It is possible, however, that other processes 
have concentrated 231Pa but that the 231Pa content simply has not been 

assessed. Therefore, a brief review of the general criteria necessary 
for 231Pa concentration is in order at this point.

Seaborg and Katz97 have presented a complete description of the 

chemistry of the actinide elements. They and others98-100 have 

described techniques for extracting 231Pa or 227Ac from a variety of 

materials, but most of the processes are not practiced on a scale large 

enough to be of radiological concern. The largest component of the source 
for 231Pa is certainly the fuel cycle for nuclear reactors, since 

natural uranium ore possesses levels of 231Pa elevated above that of 

other materials. Under all processes reviewed by the author, 227Ac 

carries along with the waste stream produced after the dissolution of 

the ore. Protactinium, however, would separate with the uranium and 
plutonium and be carried into the process stream.101 Its subsequent 

fate then depends on the material used to extract the uranium. Most 
organic solvents will extract the 231Pa along with the desired uranium 

and, hence, will concentrate it into the fuel (yellow cake) . Bell102 

has reported that such a process allows spent fuel to contain in 
excess of 2 x 10-6 grams per metric ton of fuel (in a PWR). This value



40

is lower by 4 orders of magnitude in LMFBR fuel due to differences in 
the pH utilized in the extraction process. White and Ross103 have 

reported that the use of Trioctylphosphine Oxide (TOPO) will tend to 
concentrate 231Pa, but the author believes this process to be limited 

to laboratory applications. The same comments apply to the use of 
benzoylacetone in perchloric acid and sodium perchlorate.101*

Highly elevated concentrations of 231Pa in large quantities 

would, then, be limited to the yellow cake associated with the nuclear 

fuel cycle or the material produced in the preceding stage. Whether the 
231 Pa separates from the uranium and/or plutonium depends on the solvent 

used and the molarity of the acidic solution, although no studies have 
been reported to quantify such relations. Marcus and Kertes105 state 

that the extraction coefficient into diethyl ether is low at high nitric 

acid concentration (6-8 M), and this phenomenon may account for the 
particular material contained in the Sperry Filter Press concentrate. 
Discussions by the author with persons likely to be familiar with existence 
of wastes highly elevated in 23lPa106»107 failed to locate any recognized 

sources in addition to the ones already mentioned. It should be 
emphasized that the ultimate fate of only part of the material generated 

at this location has been documented. Similar material may, therefore, 
be present at locations other than those listed in Table 1, page 30, but 

such has not been shown to date. Little work has been performed on 
231Pa since the days of the Manhattan Project and, hence, its content at 

various points in the process stream for reactor fuels has not been 
assessed. In the majority of processes in use in the past, and perhaps
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in all processes used at the present, the presence of 231Pa in waste 

materials should be of negligible concern when compared to that of 
226Ra. However, concentration of the 235U parent during the production 

of weapons-grade uranium could provide an exception and some attention 
might be given to assessing the contents of all materials thus generated 
(when and if such information becomes declassified).



2. THEORY

2.1 Genesis of the Lung Model

Any development of a risk factor for the actinon chain requires the 

use of a suitable lung model. This requirement is the same for both 

the pragmatic and theoretical approaches. If the theoretical approach 
is used, it is obviously necessary to choose a lung model that is as 
close to the true situation as is possible. In other words, the absolute 

value of the dose becomes of paramount importance since this dose will 

be compared to doses obtained under dissimilar exposure conditions and 

computed through the use of different models. This requirement is 
relaxed somewhat in the pragmatic approach, since one need only develop 

the relative values of the doses for the radon and actinon chains. Of 

course, if various lung models differ in this relative value, then an 

uncertainty arises equal to the variance in the results of the set of 

models. I begin by developing an abstract lung model and choosing 

appropriate forms of the functions which will be needed.

2.1.1 Morphology of the lung
The volume of air which passes into the lungs enters through either 

the nasal passage or the mouth. These two passages join directly beneath 
the tonsils, in a zone termed the oropharynx. From this point, the air 

passes into the trachea, then through a series of bifurcating passageways 

whose diameters become progressively smaller. The lung proper is 
typically pictured as consisting of three compartments:108 a conducting

42
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zone in which gas in transported but not exchanged; a transitional zone 

in which there is both transport and exchange; and a respiratory rone in 

which only gas exchange occurs. The terminology used to label these 

regions, as well as the various subdivisions employed, vary between 

models and between authors. Therefore, as much general information as 
possible (i.e., information which is not dependent on the choice of 

model) will be provided before turning to specific models.

All models begin with a trachea, which is a thin walled, flexible 
tube approximately 12 cm in length and with a diameter of 2 to 2.5 cm.109 

Its structure is supported by 16 to 20 C-shaped hyaline cartilages which 
encircle it on its ventral and lateral faces. Flexibility is attained 

due to the fibroelastic tissue which bridges the incomplete cartilagenous 

rings. These rings are, in turn, surrounded by a dense matrix of 

connective tissue.

The inner surface of the trachea, as in the case of most of the 

bronchial passages, consists of pseudostratified columnar epithelium.

This layer rests on a thick basement lamina, which acts as a terminus 

for the basal cell layer. These basal cells are the source of new 

epithelial cells, dividing when a depletion of columnar cells occurs, 
followed by migration and maturation.110 Goblet, or mucus secreting 

cells, are found scattered throughout the columnar cells and are virtually 
the only examples of unicellular glands found in mammals. Their role is 

the secretion of mucin, a polysaccharide which combines with water to 
form a lubricating solution called mucus. The structure and role of 

this mucus will be discussed in a later section.
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The trachea divides into two main bronchi, each of which enters 

either the right or left side of the lung at the hilar region. These 
main bronchi divide into two smaller bronchi on the left side and into 
three on the right, yielding two and three lobes, respectively. These 

divisions then give rise to smaller bronchi which then divide into 
several orders of bronchioles. These subdivisions continue until one 

encounters the terminal bronchioles, from which branch the respiratory 

bronchioles, alveolar ducts, alveolar sacs, and finally, the alveoli, 
in which carbon dioxide and oxygen are exchanged.

As soon as the bronchi enter the lungs, the cartilagenous rings 

disappear and are replaced by a series of cartilage plates which 

completely encircle the bronchi. These plates serve to retain the 

cylindrical shape of the tubes during respiration. They become 
irregularly distributed as one moves towards the more distal parts of 
the lung and are replaced by smooth muscle. When the diameter of the 

bronchiole falls below 7 mm, the cartilage completely disappears.

The cellular structure of the lung passageways remains roughly 

invariant to the level of the terminal bronchioles. As mentioned 
previously, this structure consists of a basement membrane, immediately 
above which lies the basal layer followed by several layers of 
pseudostratified columnar epithelium. The uppermost layer of cells 

contains both goblet cells and ciliated epithelium. As demonstrated by 
Sade, Eliezer, Silberg, and NeVo,111 the goblet and ciliated cells are 

coupled through the mucus, since a minimum amount of mucus is needed 
for ciliary activity. Movement of the mucus, whose role is to provide
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protection of the epithelial surface by trapping and removing irritants, 

is provided through the cilia of the uppermost layer of cells. Mucus 
flow, which has been reviewed by a number of authors,112"134 is propelled 

by the beating of the cilia, which consist of the typical 9+2 fibril 

arrangement that causes bending in the cilium by interaction between 
adjacent fibrils,115 presumably activated by the breaking of ATP near 

the basal bodies.
The functional unit of the lung begins with the respiratory 

bronchiole and continues to the alveoli. Preceding sections of the lung 

serve to filter the air, humidify it, and provide a division of the air 

onto a large surface area. Estimates of the surface area of the alveoli 
indicate roughly 40-100 m2 (ref. 108) of surface interface between the 

air sacs and the pulmonary circulatory system. This interface is 
accomplished through a division into upwards of 300 % 10s alveoli.116

Little attention will be focused on the distal section of the lung, 
for reasons which will become clear later. However, a brief review is 

in order simply to complete the description of the lung. The alveolar 

surface is covered by two primary types of cells joined by tight 
junctions117,118 which prevent passage of material between the cell 

walls. The first is the highly specialized cell119 known as the squamous 

or Type I epithelial cell. It possesses the ability to extend thin 

sheets of cytoplasm radially, thereby creating a large surface area. Of 

course, this large surface area, estimated to be approximately 50 times 
that of the Type II cell per cellular unit,119 makes it more susceptible 

to damage. The Type II alveolar cell, or granular pneumonocyte, acts as
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the source of the surface active phospholipids in the alveolar lining.120 

These cells also divide to form Type I cells when a stimulus causes the 

Type I population to decline.
Alveolar cells are in close alignment with the endothelial cells 

of the pulmonary circulatory system. These groups of cells are separated 

only by a thin layer of interstitial cells, which may even disappear in 
some cases. This proximity greatly facilitates the transfer of carbon 
dioxide and oxygen across the membranes. For a good review of these 
processes, the reader is referred to Comroe121 and Kuhn.122 In closing 

this review of the distal lung, one final consideration remains. The 
stem cells for the alveoli and the upper respiratory tract have been 

shown to be the Type II alveolar cells and basal cells, respectively.
In the respiratory bronchioles, which reside in the transitional region, 
it has been determined110 that replacement of the ciliated cells is 

accomplished through division and transformation of the mucus-secreting 

cells. Therefore, if any credence is to be given to the Law of Bergonie 
and Tribondeau in this context,123 the most sensitive lung cells should 

be the basal cells in the upper lung, the goblet cells in the transitional 
region, and the Type II cells in the alveoli.

It should be clear that the lung is a complex organ with a large 

potential for variability due to the multiple branching. For calcula
tions! purposes this variability has led to the proposal of a number of 

lung models, each of which may differ by the number of regions employed, 
the number of tubes in each region, the angle between branches, and the 
length of regions. In addition, a choice is usually made between
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dichotomous branching in a symmetric tree or use of a nonsymmetric 

branching. As mentioned earlier, the difference in lobe number between 

the right and left lung (3 and 2, respectively) suggests that the 

nondichotomous scheme may be more correct by this criterion.
Five lung models have come to be dominant over all other models, 

primarily due to their relative accuracy and/or ease of use. These 
models were developed by Weibel,124 Davies,125 Landahl,126 Findeisen,127 

and Horsfield,128 with the Weibel, Findeisen, and Landahl models 

receiving the widest use. The Landahl model is actually a modified 

version of the Findeisen model and its parameters are given in Table 3. 
The Weibel model is believed to be more correct, anatomically, and the 

parameters associated with it are shown in the same table. A choice 

between the two models is difficult, considering the variability in, and 

scarcity of, available data. However, computations using the Findeisen- 

Landahl model are simpler due to the smaller number of generations and 
its use appears to be adequate for calculational purposes.129 In 

addition, its parameters are based, in part, on data obtained through 

deposition studies. For these admittedly qualitative reasons, this 

model will be employed throughout the following study.

2.1.2 The abstract lung model

An attempt will be made in this section to develop a generalized 
function describing the number of disintegrations which occur in a 

region of the lung following inhalation of a reference radioactive 

atmosphere. This function will then serve as a conceptual framework for
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Table 3. Model parameters for the Findeisen-Landahl and Weibel12*1 models
127

Region Number Diameter (cm) Length (cm)

Mouth
Findeisen-
1

Landahl
2 7

Pharynx 1 3 3
Trachea 1 1.6 12
Primary Bron. 2 1 6
Secondary Bron. 12 0.4 3
Tertiary Bron. 100 0.2 1.5
Quartenary Bron. 770 0.15 0.5
Terminal Bron. 5.4 x 10" 0.06 0.3

0
Weibel
1 1.8 12.0

1 2 1.22 4.76
2 4 0.83 1.90
3 8 0.56 0.76
4 16 0.45 1.27
5 32 0.35 1.07
6 64 0.28 0.90
7 128 0.23 0.76
8 256 0.186 0.64
9 512 0.154 0.54
10 1024 0.13 0.46
11 2048 0.109 0.39
12 4096 0.095 0.33
13 8192 0.082 0.27
14 16384 0.074 0.23
15 32768 0.066 0.20
16 65536 0.06 0.165
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further discussion of the particular terms which appear in the relation.

By analogy with work on radon, it should be stated that lung dosimetry is 
typically divided into three determinations: specification of the 
reference atmosphere, which is characterized by the number of atoms and 

their distribution with respect to attachment to aerosols; deposition 

within the lung, characterized by the fraction of the reference atmosphere 

deposited within each region; and disintegration within each region.

Consider an atmosphere containing N atoms which are attached to an 

aerosol according to the probability function g(d), where d is the 
diameter of the atmospheric aerosol. Free ions will be considered to 
correspond to d = 0. Obviously, / g(d^)dd' = 1. Let the function F(d) 

specify the probability of deposition of a particle of size d in the 
jth region, assuming it is not removed in any of the previous regions.

The number of particles of diameter d deposited (subindexed D) in 
the first generation of the lung is given by

ND>1(d) = Ng(d)Fi(d) (1)

This, in turn, characterizes the atmosphere which enters (subindexed E) 
the second generation:

NE>2(d) « Ng(d)(l - Fi(d]) (2)

The number deposited in the second generation is then:

y2(d) = Ng(d)(l - Fx (d))F2 (3)
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A general expression for the number of atoms deposited in the jth region 

is then:

N = Ng(d) r» J
j-1

n
n=l

■
(1 - Ffi(d)) F.(d) (4)

In later sections, it will be shown that the operator, F., which acts 
on the aerosol is a function of the channel radius, R, the tube length, 

L, and the flow rate, v. For the moment, however, I will use only the 
notation F ^.

Consider a volume of air which passes through all of the regions 

and into the alveolar sacs. This volume is equal to

m
V = V - l V (5)

1 n=l n

where V^, is the tidal volume (volume of air inhaled per breath), is 

the volume of the nth region, and m is the total number of regions 

proximal to the alveolar region. Following the standard methodology of 
Landahl,126 the probability of deposition in the ith region, D(i), given 

as the fraction of total atoms inhaled (not which enter the region, as 
in the F values), is

i-1 / m \iD(i) = F(i) H (1 - F(j)) (V - l V (6)
j-1 X n=l n/

This volume of air, whose concentration has been decreased by a fraction 
m

equal to II F(i), then mixes with the pulmonary air, the behavior of 
i-1
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which will be treated later. The remainder of inhaled air, equal in 
m

volume to £ V or to VT, whichever is smaller, passes into the "dead 
n=l n

space," remains for a time equal to the length of breath-holding, and is 

completely exhaled. The probability of deposition in the ith region 

during inhalation is then

2D(i)
i-1
n (1 - F(j))
j=l

F(i) + l/2F(i)(V.e - V.i,L )

(7)

where g is the volume of air entering the ith region and L is the 
volume of air passing through that region and into the next (the subindex, 

L, indicates air leaving a region; the subindex, e, indicates air entering 

a region). Here,

Vi,e
m
I

n=l
Vn

i-1
I

n=l
Vn

and

Vi,L l
n=l

Vn l
n=l

Vn

with

- Vi,L
V. if V. , = 0i,e i,L

V if V. , > 0n i, L

(8)

(9)

(10)

Following inhalation, there is a period of breath-holding of length t, 

usually set equal to 1/8 of the total breathing cycle. Let F^(x) be
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the probability of deposition in the ith region during breath-holding. 

The deposition probability aD(i) is then

sD(i)
i-1

n
j=i

Cl - F(j))(l - 1/2 F(i)) Fi(T)(Vi e - V.jL) . (ID

The volume of air in each region will then pass back through the "dead 
space" during exhalation, traveling in the opposite direction to that 
experienced during inhalation. The deposition probability in the ith 

region is then given by

M
*»D (i) = l

K=i+1
K-l

K-l
n Cl - F(j))(1 - 1/2F(K))2(1 - F (T)) j“' K

n (1 - F(n)) F(i) (V - v_ ,) n=i+l K,e K,L
i-1

+ n (i - fob 
j=i

Cl - 1/2FCi) (1 - FiCT))]/2FCi)CVi}6 - V.^) (12)

In that quantity of air which does not pass into the pulmonary airways, 

the total deposition in the ith region is given by

N = 2D(i) + 3D(i) + 4D(i) (13)
X j i.

Returning to the volume of air which enters the alveolar region, 
it should be noted that all previously published results have neglected 
the effects of pulmonary mixing. To account for this phenomenon, note 
that this air mixes with a volume of "clean" air equal to the residual, 
or normal alveolar, volume VR. The fraction of the total number of 

inhaled atoms which ultimately reach this region is given by
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m
1 - l jD(n) = G . (14)

n=l

If Co is the concentration of particles in the external atmosphere, 

then the concentration in the alveolar region following inhalation will 

be

C0G l
n=l

Vn /(Vy + Vg) (15)

If one allows F(tj) to be the fraction of atoms deposited in the 

alveolar region during one breathing cycle, then the concentration 

in air which is exhaled from this region is simply

C] = C0G |vT - ^ VnJ (1 - F(t,))/(VT + VR) , (16)

where ti is the length of one breathing cycle, minus the length of one 

incident of breath-holding (that experienced following exhalation).

This exhaled air will deposit particles within the upper passageways, 
with the deposition probabilities being computed from relation 13 after 

renumbering the regions in reverse order. Clearly, a quantity of this 

exhaled air equal to

VT
m
l

n=l
Vn (17)

will emerge from the body and not be reinhaled. The remainder will 

pass into the "dead space," deposit atoms, and be brought back into
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the alveolar region. Therefore, the total fraction of the atoms which 
leave the alveolar region and are not reinhaled, g, is given by

g =
m
l F(i)

n=l
/V„ (18)

(remember that F(i) is computed with the regional indices reversed)
This process will continue until all atoms have been either deposited or 
exhaled from the body. The concentration of atoms in alveolar air will 

decrease continuously (with time), with the concentration during the jth 

breathing cycle being

C. = Cj ]L[(l - F(T))Vr/(Vt + VR) + (1 - g)VT/(VT + VR)]j-1 (19)

Deposition within the ith region during the jth breathing cycle is simply 

ND,i Cj = CjCiDCi) + 2D(i) + 3D(i) + „D(i)) (20)

with total deposition in that region being given by

K
1

j=l Vi Cj (21)

where K is the maximum number of breathing cycles required to reduce 
the alveolar concentration below some critical value. In the existing 

program, K is the number of cycles required to reduce this concentration 
to less than 2% of the inlet concentration, but this fraction can be 

varied easily. If F(ti) is the fraction of atoms deposited within the
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alveolar region during one cycle, then clearly total deposition will be 

given by

l C F(tx)V , (22)
j = l 3

where is the average volume of the alveolar region during the breathing 

cycle (equal to VR + V^/2). The radius employed for the alveolar region 
is the average radius of all airways considered to be within this region, 

correcting for expansion during breathing. If the volume of this region 

expands from VR to V^. + v , then clearly the average radius (assuming 

constant length) increases by a factor of

[(Vt/2 + VR)/VR] (23)

This particular calculation utilized a total tidal volume V^, of 

1 liter and a breathing rate of 15 per minute, thereby facilitating 
comparison with results for 222Rn.130 (This value is recommended by 
Comroe.121) The linear air flow rate in a region is then equal to

where v is the volumetric flow rate, fL the number of channels 
in region i, and is the cross-sectional area of a channel in the ith 

region.

Deposition of a radioactive aerosol within a region does not ensure 
its decay in that same area. Movement of the mucal blanket carries 

deposited atoms from the site of deposition, allowing them to decay 

either in that region, in another region more proximal, or to be
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ingested following traversal of the trachea. As a result, there is a

coupling coefficient, d. ., which specifies the fraction of atoms of a1 * J
given half-life which are deposited in the ith region but which decay in 
the jth region. Due to the directional asymmetry of mucus flow, it is 

apparent that

d. . = 0 if j > i (24)1»3

For convenience, 1 place the elements d. . into a matrix labelled D.1 • J
Let N be a row vector whose elements are determined by Eq. 13, and 
let R be the vector describing the number of decays in each region.
It follows, by definition, that R = N*D, where

Ri l
n=l V (25)

Note that the matrix D is square and lower triangular. The functions,
g(d), F.(d), and D. . correspond to relations in the reference 1 J
atmosphere, deposition, and removal functions, respectively. It is 

towards a determination of these three functions that the remainder 

of this section is devoted.

2.1.3 Deposition

In the discussion of the reference atmosphere, it will be made 

clear that the radioactive daughters of actinon exist, for the most part, 
attached to the atmospheric aerosol.1 31,132 As a result, their deposition 

upon inhalation is directly correlated with the deposition of the



57

accompanying aerosol (with the exception of the unattached fraction).

Two approaches are possible to determine the function F^ describing the

probability of deposition in generation i. The first is the theoretical

approach in which diffusion equations for linear flow in a tube are

coupled to a knowledge of tube size and length and aerosol characteristics

Complications arise in that turbulence may be prevalent in some regions.
A second approach is to utilize experimental data in which deposition

has been estimated either in animal experiments following inhalation of

a radioactively "tagged" aerosol or in physical models of the lung.

Since it is difficult to resolve experimental data into small regions,

one typically obtains only the total deposition within several regions
(i.e., ^ N ). These values are useful to normalize theoretical

n=l n 
calculations.

The ICRP Task Group133 has reviewed available experimental data 

through 1966. In an attempt to provide a simplified lung model, they 

divide the lung into only three regions: Nasopharyngeal, Tracheobronchial 

and Pulmonary. As stated previously, most experimental data apply only 

to deposition fractions in such generalized regions.
A number of studies134*135 have demonstrated that deposition in the 

nasopharyngeal region depends on whether breathing is performed through 
the mouth or nose. Pattle136 studied the deposition of monodisperse 

methylene blue particles and determined the relation:

N = -0.62 + 0.475 log dj F' , (26)
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where
da = the aerodynamic diameter of the particle,
F' = the inhalation rate (liter/min), and 
N = the fraction deposited in the nose.

Experimental results of Landahl et al.137 agree well with Pattle.

Lippmann138»139 has measured nasal deposition in subjects, as have Rudolf 
and Beyder,140 Fry,141 and Hounam et al.142 Of particular interest is 

the observation by Hounam et al. that scatter in experimental points is 
reduced if the F' in Eq. 26 is replaced by the pressure drop across the 

mouth or nose. However, such a determination is difficult to make and 
will not be utilized in this report. Mercer143 has plotted nasopharyngeal 

deposition versus d2F and the resulting graphs indicate relatively 

good agreement with Pattle. For normal breathing rates, it appears 

that deposition during inhalation and exhalation is roughly equal, 
assuming one exhales through the same route as inhalation.141 George 

and Breslin144 measured nasal deposition in subjects and determined the 

fractions to be 2% and 62% for attached and unattached radon daughters, 
respectively (AMAD ** 1.0 pm). The value for the attached fraction 

agrees with Pattle and this, in conjunction with the other studies, 

suggests that Pattle's relation should be reasonably accurate.
Therefore, Eq. 26 will be used throughout the following discussion, with 
an average value of N of 60% for unattached atoms.

Deposition in the various generations of the tracheobronchial and 

pulmonary regions are conveniently determined through the use of the
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equations of Gormley and Kennedy1145 following the technique of Shapiro.146 

Such relations yield the total deposition in a cylinder which results 

from removal by diffusion out of a laminar stream. This approach has 
been used in studies by Altshuler et al.,147 Chamberlain and Dyson,148 

Haque and Collinson,149 Findeisen,150 Landahl,151 among others. The 

ICRP task group133 used these relations in developing deposition fractions 

to be employed with the ICRP Lung Model. Perron152 has recently reviewed 
the approaches of Gormley and Kennedy,145 Davies,153 Ingham,154 and 

Beeckmans155>156 and provides an excellent review of the differences 

inherent in the models. In all cases, the fraction deposited in a 

given region is a function of the flow rate assumed, which varies 

between individuals. Before presenting the deposition fractions that 

will be used in this report, a brief discussion of the mechanisms of 
deposition in a moving stream is in order. For a more complete 
exposition, the reader is referred to the excellent works of Altshuler,157 

Chang et al.,15a Shaw et al.,159 and Morrow.160

The deviation of particle motion from the surrounding gases arises 

from three principal modes of displacement. The first of these is 
Brownian motion,161 which dominates for particles with diameters of less 

than 0.2 pm.157-162 Particles with diameters greater than 1 pm are 

dominated by gravitational settling and by the inertial force arising 

from their kinetic energy during inspiration and expiration. Deposition 

is dependent on particle diameter and density; in particular, on the 

quantity pd(d + 0.18). Total deposition in the lung is minimal for unit 
density spheres whose diameter is approximately 0.5 pm,157*162'163
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increasing on either side of this diameter. Altshuler157 has reviewed 

these processes and concludes, along with Davies,164 that deposition in 

the pulmonary region shows two maxima, located at approximately 0.02 and 

1 to 5 pm. Similar calculations by this author for the tracheo
bronchial region are shown graphically in Fig. 7.

Additional mechanisms exist for deposition in a channel. For 
instance, charged particles may be plated out due to the action of an 
image force caused by the electrostatic field of the particle as it 
passes the walls of a conducting tube,165 although this is negligible 

for q values smaller than 10 electrons per particle. Turbulent flow in 

the various channels acts as an additional mechanism for the transport 
of particles to the wall. There is little question that this mechanism 
exists in normal lungs, but Perron152 and Hammill166 have demonstrated 

that it is negligible for all but large particles in the trachea during 
high flow rates. A good review of turbulent flow in the trachea can be 
found in the article by Owen.167 Since interest will be focused on 

regions located remote from the trachea, turbulent flow will be neglected 
in this study. However, it should be recognized that some deposition 
due to turbulence will occur in lower regions. This will be accounted 
for by normalizing the theoretical diffusion data to experimental results, 
since no adequate theory for turbulence currently exists.168

2.1.4 The function F\(d)

The discussion of deposition in the N-P region ended with a 

determination of the deposition function F^(d) for the nose and mouth.
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ORNL-DWG 80-15864

DIAMETER (cm)

Fig. 7. Deposition of monodisperse aerosol particles in the 
human tracheobronchial region as a function of particle diameter (cm) 
and age (years).
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Attention is now focused on its form in the tracheobronchial and 
pulmonary regions and a comparison of theoretical results with 

experimental data.
The probability of deposition in the nth region by impaction is 

given by

P.(n) = 150pd2v ./(r + 150pd2v J (27)
1 n-i n n-i

where v _ is the linear velocity in the n-1 region, r is the radius n-l n
of the airway in the nth region, p is the particle density (g/cm3), 

and d is the particle diameter (cm). For gases (rfi » 150pd2v), the 

probability of impaction is negligible and is set equal to zero.

Note that P^ yields the fraction of the particles which enter the region 
and are deposited. This will be true of all deposition fractions 
discussed unless otherwise stated.

The probability of removal by sedimentation, or gravitational 
settling, may be found from the relation

Pg(n) = 1 - exp(-0.8 u^t^ cos <f>n/rn) (28)

where t is the time during which the air is present within the nth 

region and <|>n is the average angle of inclination of the airway with 
respect to the horizontal. Values for t may be found by computing 
the ratio of the regional volume to the volumetric flow rate. The 

terminal settling velocity, u^, is given by Stokes’ equation

ufc = Cgpd2/18n (29)
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where n is the viscosity of air, g is the gravitational acceleration 

and C is the Cunningham correction factor which corrects Stokes' Law for 

particles whose diameters are small compared to the average molecular 

distances. Several formulations of C are available, with Millikan giving

C = 1 + 1.8 x lO'5/d (30a)

and Findeisen reporting

C = 1 + 2 x io™5 (0.864 + 0.29e"6,25 * lo4<1)/d (30b)

The theory of Gormley and Kennedy states that the deposition 
fraction in a tube of length 1, under flow rate v, and for a particle 
of diameter d, is given by

F = 4.07h2/3 - 2.4h - 0.446h4/3 ... (31)

for h < 0.0156 and

F 1 - 0.819 e'7'314h - 0.0975 e"44,6h - Q.0325 e~U4h (32)

for h > 0.0156, where h = ttJID/2v. Findeisen169 and Landahl170 developed 

an analogous expression for nonlaminar flow. This relation takes the 

form

F = (1 ...) (33)

for d > 4 fiL where V is the tube volume. In all three relations,
v

D is the diffusion coefficient and may be determined from experimental
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results171-173 or estimated from the relation D = kTC/3flT|d, where k is 

Boltzmann's constant, T is the absolute temperature, C is the Cunningham 
correction, and n is the air viscosity. Both Davies153 and Ingham174 

have recalculated the coefficients in the Gormley-Kennedy equations 
and determine that the deposition fraction F is given by

F = -0.819exp(-14.63A) - 0.0976exp(-89.22A) - 0.0325exp(-228A) ...
(34)

where

A = D'£/4vaR2 ,

D" being the diffusion coefficient. As may be noted from Fig. 8, their 

results differ from the Gormley-Kennedy relation only at small values 
of A. Martin and Jacobi175 have plotted these functions with varying 

air flow rate and generation number and conclude that the Gormley- 

Kennedy equations are generally lower than the Findeisen-Landahl approach 

by approximately a factor of 3. This corrected value is then comparable 
to their experimental results utilizing a plastic model, of the upper 
lung tree.175 However, the experimental results of Perron152 agree 

more closely with the Gormley-Kennedy relations.
A number of authors176-180 have determined total deposition fractions 

using human subjects or lung models. Results are summarized in Table 4 

and indicate a range of values from approximately 30 to 50%. An average 
value is approximately 40% for normal atmospheres, so this value will be 

used to normalize the final deposition fractions for the various regions,
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Fig. 8. Comparison of deposition fractions (D) for 
various formulations of relevant diffusion equations. 
(Reproduced from Ref. 152 with permission of the author.)
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Table 4. Total lung deposition (assumes nasal breathing)**

Author Tidal
Volume (cm3)

Respiratory
Freq. (min-1)

Average
Fraction

Giacomelli- 
Maltoni et al.

(181)
1000 12 0.40

Ibid. 400-1400 8-19 0.43
Ibid. 750 12 0.40
Ibid. 1500 12 0.40

Lippmann (132) 750-1000 15 0.50
Dennis (182) 680 16 0.55

Ibid. 1000 20 0.50
Martin and
Jacobi (175) 1000 14 0.35
Heyder et al. (135) 500,1000 15 0.40
George and
Breslin (144) 1000 15 0.40

**Average fractions were calculated assuming the same reference 
atmosphere to be employed in this report.
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relative values being determined by the functions described previously. 

The choice between utilizing the Gormley-Kennedy or Findeisen-Landahl 
equations is an uncertain one. However, as mentioned previously, the 
Gormley-Kennedy equations have received wide use and calculations based 

on them appear to agree fairly well with the total deposition obtained 

in experiments. As a result, let the function F^ be determined by the 

probability computed through the use of the Gormley-Kennedy relations as 
developed by Ingham174 and Davies.153 In any event, the difference 

between these results and the Findeisen-Landahl equations is of no 
consequence in determining the relative value of the doses for 222Rn 

and 219Rn. Since the two deposition functions differ by the roughly 

invariant factor of 3 for the particle sizes of interest (see Fig. 7, 
page 61), the ratio of the doses for the actinon and radon decay chains 

will be identical if either diffusion relation is employed. Therefore, 
the relative dose factor is independent of this constant multiple (as 
long as the two deposition relations are linearly dependent, as is 

the case in this instance).

As a differential element of air passes through the various regions 

of the lung, aerosols and gases will be adsorbed onto the airway walls. 

The deposition probabilities computed in Eqs. (27) through (34) refer 

to the total deposition from each mechanism following traversal of the 
entire length of the region. It should be clear that these deposition 

probabilities are not additive. In other words, if there are n processes 

by which particles may be deposited in a given region, each yielding a 

probability Pn for deposition, the total deposition is not given by a
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simple summation over all values of Pfi. An exact approach would be to 
insert deposition rate constants for each of the mechanisms into a 

governing differential equation and generate an exact solution. This 

time consuming process can be avoided by noting that deposition along a 
given length is roughly uniform for each mechanism, thereby allowing one 
to approximate the final differential equation by

dN/dx « - [ P /L H ,
n

where L is the total length of a region and N is the number of particles 
which enter the region in the volume of air under study. The total 
deposition fraction from all processes is then

2.1.5 Coupling coefficients, d^ .

Deposition within a given region of the lung does not necessarily 

imply that a radionuclide will decay in that region. This phenomenon 
arises from the existence of a mucociliary stream, the fund ion of which 
is to provide an effective mechanism for protection against inhaled 
material. This stream is subject to a number of controls, among them 
the physiochemical properties of the mucus, mucus rheology, mucus glands, 
cilia action, composition of inhaled air, and the supply of blood.114 

While the mucus stream is typically pictured as a continuous flow 
throughout the tracheobronchial region,183-185 studies by Van As and 
Webster,112 and others, utilizing both light and scanning electron
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microscopy suggest that the mucus may exist in discrete packets. As a 

result, it is necessary to specify either a distribution of transit 

times in each region or to characterize the movement by an average 
transit time. Due to a lack of experimental data concerning the true 

distribution, the latter approach will be utilized in this document.
A number of excellent reviews113•186»187 of the function, production, 

and excretion of mucus have been published that span the existing 

knowledge from the level of the cell organelle to the subsequent 

movement in the airways. The special viscoelastic properties of the 
mucus arise from the presence of epithelial acid glycoproteins.188 

Any viscoelastic substance will respond in an elastic manner if a brisk 

force is applied to its mass. Such a force is available through the 

action of the cilia. The mucus itself is produced by the secretory 

cells in the submucosal glands and the goblet cells in the surface 
epithelium.186 The serous and goblet cells are typically located in 

the proximal airways, with the Clara cells (a mucus secreting gland) 

being found in the distal portions. Mucus glands are distributed in the 
submucosa approximately where one finds the supporting cartilage.189 
Rhodin190 has reviewed the histology of the ciliated pseudostratified 

cells which underly the mucosa. As a short review, it might be noted 
that mucus release from the goblet cells occurs due to a rupture of the 

cell surface (exocytosis) and that mucus from the submucosal glands is 

transported to the epithelial surface by a ciliated duct.
Haque and Collinson149 utilized the results of Casarett,191 

Davies,192 Hilding,193 and Proetz,194 to determine average transit times
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in the various regions of the Weibel model. They assumed that complete 
decay occurs if the deposition is below the subsegmental bronchioles. 
Altshulur et al.,147 using the Landahl model employed in this study, 

fit the above data to a model of mucus production to determine average 

tran-XL times in the various lung regions. Results of the two studies 
are shown in Table 5. Results are in good agreement with the previously 
cited experimental results, although these data are admittedly sketchy. 
Recent measurements by Friedman et al.195 and others196-198 concerning 

mucus velocities in the trachea and first generation concur with the 

data of both Haque and CoHinson, and Altshuler. The best available 

information indicates a tracheal transit time of ten minutes, which 
Altshuler suggests to be eight minutes. In this document, the ten 
minute transit time will be used, and the transit times through more 
distal portions modified accordingly. Results are shown in Table 5.

Altshuler et al.147 have adequately reviewed the mathematical 

development of the coupling coefficients. The serial decay of the 

actinon chain introduces the need for specifying several sets of 
coefficients, since radionuclides deposited in one region may decay in 

another region, followed by decay of the daughter product in yet another 
region. The extremely short half-life of 215Po (1.78 ms) precludes it 

from serious consideration as a source of dose.19 9 As a result, it is 

necessary only to determine coupling coefficients for 211Pb and 211Bi.

Consider a radionuclide deposited in the ith region of the lung.
The probability of decay in that region may be shown to be:
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Table 5. Regional transit times

Region
Transit time (min)

Hague and Collinson Altschuler et al. This Study
Trachea 9.6 8 10
Main Bronchi 3.8 6 6.4
Lobar Bronchi 7.6 11 11.2

3.04
Segmental Bronchi 25.4 37 37.1

21.4
18.0

Subsegmental Long 82 82
Long
Long

Terminal * 1980 1980

No estimate provided.
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“i, = 1 - (Ait^) (■ - (35)

where
d. . = the probability that an atom deposited in the ith region L>3

decays in the jth region,
Ai = the decay constant for this radionuclide, and 
t^ = the average transit time through region i.

The probability that the radionuclide decays in the i + 1 region is then

di,i+l (Ait^) 1

For all subsequent regions, the probability is

(36)

dx,j cx.y-1 (■ (37)

where tj is now the total transit time through the intervening regions 
from i to j. These expressions describe the coupling coefficients for 
the disintegrations of 211Pb from deposited 211Pb and for 211Bi from 
deposited 2I1Bi. There remains the specification of similar coefficients 
for the decay of 211Bi atoms which were deposited as 211Pb atoms. The 
probability that a 211Bi atom deposited as a 211Bi atom in the ith 

region will decay in that region is

di1 .= 1
2

- I
n=l
Wi’ (38)
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The probability of decaying as *Bi in the i + 1 region is

Finally, the probability of decaying as 21*Bi in any further region

'i.J- J, a"(Vir‘(i
- e"XntlYl - e'VjV'Vi-n

(39)

j is:

(40)

where t. is, again, the total transit time in the intervening regions. 

Summation occurs over all radioactive daughters of interest, in this 

case 2. The coefficients a% and a% are given by the relations

ai = Xz/(X2 - Xi) (41)

a2 = Xl/(X1 - X%) (42)

The reader may note that if Xi > X2, a% becomes negative. Values of

d. . remain positive, however, since this effect is compensated by the J
change in the second component of Eq. (40). The various values of the

coupling coefficients d. . may then be obtained through a knowledge of1 > J
the relevant half-lives (radiological) and transit times. The half-lives 
of 211Pb and 211Bi were obtained from Kocher28 and the transit times 

from Table 5.

2.1.6 Lung dosimetry for alpha emitters

A brief discussion of the history of previous attempts at lung 

dosimetry is in order at this point. By far the most widely cited
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papers in this area are those of Altshuler et al.,147 Jacobi,220 Hague 
and Collinson,149 Harley and Pasternack,201 and Chamberlain and Dyson.148 

Altshuler et al.147 calculated the range averaged dose for deposited 

radon daughters. They then assumed that the dose was linear from twice 
the average at the surface to zero at the end of the range. The dose 
from the near wall was multiplied by a factor of two to account for the 
far wall contribution, with the radionuclide decaying on the surface of 
the mucal layer. Jacobi200 allowed the RaC^ to be distributed within 

the mucus in a linear fashion and calculated the dose to a series of 

points located at varying distances from a plane source of alpha emitters. 
He utilized the stopping powers of Snyder and Neufeld,202 which have 

since been improved. His depth dose curves are nonlinear. Hague and 
Collinson149 used the Weibel lung model and computed the depth-dose 

curves for the radon daughters by the method described in Hague.203 

This method is essentially the same as that used in this document and by 
Harley and Pasternack.201 Reference to the latter two papers201'203 

will make it evident that the depth dose curves are clearly nonlinear in 

the first 40 pm of tissue. However, they become roughly linear below 
this point.

It is difficult to justify any assumption as to the distribution of 
the actinon daughters within the mucal blanket. As noted above, various 
approaches have been used in the dosimetry of radon daughters. The 
distribution will depend on the solubility of the aerosol in the mucus 

layer if the radionuclide remains attached. Should the radionuclide 

become unattached due to dissolution, then the distribution is a function
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of the solubility of the nuclide. In this investigation, two approaches 

have been employed. The first assumes that the daughters are linearly 

distributed in the mucal layer and the second assumes only surface 

activity. It was felt that such a dual approach was necessary in light 

of the scarcity of data in this area. The author is familiar only with 

a single study on the distribution of radon da ighters in the mucus 
layer. Kirichenko204 measured the distribution in rabbits and dogs and 

found it to be mixed within the layer rather than suspended on the 

surface. Since the radioactive daughters of the actinon chain are 
chemically identical to those in the radon chain, their behavior in lung 

fluid should be similar. Dose determinations using either of the two 

methods described should suffice to place upper and lower bounds on the 

dose (assuming all other dose factors are held constant).

Doses to the alveolar region are computed by assuming that the 
total energy of emission is absorbed uniformly within the distal tissue 
(see Altshuler et al.,147 Jacobi,200 Harley and Pasternack,201 or Haque 

and Collinson149). The dose rate D to the tissue can be expressed as D 

= E/(m x 100) rad/s where E is the energy emission rate (erg/s), m 

is the mass of the tissue and 100 is the ergs/g-rad conversion factor.
The value of m is taken from the ICRP Report on Reference Man (ICRP 23)205 

and is assigned a value of 1000 g.

The above assumption as to uniform energy absorption appears to be 
valid for the alveolar regipri due to the extremely short distance between 

adjacent alveolar sacs, averaging less than 10 pm.122 There is no reason 

to suspect that the radionuclides should be deposited preferentially
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within a small subset of the complete set of sacs. Of course, even this 

possibility is of no concern if one accepts linearity in dose-response 
for alpha particles, as suggested by the Theory of Dual Radiation Action 
(although cell-killing could play a role at high doses).206 Studies on 

the effect of nonuniform irradiation in the lung207”209 agree with such 

an hypothesis (suggesting that nonuniform conditions are not more 
conducive to cancer induction than is uniform irradiation).

Due to the variety of cellular types in human epithelium, it is not 

sufficient to specify only the total energy-disintegration in each region. 

One must also ascertain the dose delivered to the various members of the 
cell population. This is accomplished through the development of depth 
dose curves. It will be shown in later sections that it is the alpha 
particles of the actinon chain which deliver most of the biologically 
significant dose. As a result, the following discussion is essentially 

a treatment of the dosimetry of alpha particles.
It is not the purpose of this document to review the physical basis 

for alpha production. An excellent review of the topic was published by 
Hans Bethe in 1930210 and remains one of the better introductions to this 

topic. Suffice it to say that alpha decay arises from a dynamic 

instability of the nucleus, with possible contributions from multiple 
clustering.211’212 The net result is the emission of a helium nucleus 

with an energy typically in the range of 4-8 MeV.213 Alpha particles of 
concern in the 219Rn decay chain have energies of 6.28 and 6.62 MeV, 

with an average of 6.56 MeV.
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Alpha particles, as in the case of all charged particles, dissipate 

their energy through a number of atomic collisions. These interactions 
are normally separated into three broad groups:214 interactions with 

individual electrons, interactions with nuclei, and interactions with 

the entire atom (coupled system). The latter two modes of dissipation 

are usually negligible for the alpha particles of concern in this study, 
although Stillwagon and Morgan215 have recently proposed a significant 

contribution from oxygen and carbon recoil atoms. Interactions with 

nuclei rarely occur at these energies and those with the entire atom 
are restricted to velocities of less than 3 = (v/c) <1 0.03Z, where Z 
is the atomic number of the ion (4).214

Alpha dosimetry is a particularly easy example of dosimetry due 

to the straight line in which the heavy particle moves. Dosimetry then 
requires only a specification of the flux at a point of interest, the 

energy spectrum at that point, and the stopping powers associated with 
that spectrum.

Most of the theory of stopping power was developed in the 1930's 
by Bethe,216 Bloch,217 and Livingston and Bethe.218 For relativistic 

particles, the relation for the stopping power at a given velocity is

dE
dx

4irZ2e4
m0v2 NZ &n Zmov^ - .,n (1 - 32) - 32

where

Z = the atomic number of the element, 

v = the velocity of the particle,

(43)
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N = the density of atoms in the absorbing medium of atomic number Z, 
I = the mean excitation and ionization potential of the atoms, 

mo = the rest mass of the particle, and 
e = the electron charge.

For nonrelativistic velocities (such as those encountered in this 

document), the above relation reduces to:

" bI = 3,8 X 10"25 Ea £n (54S Ea/I)» (44)

where the stopping power is determined in units of MeV/y. Two physical 
effects introduce additional terms into the relation for the stopping 

power. Charged particles passing through a condensed medium interact 
with distant atoms through soft collisions mediated by the electric 
field. This field is somewhat decreased due to the dielectric properties 
of the medium, introducing a need for a secondary term to account for 

this polarization, or density effect. Typically included in this term 

is the effect of Cherenkov radiation, since the density and Cherenkov 
effects are related.219

A second correction accounts for the relative velocity of the atomic 

electrons and the passing alpha particle. In the previous stopping 
power formulation, it was assumed that the electrons were at rest with 

respect to the alpha trajectory. This is clearly a poor assumption 

for low energy alphas, and the effect is accounted for by the introduction 
of a shell correction term. The final expression for the stopping 
power is given by:



79

dE _ 4irZ2e‘*NZ 
dx ” iivv2

l (Ci/Z) 1
(45)

where y accounts for the polarization effect (negligible for alphas)
and ][ Ci/Z represents the shell corrections for a material of atomic 

i
weight Z. The reader will note the inclusion of a term 2e in Eq. 45, 

which is the effective charge of the alpha particle. While the alpha 

particle initially has a charge of +2, at low velocities it is known 

that positive ions pick up and lose electrons (charge fluctuation). 

Corrections for this charge effect at low alpha energies may be obtained 
from Whaling220 or from Table VII in Bichel.214

One final consideration remains before the actual computation of 

stopping powers. The above expression describes the transfer of energy 

from the alpha particle to the surrounding electrons, with no concern as 
to where the electron energy is deposited. In the following work, the 

quantity of interest is the transfer of alpha energy to electrons which 

deposit their energy in the immediate vicinity of the interactions. One 

typically specifies a restricted stopping power which excludes the 

energy imparted to delta rays that escape the region of interest. While 

such a consideration is important for electron dosimetry, it is insig
nificant for the alpha particles encountered in the actinon chain, since 
the delta ray range is typically less than 0.1 pm in tissue.214 Since 

the dose is to be computed to spheres with a diameter of 1 pm, it is a 

good approximation to utilize the unrestricted stopping power relation.
Application of the Bragg Additivity Rule214 to a typical tissue

composition yields the stopping powers for tissue. Various authors
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such as Rotondi,221 Walsh,222 Haque,223 and Harley and Pasternack224 

have utilized this approach to develop stopping powers in lung tissue 

for a wide range of alpha particle energies. The variance between 
authors is small. Since the tables by Walsh222 are the most complete, 

his stopping powers are utilized in this discussion. Results of his 
calculations are shown in Table 6, both as a function of depth and 

energy for a 6.28 and 6.62 MeV alpha particle. They are in good 
agreement with the ICRU values which utilize the Bethe-Bloch relation 
and Whaling's charge correction.225

Specification of the flux of alphas at a point of interest is 
easy to obtain given the surface activity on the interior of the airway 

walls. If one considers the flux contribution from a differential 
surface element of area dA located at a distance T from the point of 
interest, it is clear that the flux at that point is given by

<J> = S^dA/ 4ttt 2 .

Let S(t) be the stopping power of an alpha which has traversed a 
distance t through the intervening tissue. The total energy delivered 

to a sphere of diameter 2r located at the point of interest is then

E = S(T) j 2r (46)

The factor of 2/3 arises from a consideration of the average chord length 
through a sphere. Since this sphere has a cross-sectional area equal 
to irr2 = ird2/4 and a mass of 4/3 7rr3p, where p is the density of the
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Table 6. Stopping powers for the 6.28 and 6.62 MeV 
alphas of 21xBi

Depth of penetration 
Cum)

Exit energy (MeV) Stopping power (MeV/cm)

6.28 6.62 6.28 6.62
0.0 6.28 6.62 780 750
2.5 6.06 6.44 800 765
5.0 5.86 6.25 820 780
7.5 5.65 6.06 840 800
10.0 5.44 5.86 860 820
12.5 5.23 5.65 885 840
15.0 5.01 5.44 915 860
17.5 4.78 5.23 945 885
20.0 4.53 5.01 980 915
22.5 4.30 4.78 1010 945
25.0 4.05 4.53 1080 980
27.5 3.78 4.30 1120 1010
30.0 3.50 4.05 1180 1080
32.5 3.20 3.78 1250 1120
35.0 2.89 3.50 1320 1180
37.5 2.56 3.20 1450 1250
40.0 2.20 2.89 1590 1320
42.5 1.78 2.56 1810 1450
45.0 1.30 2.20 2160 1590
45.5 1.10 2.12 2200 1620
47.0 0.83 1.87 2620 1770
47.5 0.69 1.78 2790 1810
48.0 0.55 1.69 2890 1890
48.5 0.41 1.60 2790 1910
49.0 0.28 1.50 2480 1995
49.5 0.18 1.40 1920 2050
50.0 0.08 1.30 .1 200 2160
51.0 0.02 1.08 300 2400
51.5 0.00 0.96 0 2500
52.0 0.00 0.83 0 2620
52.5 0.00 0.69 0 2790
53.0 0.00 0.55 0 2890
53.5 0.00 0.41 0 2790
54.0 0.00 0.28 0 2480
54.5 0.00 0.18 0 1920
55.0 0.00 0.08 0 1200
55.5 0.00 0.02 0 300
56.0 0.00 0.00 0 0
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tissue, the dose is equal to

D , £ = 4S£lLm p (47)

The total dose (in rads) to the point is then the integral over all 

surface elements: i.e.,

D = SCO.
100p4wT2 dA (48)

(The factor of 100 arises from the definition of the rad, which is equal 
to the deposition of 100 ergs/g.) For a cylindrical tube, it may be 
shown that

T = [x2 + (d" + R - RcosO)2 + R2sin20]*1 (49)

(see Fig. 9), where d' is the depth of the point in tissue. In this 

case, the dose becomes

D = ff SAS(T)dxRd6
100p477T2 (50)

Application of Eq. (50) to the dosimetry in lung walls is strictly 
true only for the "near wall" contribution.223 Alphas which originate 

on the far wall must pass through the air space to reach the near wall, 
thereby attenuating their energy. As a result, a sphere located at a 

depth in the near wall "sees" an area source whose energy spectrum has 
been slightly depressed. It is simple to show that the "far wall"
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Fig. 9. Geometry employed in this study for the calculation 
of dose at points within cylindrical walls.
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source term is equivalent to the same surface activity on the "near 
wall" after allowing for this energy depression (see Appendix A). In 
the computer program cited above, this is accounted for by adding to the 
"near wall" source term an additional term equal in activity but whose 
energy emission spectrum has been reduced according to the attenuation 
by the air space and mucus layer (if the emitter was embedded in the 

mucal blanket on the far wall). For radionuclides deposited on the 
surface of the mucus only, this correction is small and an adequate 
approximation might be to simply double the dose computed for the "near 
wall" contribution. Haque223 has published an excellent development of 

the above considerations, and the reader is referred to that article for 
a detailed mathematical development.

2.2 Reference Atmosphere

An examination of Eq. (31) reveals that particle deposition in the 
lung depends upon the size of the particle. In addition, as will be 
shown deposition probabilities for an atmosphere depend on the aerosol 

concentration, since this affects the fraction of attached daughters. 

These two parameters are embodied in the notation N g(d) employed in 
Eq. (1). At this time, attention is focused on the specification of the 

values of N and g(d) to be used in this report.

Most of the work previously performed on the attachment of a 
radioactive atmosphere to an aerosol has centered on the daughters of 
222Rn. Estimates of the risk factor to be associated with 222Rn 

typically begin with a discussion of the pertinent atmosphere to be
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employed in determining dose to each region of the lung. Altschuler 
et al.147 used an atmosphere typical of uranium miners, with 40% of 

the activity distributed on particles whose diameter exceeds 0.1 pm.
The atmosphere developed by Haque and Collinson,149 adapted from the 

results of Mohnen and Stierstadt,226 is more indicative of "city air" 

or "normal room air."227 The mean particle diameter was 0.05 yM with 
a particle concentration of 3 % 104 cm-3. Experimental results of 
Schumann,228 Shapiro,-146 and Jacobi,229 led Jacobi230 to postulate 

an atmosphere typical of "normal room air." Pertinent characteristics 

of the three atmospheres are displayed in Table 7. The atmosphere at 

the facilities containing elevated levels of actinon daughters should 
be classified as "city air."

Most studies of the size distribution of aerosol particles to 
which radionuclides are attached indicate that the distribution function 

g(d) is roughly lognormal, with an activity medium diameter of between 
0.1 and 0.2 ym and a standard deviation of 2.5.133 These results are 

approximated by Fig. 9 in the article by Soilleux231 (and by the data 
in Bergamini232) and it is the characteristics displayed in that figure 

which will be utilized to specify g(d) in the present report.

It is appropriate at this time to digress and explore the mechanics 
of the attachment of radionuclides to an aerosol. Jacobi,230 Raabe,233 

and others have developed theoretical expressions for attachment which 

are a function of the radioactive half-life of the daughters and of 

the particle size (as reflected in the value of a, the probability of 

recoil allowing an attached particle to escape the surface). Raabe



Table 7. Comparison of the properties of the reference atmosphere used by 
various authors in the assessment of 222Rn doses

f = fraction of free ions
Activity on 

<0.1 y particles
Type of 

atmosphere

Assumed
particle
densityRaA RaB RaC

Altschuler et al. 0.09 0.01 0.006 60% Mine (104-105)a
Jacobi 0.25 0.01 0.002 50% Normal 

room air
10,000/cc

Haque and Collinson 0.35 0.06 0.08 75% Normal 
room air

30,000/cc

V
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has applied these expressions to the attachment of radon daughters and 

the results agree well with experimental values. The chemical identity 

of the elements in the actinon chain is the same as in the radon chain 

so that no difference should be attributed to the affinity for forming 

chemical bonds. However, attachment is governed, not by chemical 
affinity, but rather by the net charge of the radioactive atoms. This 

charge arises from the recoil of the atoms following alpha decay of the 

precursors and has been noted as the primary attachment mechanism 
for 222Rn daughters.233 The probability of forming a charged particle 

following recoil depends on the energy of recoil, which is roughly the 
same for the actinon daughters as for the radon daughters (see Table 8). 

Due to the similarities to the radon chain, it was felt that actinon 
daughter attachment would be approximated adequately by the theoretical 
development of Raabe.2 3 3 According to this formulation, the unattached 
fractions of 215Po, 211Pb, and zllBi, are given by

(51)

(52)

fc = CAc/(Xc + As))(fb(l - a*,) + cy , (53)

respectively, where
Xa,Xb,Xc = decay constants of 215Po, 211Pb, and 211Bi, respectively, 

fg = the attachment rate (see Table 9),
«a = probability- that the decay of 215Po will lead to recoil

of an attached atom from the particle surface, and
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Table 8. Recoil energies of the 219Rn chain

Radionuclide Alpha Energy Daughter Recoil Energy
(MeV) (MeV x 10-3)

219Rn 6.42 155.8
6.55 159.0
6.82 165.6

215Po 7.38 182.5
211Bi 6.28 158.3

6.62 166.9

Table 9. Attachment data for reference atmosphere

Aerosol cone. Unattached fractions
(cm3)-1 f f f. fs a b c

103 0.04 1.00 0.324 0.288
104 0.41 1.00 0.045 0.020
10s 4.14 1.00 0.005 0.002
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ctD = is a similar coefficient for recoil following decayD
of 211Pb.

Values for aA and will be taken as 0.5 and 0.0 in this report, in 
keeping with normal practice.233 The value of 0.0 for arises 

from the knowledge that 211Pb is a beta emitter, thereby yielding an 

insufficient energy of recoil to dislodge the atom. Values of f^, fg, 
and fg (the unattached fractions of 215Po, 211Pb, and 21IBi, respectively) 

are shown in Table 9 and it will be noted that, for the reference 

atmosphere employed here, fg and fg are approximately 0.0. Therefore, 

it is reasonable to assume that essentially all of the activity is 
associated with the aerosol. In any event, an experiment was designed 

to verify the above assumptions, as will be reported later. This 

experiment sufficed to determine the validity of g(d) and the fractions 

f^, fg, and fg, hypothesized above.

The only parameter needing additional development is that of 
N, the number of radioactive atoms in the reference atmosphere. If 

concern were directed towards a single radionuclide, the value of N 
could be chosen arbitrarily and a "risk per unit exposure" factor 

developed. Decay chains, however, pose a complicated problem, since 

the risk may depend not only on the number of atoms present but on the 

relative contributions of the members of the chain. This problem is 

particularly acute in the case of the radon daughters, since the relative 
fractions of 218Po, 214Pb, and 214Bi can vary widely. In order to 

partially circumvent this problem, and to provide a convenient unit of 
exposure, Holaday et al.234 introduced the concept of the "working
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level." It was defined as "any combination of the radon daughters in 

one liter of air which will result in the emission of 1.3 x io5 MeV of 
potential alpha energy in the complete decay through RaC." Contributions 
from the decay of z22Rn itself were excluded from the definition due to 
the insignificance of its delivered dose to the lung.2 3 5 Exposure to 

the radon chain is typically measured in units of working level months 
(WLM), with one WLM being defined as an exposure to one WL for a period 

of 173 hours (the normal number of hours worked per month).
Criticisms of the working level center around studies which have 

demonstrated that the rad/WLM conversion factor is not invariant, changing 
as the relative fractions of 218Po, 214Pb, and 214Bi are varied. This 

variance is somewhat dependent on the cell population used as the critical 
site for cancer induction. The net result of such variance is the 

introduction of a need to specify a value of N for each radionuclide.
This requirement obviously introduces some complexity into epidemiological 

studies of the uranium miner data.
The working level, however, is an effective measure of the exposure 

to the actinon decay chain.236 It will hopefully be clear from the 

results of this thesis that one may utilize the definition developed for 
the radon chain, with a small correction for the differences in the 

alpha energies. A good, practical definition of the working level for 
exposure to actinon daughters is then: "Any combination of the 
radioactive daughters of actinon in one liter of air which will lead to 
the ultimate emission of 1.3 x io5 MeV of alpha energy."
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The formula for computing the working level from a knowledge of 

the activity of each daughter is easily obtained. The number of working 
levels contributed by the activity I (pCi/liter) of 215Po (AcA) is:

CWL)a = Ia(2.22)(13.9S)/(1.3 x 10*)(2.336 x 10*)

= 1.02 x 10-8 I . (54)

In this relation, 2.22 is a factor to convert from pCi to disintegrations 
per minute, 13.95 is the total alpha energy, and 2.336 x 10* is the 

decay constant for 215Po in units of minutes-1. Similarly for 211Pb 

(AcB):

(WL)b = Ib(2.22)(6.57)/1.3 x 10s)(0.0192) = 5.84 x 10'3 Ifi , (55)

and for 211Bi (AcC),

(WL)c = Ic(2.22)(6.57)/(1.3 x 10®)(0.322)

= 3.48 x lo'* Ic . (56)

The total' working "level concentration is then given by

WL = 1.02 x 10-8 I + 5.84 x 10"3 I, + 3.48 x 10"* I a b c
= (WL)a + (WL)b + (WL)c . (57)

A plot of the growth of the working level in an initially pure 
atmosphere of T6Z pCi of 219Rn per liter of air, with the concentration 
of 219Rn being held constant is given in Fig. 10. The same plot with
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Fig. 10. Growth of the daughters of 219Rn (in units of the WL) 
into a sample containing 1 pCi/Z of 219Rn; assumes a constant parent 
activity. The contribution from 215Po is constant at 1.65 x io-6 WL.
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the concentration of actinon falling exponentially with the radiological 
half-life of 219Rn is given in Fig. 11. As such, Fig. 10 may be used to 

estimate the working level exposures occurring in a building with steady 

emanation through the floor or from the walls, while Fig. 11 is useful 

in estimating the concentration as a function of the distance from a 

source. It will be noted that, in both graphs, the contribution from 
211Pb accounts for more than 95% of the total activity.

As mentioned earlier, the rad/WLM factor depends on the relative 
concentrations of 215Po, 211Pb, and 211Bi. Therefore, this factor will 

depend on the reference atmosphere chosen. The value of N utilized 
in this report (as reflected in the reference atmosphere) will be allowed 

to vary over the full range of relative concentrations. This approach 
will allow upper and lower bounds on the rad/WLM factor, assuming all 

other variables remain fixed. In any event, as will be displayed in 

later sections, the conversion factor is relatively insensitive to the 

components which make up one working level, varying by a maximum of 3%. 
This relative invariance arises from the dominance of the 211Pb atoms 

in computations of both dose and WL.

A summary of the preceding discussion of the reference atmosphere 
is provided in Table 9. This atmosphere (or, more correctly, range 

of atmospheres) has been utilized throughout this report to compute 

the dose assigned to the actinon chain. In computing the "relative 
doses" resulting from exposure to one working level of the radon and 

actinon chains, the radon atmosphere was assumed to be identical to 
that employed by Altschuler et al.147



ORNL 0W0 79-22255
1 tttt
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Fig. 11. Growth of the daughters of 219Rn (in units of the WL) into a sample initially 
containing 1 pCi/H of 219Rn; assumes an unsupported parent activity. The contribution from 
215Po is negligible after 5 x io~2 min.
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2.3 Basal Cell Depth

Previous sections have reviewed the technique employed in this 

report to develop depth-dose curves in the regions of the lung. These 

curves must be coupled to a knowledge of the depth at which the basal 
cell nuclei reside in the epithelial walls. A typical cross section of 

a wall is found in Fig. 12 and the reader will note that the epithelium 
consists of the mucal layer, a layer of pseudostratified columnar cells, 
the basal cells, and the basement membrane. Information concerning the 
depth of the basal cell nuclei is scanty, but Gastineau2 37 measured the 

thickness in approximately 20 individuals and found a spectrum of depths. 

These results are reproduced in Fig. 13 and they have been used in this 

work to determine basal cell doses. All doses quoted in later sections 
will refer to the average dose to these basal cells. The reader will 

note that the basal cells are within the range of the alpha particles in 

precisely the regions where the majority of oat-cell carcinomas have 

been noted in the miner populations.

2.4 On the RBE or QF for Alpha Particles and an 
Associated Risk Factor

In the early days of radiation protection, concern was directed 

towards the x and gamma rays. The ICRU had defined exposure to these 
radiations in units of the roentgen:230 "The international unit of 

quantity or dose of x-rays shall be called the 'roentgen* and shall 

be designated by the symbol 'r*. . . . The roentgen shall be the quantity 
of x or Y radiation such that the associated corpuscular emission per
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Fig. 12. A portion of the bronchial epithelium 
shown in cross section.

itoflwiflnweiw

£« -

Dtph of r^ilMiumhUkiens

Fig. 13. Basal cell depth within various 
generations of the tracheobronchial region. 
(Reproduced from Ref. 237 with permission of 
the author.)



97

0.001293 gram of air produces, in air, ions carrying 1 e.s.u. of quantity 

of electricity of either sign." The reader will note that this definition 

refers to the incident radiation field and not to the effect of that 
field on matter (tissue). Since health effects were believed to be 

related to the energy deposition within a region of interest, and since 

there was, after 1950, an increased interest in other types of radiation, 

the 1CRU established the quantity of absorbed dose. The most recent 
definition of this quantity239 is: "The absorbed dose D is the quotient 

of dE by dm, where dE is the mean energy imparted by the ionizing 

radiation to the matter in a volume element and dm is the mass of the 

matter in that volume and can be written as D = dE/dm. The special unit 

of absorbed dose is the rad:

1 r,.d = 10" 2 J kg'"1 .

By "energy imparted," the ICRU meant the net amount of the sum of all 

energies, excluding the rest energies, of all directly and indirectly 
ionizing particles which have entered the volume and of all energies 

released, minus the sum of all energies expended in transformations of 

nuclei and elementary particles, minus the sum of the energies (excluding 

rest energies) of all those directly and indirectly ionizing particles 
which have left the volume. Recently, Carlsson2**0 has attempted to 

give a more exact meaning to the term "energy imparted," but this is 

yet to be reflected in the ICRU definition.

Examination of the existing data concerning the effect of high LET 
radiation versus that of low LET radiation indicates that the high LET
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particles are more effective per unit dose at inducing cancers than 

are the low LET radiations. There is no currently accepted theory to 
account for this difference, although the Theory of Dual Radiation 
Action206 has yielded promising results. In any event, it is apparent 

that absorbed dose, in and of itself, is not a sufficient parameter for 

the prediction of health effects. The field of radiation biology has 

introduced the use of a weighting factor to facilitate comparisons 
between various radiation environments. This factor is termed the relative 

biological effectiveness (RBE), and evidence suggests that it is a 

complex function of dose, LET, dose fractionation, dose rate, oxygen 
concentration, biological endpoint, etc. (see, for example, Sinclair241). 

The RBE is referenced to 250 keV x-rays and is defined as the ratio of 

the dose in rads required to produce a given effect by the reference 

radiation to the dose required by the radiation of interest. Storer 
et al.242 have published an excellent review of a series of experiments 

in which the RBE for alpha particles, among other radiations, was 

determined. The RBE was dependent on the biological endpoint, but 

centered about a value of 3.

The RBE is a concept which is defined in strictly biological terms.
For radiation protection purposes, a modifying factor based on LET was 

developed and is termed the quality factor(QF). A rigorous definition 

of the relationship between LET and QF would require the specification 

of a continuous function. This function is graphically displayed in 
Fig. 14. The ICRU,239 however, recommends a series of discrete quality 

factors, reproduced in Table 10. Alpha particles are typically assigned
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Fig. 14. Plot of the quality factor vs. LET.
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Table 10. Discrete values for the quality factor, Q, 
as a function of the LET as recommended 

by the ICRU2 39

Lw in water (keV/ym) Q
3.5 and less l
7.0 • 2
23.0 5
53.0 10
175.0 and above 20
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a quality factor of 10, which would correspond to an (unrestricted 

stopping power) of 53 keV/ym. The alphas encountered in the actinon 

chain will be shown to deposit energy in the basal cell nuclei at a 

linear rate of approximately 100 keV/ym, indicating a QF of greater than 

10.

The product of the absorbed dose, the quality factor, and any other 

dose modifying factors is termed the dose equivalent, H:

H = D*Q*N .

The unic of dose equivalent is the sievert (formerly the rem) and it is 

the dose equivalent which is used in estimating the incidence of a 

disorder resulting from an incremental exposure. While use of the 

sievert is recommended in all future studies, calculations in this thesis 

were designed to yield estimates of the dose-equivalent in units of the 

rem to facilitate comparison with past studies. No information is 

available currently on the value of N for the induction of basal cell 

carcinomas; usually N is set equal to unity.

A number of authors have recently attempted to develop an empirical 
value for the product of QF and N for the induction of lung cancer 
by the radon decay chain. The National Academy of Sciences reviewed 

animal data and compared lung cancer incidences following external gamma 
irradiation and internally deposited alpha and beta-gamma emitters.

They conclude: "While alpha irradiation was generally more effective 

than uniform irradiation and beta irradiation, for all dose levels and 

all animal species the mean differences were less than 10, the value
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usually taken as the quality factor for alpha irradiation." Walsh243 

reached a similar conclusion and utilized available epidemiological 
studies to develop a rem/rad conversion factor of approximately four.243 

This value agrees well with that developed in the Interagency Uranium 
Mining Group.244 However, it should be borne in mind that such approaches 

require an accurate specification of absorbed dose, a quantity which is 
difficult, at best, to obtain for internal emitters in the lung. 
Bernhardt245 found that the quality factor ranged from 1 to 20 in the 

literature, with a mean at 3. Both Gesell246 and the Federal Radiation 
Council (FRC)247 have published similar values. In summary, it would 

appear that use of a quality factor of 10 will yield a conservative 
estimate of dose equivalent. Therefore, this value has been used in 

this study, with a reasonable lower limit being determined through the 

use of a quality factor of 3.3. Comparisons of the relative toxicity 

of the actinon chain to the radon decay chain have been left in the more 
certain units of rad. This is the practice followed by the great 

majority of authors involved in lung dosimetry.
The risk factor for exposure to 222Rn progeny depends, of course, 

on the study population and irradiation conditions. Walsh248 has 

recently reviewed available risk estimates and the results are shown 

in Table 11. He concludes that the correct index of risk is excess 

relative risk. Due to uncertainties in the dose conversion factor for 
exposures expressed in working level months, there is some uncertainty 

in the degree to which the miner data agree with the other groups. This 

factor depends on the particular dosimetric model employed and, if these



Table 11. Excess relative risk (in percent) of radiogenic lung 
cancer in groups exposed to alpha particles, x-rays, 

gamma-rays and neutrons

Exposed group Type of Percent increase in excess relative risk
radiation per WLM per rad per rem

Uranium miners
U.S. (white) a 0.9
U.S. (Indian)
WLM >300 a 0.4

U.S. (15 years 
after start), 
WLM <500 a 0.9

Canada a 0.9
Czechoslovakian a 1.2

Fluorspar miners a 3.0
Metal miners a 0.5
Swedish metal miners a 3.2
Thorotrast

(Portuguese) a 1.0
Bomb survivors Y 0.3 0.3

n 1.0 0.2
Spondylitics x-rays 0.2 0.2
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data are to be used for estimates of the risk from exposure to 219Rn 

progeny, one model must be employed consistently.
Walsh determined a risk estimate of approximately 1.4% per WLM.

This agrees viell with the results of Sevc et al.,31 Archer et al.,15 

Hewitt et al.,249 and others. It is interesting to note that if one 

employs the dose (rem) conversion factor given in Walsh,248 the risk 
per rem from exposure to 222Rn progeny is in agreement with data obtained 

from irradiation with x and Y rays. Of course, dosimetric uncertainties 

are still large and, hence, the risk factor will, for the moment, be 

expressed only as being approximately equal to 1% per WLM.

2.5 Detection of the Actinon Decay Chain

To date, there have been few efforts to develop instrumentation 
specifically for the detection of 219Rn and its decay chain. This 

situation arises from the relative insignificance of the actinon chain 

under most conditions. However, due to the many similarities between 
the actinon and radon decay chains, it is possible to employ several 
detection techniques developed for use with 222Rn and its daughters 

in the assessment of actinon and its radioactive daughters. The author 

has recently reviewed available methods for measurements of the radon 
chain250 and, hence, no attempt will be made here to explore all 

techniques. Instead, attention will focus on those methods which 
appear promising for the direct measurements of the concentration in 
air of 219Rn and/or the daughter products. A complete listing of all 

radon and radon daughter measurement devices may be found in Tables 12 

and 13 reproduced from Ref. 250.
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Table 12. Instruments for measuring 222Rn progeny in air

Instrument
type Application Principle of 

operation
Sensitivity (minimum 
detectable level)

Kusnetz and 
Tsivoglou

Grab Air drawn through 
filter

0.0005 ± 35% 
working level 
(WL)

Thomas Grab Modified Kusnetz — 
uses integration

0.0005 WL

Martz and 
others

Grab Modified Kusnetz — 
alpha spectroscopy

0.0005 WL

Rangaraj an Grab Modified Kusnetz — 
monitors gamma

Lockhart Grab Modified Kusnetz — 
monitors beta

Shreve,
Groer, 
and others

Grab Kusnetz — monitors 
alpha and beta

0.Q1 WL

HASL Dosimeter Pump — TLD 3 working-level 
hours (WLH)

M.I.T. Dosimeter Pump — alpha track 
etch film

1 WLH

Colorado
State
University

Dosimeter Pump — TLD 0.025 WLH

ORNL Dosimeter Pump — alpha track 
etch film

1 WLH

Franz Dosimeter Pump — alpha track 
etch film

1 WLH

Eberline Dosimeter Pump — alpha track 
etch film

4 WLH

Lovett,
Becker

Dosimeter Passive — alpha track 
etch film

Several WIH

General
Electric

Dosimeter 
(Radon and 
daughters)

Passive — alpha track 
etch film

5 WLH

New York 
University

Dosimeter Passive — scintillator 
plus film
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Table 13. Instruments for measuring 222Rn 
directly in air

Instrument
type Application Principle of 

operation
Sensitivity (minimum 
detectable level)

Lucas cell Grab or 
continuous

Scintillations <0.1 pCi/liter

TV#o filter Grab or 
continuous

Decay of radon in a 
known volume of air 
followed by daughter 
collection

<0.1 pCi/liter

George,
George and 
Breslin

Continuous Two filter-monitored 
by thermoluminescent- 
dosimeter (TLD) chip

0.05 pCi/liter 
when sampled 
for one week

HASL pulse Grab or 
continuous

Air admitted to 
sensitive volume 
of ion chamber

<0.1 pCi/liter

Activated
charcoal

Continuous or 
long term

Absorption on charcoal- 
count using Lucas 
cell

- 0.01 pCi/liter

Activated
charcoal

Continuous or 
long term

Absorption followed by 
counting on Nal

0.12 pCi/liter

Bedrosian Continuous ZnS over Polaroid film 200 pCi/liter
Geiger Continuous Alpha track etch film 100 pCi/liter
Sill Long term Collection of air 

followed by counting
Same as Lucas 
cell

George and 
Breslin

Continuous Passive-TLD chip 0.03 pCi/liter 
over one week

Wrenn and 
Spitz*

Continuous Passive-ZnS 
scintillator

0.05 pCi/liter

In vivo Used to 
estimate 
body burden

Detection of either 210Pb or 210Po
Within a factor 
of 4 at 95% 
confidence

*This unit has been computerized by ORNL, thereby reducing 
operating costs.
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At the outset, it should be noted that th(T concentration in air of 

the 219Rn decay chain normally encountered at the facilities studied by 
ORNL is lower than 10 pCi/liter for 219Rn progeny and 50 pCi/1 for 219Rn 

itself. Therefore, only those techniques that are sensitive at this 

level and below need be explored. For the direct detection of actinon, 
the only devices satisfying this requirement are the Lucas cell251 and 

the two filter method,252 including the continuous monitor reported by 
George253 and George and Breslin.254 The Wrenn Chamber,255 while very 

useful in the detection of 222Rn, is covered by a foam pad which precludes 
the entrance of most of the shorter-lived 219Rn atoms. The activated 
charcoal technique2 5 6 has the disadvantage that the 219Rn decay chain 

possesses very few gamma lines and the presence of even small quantities 
of 222Rn can mask the 219Rn contribution. This same problem arises in 

any attempt to employ continuous or grab monitoring through the use of 
ionization chambers.257

Andreyevs258 has described a technique for measuring 219Rn which 

utilizes a "Tiss Chamber" similar to the Lucas cell. Measurements are 

made of the total contribution from thoron, radon, and actinon. A buffer 
vessel is then employed to allow decay of the 219Rn before allowing the 

sample to enter the chamber. He provides convenient formulas for the 
computation of the activity of 219Rn from three separate count-rate 

determinations. Large uncertainties can result if the 222Rn concentration 
is greater than 219Rn by a factor of more than 5-10. Since this is 

often the case, the above method, as well as most other methods in which 

there is no spectral analysis, may prove inadequate in routine

measurements.
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The two filter method of Thomas and LeClare252 can be employed to 

make short-term determinations of the actinon concentration. In this 
approach, air is filtered, drawn through a tube, then filtered again. 
Actinon atoms which decay in the tube produce 211Pb atoms which are 

collected on the second filter. This filter is then analyzed through 
alpha spectroscopy. Fixed relations then exist between the 211Pb activity 

on the filter, the air flow rate, tube length, and the concentration of 
219Rn i:i the air sample. It is the opinion of this author that the 
two-filter method holds forth the most promise in measuring 219Rn in the 

presence of a high concentration of 222Rn. Therefore, the research 

reported in this dissertation focused on the use of the two-filter method.

This method will also prove useful in estimating the flux of 
219Rn from the ground surface. One standard technique for measuring 

222Rn flux is the activated charcoal method, the limitations of which 

have been described previously. Equally wide use has been given to 
the accumulator method, in which the radon emanation is allowed to 
accumulate in a chamber placed over the surface. The concentration in 
the accumulator as a function of time (or at steady-state) is related 
directly to the flux. One typically employs Lucas cells to measure this 
concentration, however, and the presence of 222Rn introduces large 
errors in a determination of 219Rn. Again, this author has determined 

that the two filter method would be most useful in this application. 

Therefore, an attempt was made to develop a methodology for estimating 
219Rn flux by use of the accumulator technique in conjunction with the 

two filter method.
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Many standards set for the decommissioning of contaminated facilities 
specify the maximum allowable concentration of 226Ra in soil. This 

concentration is determined by considerations of the resultant flux. 
Assessments of the concentration in soil of 226Ra typically employ 

gamma-counting with either Ge(Li) or Nal crystals coupled to multichannel 

analyzers. Due to the low gamma yields of the actinon chain members, the 

Off-Site Pollutant Measurements Group has found it difficult to use this 
technique for a determination of the soil content of 227Ac. Radiochemical 

methods are available259-261 but are costly and time consuming.

Therefore, it was felt that a need existed for an inexpensive device to 
estimate the concentration of 227Ac in surface soil (since this is 

the only activity which gives rise to airborne 219Rn). The flux monitor 

described in the previous paragraph was modified to allow for the 

insertion of a soil sample into the accumulator.

The final determination explored in this research concerns the 
airborne concentrations of 215Po, 211Pb, and 211Bi. Here, a sensitive 

method has already been developed. This technique is termed the 
"modified Kusnetz" method262 and consists of drawing air through a 

filter followed by alpha spectroscopy of the filter. A complete 
discussion of this method may be found in the report by Kerr.263 Since 

the technique has already been employed in determinations of the 219Rn 

daughters, there was no need in the present research just to test the 

method. Instead, attention has been focused on the impact of 219Rn 

daughters on determinations of the concentration of the 222Rn chain. In 

this manner, it is possible to estimate errors which might be inherent
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in any attempt to ignore the presence of 219Rn. Finally, it should be 

noted that the Kusnetz method is employed in estimating the relative 

fractions of RaA, RaB, and RaC, and, hence, the ventilation rate in a 
building. A full discussion of the impact of unsuspected quantities of 
219Rn on calculations of the ventilation rate is reported in a later 

section. This discussion assumes that one employs the standard three- 

channel spectroscopy technique in all determinations.

2.6 Additional Information

Several of the preceding discussions have omitted detailed 
information in an attempt to provide for an easily flowing prose. The 
remainder of this chapter turns to a few areas in which a more detailed 

development is in order. The first such area is the discussion on 
diffusion coefficients and the effect of hygroscopicity.

2.6.1 Diffusion coefficients
The data in Table 14 are intended to provide a summary of the 

diffusion coefficients employed by various authors in determining the 
dose from 222Rn daughters. Altschuler et al.,130 Haque and Collinson,149 

and Harley and Pasternack224 each assumed a diffusion coefficient of
0.054 cm2/s for the unattached fraction in dry air at STP (standard 

temperature and pressure), adopted from the measurements of Chamberlain 
and Dyson.148 Eckmann264 found a value of 0.06 cm2/s for 222Rn and 
Wellisch265 published a value of 0.045 cm2/s. Holleman266 measured an 

average value of slightly less than 0.09 cm2/s for the unattached
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Table 14. Diffusion coefficients in air employed by authors

Reference Diffusion coefficient (cm2/s)

Ions Condensation nuclei

Altschuler et al.130 0.054 1.6 x IQ"5
Jacobi230 a 3.0 x 10-6
Haque and Collinson149 0.054 5.4 x IQ"6
Harley and Pasternack224 0.054 1.2 x 10"6

^Not given in reference.
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218Po, 214Pb, and 214Bi in uranium mines, although the effect of humidity 
was undetermined. Raabe267 has recently published a discussion of 

experimental results and concurs with the value of 0.054 cmz/s for dry 
air, although it appears to decrease by an order of magnitude under 
humid conditions.267 The most recently published values are those by 

Raghunath and Kotrappa268 and center around 0.06 cm2/s, decreasing at 
high humidity.

The scatter in the data for condensation nuclei diffusion coefficients 
is larger than for the free ion fraction. The reader is again referred 

to Table 14 for values used by various authors. The value of 16 x lQr6 
cm2/s used by Altschuler et al.130 was suggested by Shapiro146 and 

corresponds to a diameter of 0.06 pm. Holleman et al.266 measured the 

diffusion coefficients with a diffusion tube and found 13 x io'6 
cm2/s for the nuclei. Jacobi230 did not specify the value employed 

in his study, although he mentions the value of 3 x io'6 cm2/s in 
the article by Chamberlain and Dyson.148 (212Pb atoms attached to the 
condensation nuclei from a Bunsen flame.) Haque and Collinson149 

employed a diffusion coefficient of 5.4 x io-6 for the condensation 
nuclei based on the observations by Mohnen and Stierstadt226 for natural 

aerosol particles. Harley and Pasternack224 assumed a particle size of

0.04 pm for the condensation nuclei and used a D value of 3 x io-5 
cm2/s, computed from the relations in Gormley and Kennedy.145 In 

summary, available estimates range from approximately 3 x io'6 to 
3 x 10'5 cm2/s, with an average near the value of 13 x 10'6 cm2/s 
reported by Holleman et al. It is this value which will be employed in 

this document.
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For the fraction of the aerosol with diameters greater than 0.1 yM, 
Altshuler et al.130 utilized the revised estimates of Landahl.126 MVhile 

flow rates were different from Landahl, they determined that the error 
was not significant. Haque and Collinson149 used the mean deposition 

curve published by Davies192 to predict deposition of their reference 
atmosphere. Jacobi269 used the retention theory of Findeisen, as 

improved by Landahl to estimate deposition for a 1 liter tidal volume 
and breathing rate of 10 min'"1. Harley and Pasternack2"14 allowed the 

large aerosol particles to be represented by a diameter of 0.3 yM and 
associated with it a diffusion coefficient of 1.2 x 10-6 cm2/s. They 

then employed the Gormley-Kennedy equations to estimate deposition. 
Einstein161 derived a relation between the diffusion coefficient, D, the 

absolute temperature T, the diameter, d, and the viscosity n in which

D = kT/37rnd . (58)

This relation will be used for the attached fraction in this report.

A secondary consideration remains to be discussed and that is the 

role of humidity in lung deposition. Particles entering the nasal 

region encounter an atmosphere of high relative humidity. Soluble 

particles will, therefore, absorb onto their surface large numbers of 

water molecules, thereby increasing their diameter and decreasing their 
diffusion coefficient. The effect on insoluble particles is negligible.133 

The ICRP Task Group on Lung Dynamics suggests that a relation between 

dc, the initial diameter, and dg, the equilibrium diameter, could be 

given by



(59)1 + SE (n - 1 * ")/(! - H)
1/3

where
Pc and pg = densities of the dry and wet particles, respectively, 
Mg and Mg = molecular weights of the dry and wet particles, 

respectively,
n = effective number of ions produced by dissolution of 

a solute molecule, and 
H = relative humidity.

They then suggest that the ratio of aerodynamic diameters is

psCs
pcCc

ds
dc

where C and C are the slip factors for their diameters. None of theSC
previous 222Rn dose estimates have included the effect of hygroscopicity. 

An attempt has been made here to estimate this effect.

2.6.2 Total deposition
The total deposition as well as pattern of deposition depends on 

a number of parameters, including tidal volume, breathing rate, lung 
model, and whether breathing is through the nose or mouth. Published 

dose estimates typically rely on a single value for each of these 
parameters, recognizing that variance would occur should other values 
be employed. Heyder et al.135 have recently reviewed the effect of 

tidal volume, breathing rate, and the choice of nose and mouth breathing
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on total deposition. It is evident from all studies that nose breathing 
has the effect of removing a large fraction of the aerosol and the 

values associated with this fraction have already been discussed in an 
earlier section. Lippmann139 measured deposition in the mouth and 

results are shown in Fig. 15. Here, is the particle diameter in 
microns. Studies by Giacomelli-Maltoni et al.,270 Dennis,271 and 

Heyder,135 among others, have demonstrated that total deposition increases 

as the tidal volume increases, assuming the total breathing rate (liter/ 

min) remains the same. Breathholding has been demonstrated to increase 

total deposition, although this is primarily in the alveolar region 

which is of minimal interest in this report. Total deposition fractions 

determined by several authors have already been displayed in Table 4, 

page 66, of this thesis. The author recognizes that variations in the 
physiological parameters discussed above will cause variations in the 

estimates of dose to the critical lung cells. However, it is clearly 

impractical to attempt to perform calculations under all possible 

parameter values and, hence, a single, representative set of values has 
been adopted which will allow comparison with published 222Rn data. 

Standards for exposure invariably assume such a generalization.

2.6.3 The four-channel method
Kerr26 3 has published an excellent review of the three-channel 

method developed by Kusnetz89 for determining the concentration in air 
of 218Po (RaA), 214Pb (RaB), and 214Bi (RaC). Air is drawn through a 

millipore filter at a known rate, allowing the radon daughters (attached
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Fig. 15. Deposition fraction in the mouth as a 
function of the product of the square of the particle 
diameter (D^) and the flow rate (F). (Reproduced from 
Ref. 139 with permission of the author.)
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fraction) to be collected. This filter is then removed and the total 

alpha decays accumulated in three energy regions during two time 

intervals. The airborne concentrations are then determined from one 
integral count of the RaA and two integral counts of the 214Po (RaC") 

energy channels. If Q is a matrix whose elements are values of the 
218Po, 214Pb, and 214Bi concentration, it may be shown that

Q = — K_1L_1C , (61)

where
C = a matrix containing the integral count values,
K = a matrix whose elements yield the relation between the air 

flow and the filter activity during sampling, and

L = a matrix whose elements yield the relation between the activity 

at the end of sampling and the integral counts during the 

counting periods.

The constants g and v are the counter efficiency and volumetric flow 

rate, respectively. For a complete listing of the matrix elements, the 
reader is referred to Kerr.2 6 3

Perdue et al.90 extended the three-channel method to a determination 

of 219Rn daughters, employing a fourth channel centered around the 

7.69 MeV (211Po) decay (see Fig. 16). The same matrix equation holds, 

with the matrices being 2 by 2 instead of 3 by 3 due to the insignificance 
of 215Po (which immediately decays to 211Pb with a half-life of 

1.78 x lo 3 s). This routine has been written into a computer program
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ORNL-DWG. 78-7285

CHANNEL
Fig. 16. 2l9Rn daughter spectrum obtained from a 10-min 

air sample in a building in St. Louis, Missouri. The 21 *Bi 
decays have energies of 6.28 and 6.62 MeV.
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called RAT (Radon, Actinon, and Thoron) and is discussed in Appendix C. 

The program computes the concentration of AcB and AcC (atoms/liter and 

pCi/liter), the working levels, and the uncertainties in these values. 

Elements to be placed in the matrices are to be found in the reference 
by Perdue et al.90

2.6.4 The two filter method
Thomas and LeClare252 have reviewed the use of the two filter method 

on determinations of the concentration of airborne 222Rn. Briefly, a 

fixed volume of air is drawn into a tube after passing through a filter 

to remove the radon daughters. The radon in this volume then proceeds 
to decay to 218Po during transit and this 216Po is removed by a second 

filter at the tube outlet. One can then remove the filter and employ 
the three-channel Kusnetz89 method to determine the rate at which 

RaA atoms were deposited on the filter (Thomas and LeClare label this 

number ip). Let Q be the concentration (atoms/liter) of 222Rn in the 

original air, V be the tube volume (liters) and X, the decay constant 
of 222Rn (1.26 x io-4 min-1). In addition, let f be the fraction of 

RaA atoms which are formed in the tube and arrive at the exit filter 
per unit time (atoms/min). Estimates of f for 218Po have been published 
by C. W. Tan272 following the rationale of Davies. TTiey are a function 

of flow rate and tube dimensions and account for attachment to the tube 

wall and decay in transit.
Thomas and LeClare have shown that the concentration of radon in 

the inlet air is given by the relation
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A = ij/f'W’Xr1 . (62)

Converting to a concentration in picocuries per liter, this becomes

CRn = 0.450i{iV"’1f_1 . (63)

As mentioned, V and f are predetermined (either by computation or 
experimental measurement) and an estimate of ip results from the counting 
scheme employed.

This same technique may be employed to estimate the concentration 
of 2l9Rn in an air sample. The equations given above hold, although 

ip must now be estimated from the four channel method discussed in the 

previous section. Values for f may be computed following the development 
in Tan.272 This value will depend on the quantity M = irDL/v where D 

is the diffusion coefficient of 211Pb, L is the tube length (cm), and v 
is the volumetric flow rate (cm3/s). The value to be used for D has 

been discussed in the section on attachment and will depend somewhat 

on the relative humidity. However, Thomas and LeClare found little 
variation of f with relative humidity when the humidity was above 20%. 
Below this value, f rose steadily to a maximum deviation of 23% from 
the value at <20% R.H.

2.6.5 Attachment of radionuclides to natural aerosols

The experiment described in the section on the reference atmosphere 

is designed to determine directly the attachment of actinon progeny to 

the particular atmosphere employed in the test. As such, it follows 
the line of reasoning employed in the 222Rn daughter attachment
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experiments of Raabe,267 George et al. ,273 Postendorfer et al.271* 

Bergamini,232 and Soilleux,231 to name a few. However, it is not 

practical to attempt to study these interactions for all atmospheres 

and, hence, some authors have attempted to employ the kinetic theory 

of gases to model attachment. The most complete studies are those of 
Raabe,233 Jacobi,275 Smoluchowski,276 and Lassen and Lau,277 with a short 

discussion being present in the article by Altshuler et al.3 30 The 

results of Smoluchowski and Lassen and Lau have been incorporated by 
Raabe233 and will not be discussed separately. Discussion will focus on 

the developments of Raabe233 and Jacobi275 since they are representative 

of two approaches.
S. J. Gregg,278 in a treatise on surface chemistry, describes the 

process of physical absorption whereby free atoms may attach and adhere 

to aerosol particles. This process leads to the phenomena in which 

radioactive atmospheres become, for the most part, attached to the 
atmospheric aerosol.233 While Israel279 and Macek280 proposed that 

the 222Rn might be absorbed, the studies of Rosa,281 Aliverti,282 and 

Shapiro2 8 3 have since shown this to be a poor assumption, indicating 

almost no attachment of the radon itself.
Smoluchowski276 utilized the theory of Brownian Motion of Einstein161 

to present a discussion of coagulation of aerosol particles and of 
diffusion in a uniform, disperse, medium. He finds that the interaction 

rate ifj is characterized by the relation

V = 4ttRDCo» (interactions/s) (64)
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where
Co = the concentration of diffusion particles, 

R = the sphere radius, and 
D = the diffusion coefficient.

If the aerosol particles undergo Brownian motion with a diffusion 
coefficient D&, then D is the above expression is replaced by D + D^. 
This relation is identical to that employed in the kinetic theory of 
gases,281* where $ = ttR2vC0, and v" is the average velocity of the gas 

molecules (**1.38 x io4 cm/s). Raabe233 sets this flux equal to 

an attachment constant times the concentration of unattached daughters 
(i.e., ip = SvNaf/d = fgN where S = mrd2 and n is the aerosol 

concentration for particles of diameter d). He then allows «n to be 

the probability that radioactive decay of an attached atom will 

lead to its subsequent recoil from the particle surface (for a complete 
discussion, see Mercer285). A series of differential equations are 

then generated whose generic form may be stated as:

dM
dt* = Xi-lNi-l,f * ai-lXi-lCNi-l,T ~ Ni-l,f) (Xs + Xi)"i,f

(65)

Here, N. - is the number of atoms of type i which are unattached to
aerosol particles and N. _ is the total (attached plus free) number

ii
of atoms of type i.

Solution of the above set of equations (for each atom type) 
yields a set of relations (see Eqs. 12-14 in Raabe233) between the
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attachment rate and the unattached fraction. At equilibrium, these 
relations are given by Eqs. (51) through (53) above (although his 
notation is somewhat different).

The reader should not that the above development of Raabe's 

assumes that the only mechanism of removal of free atoms is attachment 

or decay. In actuality, one will encounter additional mechanisms in 

removal through ventilation and attachment to building surfaces. 
Jacobi230 assumed turbulent mixed air and found:

dK.dt^= Xi Ki-l,f * ai-lXi *i-l,a ~ (Xi * fs * Xv * Xd,f)Ki,f

and

dKi a
-3^= (I - Vl>\ Ki-l.a * Vl.f " (Xi * \ * Xd,a)Ki,a ' ««

Here K. » and K. are the disequilibrium fractions for the free and 

attached atom fraction, respectively, and Ay is the ventilation rate 

(room changes per unit time). By recursion, it is possible to generate 

the following solutions:

K.i.f ' Xi^
Xi
XV + *d>f (ICi-l,f * *i-l*i-l,a) (67)

Ki.a Xi * Xv * Xd,a (fsKi,f * (1 ~ al-l)Xi Ki-l,a) (68)

0,fwith initial values K = 1.
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Jacobi agrees with Raabe in setting ctj = 0,5 and aj = 0. Values 

for f may be computed from the relation:

fs

60

<(Df,R) x W(R)dR 
o

(69)

where
lV(R)dr = the relative frequency of particles with radii between 

R and R + dR,
Dj_ = the diffusion coefficient of free atoms,
N = the total number of particles per unit volume, and 
k = a coagulation constant for the attachment of free atoms 

to particles.

Values for < may be determined through the use of Lassens2 7 7 semi- 

empirical formula:

K = 4irR2Df[h/(l * hR)] , (70)

where n = v/(4D^). As discussed in the section on diffusion 
coefficients, should be approximately equal to 0.054 cm2/s.
Comparison of the values computed by Raabe2 5 3 and Jacobi219 indicate 

that the attachment rates of Jacobi are larger by a factor of 4 for N 
equal to 10s. His values are close to those measured by Billard et al.286 

The development of Ay will not be discussed here since it is a simple 
matter to show that it is numerically equal to the number of air
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exchanges per unit time. The wall deposition rates for a room of size 

V and wall area A is given by

and

xa,f ” ud,f A/v

xd,a ” ud,= A/v

where ^ and a are the deposition velocities of free and attached

atoms, respectively, and may be determined from experimental
results287-289 (for u, ). Jacobi set u, equal to 10-2 cm/s.d,a d,a n
Values for ^ were determined from experimental results in a flow 

tube and, alternatively, from the relation u^ f ^ . Jacobi

determined a value of 1 cm/s.



3. CALCULATIONAL RESULTS

3.1 Dose Calculations

In the present work a computer based lung model has been developed 

which incorporates pulmonary mixing of inhaled aerosols or gases. This 

model was employed with the Findeisen-Landahl anatomical model to 

estimate deposition, disintegrations, and doses resulting from the 
inhalation of the reference atmosphere. The unattached fractions for 

all radionuclides were assumed to be equal to zero. For a complete 
listing of the computer program, as well as representative results, the 
reader is referred to the manual by Crawford,312 published by Oak Ridge 

National Laboratory.

Regional deposition for the reference atmosphere is summarized in 

Table 15. These results differ slightly from those published by 
Altshuler et al.,130 primarily due to the effect of including pulmonary 

mixing and the effect of hygroscopicity. The latter effect, computed 
through the use of Eqs. (59) and (60), changed the deposition by less 
than 10% in any region. It will be noted that most of the deposition in 

the last two regions (>60%) derives from the condensation nuclei and the 

smallest attached particles. Larger particles are deposited preferentially 

within the upper passageways due to increased inertial impaction and 

sedimentation.

Utilizing Eqs. (35) through (40), regional disintegrations per 
hundred deposited atoms were calculated for the 211Bi atoms, as those 

atoms deposit the critical alpha energy within the lung mass. Results

126
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Table 15. Regional deposition, number of atoms 
from reference atmosphere3

Particle Diameter, pm Nuclei 0.2 0.6 2 6 20

Trachea 4.2 0
211

0
Pb

0 8.7 11.0
Main bronchi 2.8 0 0 8.1 14.5 11.6
Lobar 5.6 0 0 16.2 34.8 12.2
Segmental 13.9 0 0 40.6 58.0 5.2
Subsegmental 26.5 27.8 7 24.4 29.0 0.6
Terminal 313.2 111.4 13.9 24.4 26.1 0.6

Trachea 0.2 0
21 1

0
Bi

0 0.5 0.7
Main bronchi 0.2 0 0 0.5 0.9 0.7
Lobar 0.3 0 0 1.0 2.1 0.7
Segmental 0.8 0 0 2.4 3.4 0.3
Subsegmental 1.6 1.7 0.4 1.4 1.7 0.035
Terminal 18.6 6.6 0.8 1.4 1.5 0.035

^Minute volume (breathing rate) is 15 liter/min and total volume 
is 1.0 liter. Diffusion coefficient for nuclei is 16 x io-2 cm2/sec. 
Reference atmosphere composed of 100 pCi/A each of 211Pb and 211Bi, 
attached to an aerosol with characteristics identical to that in Fig. 30.
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are shown in Table 16. Atoms of zllBi deposited have a high probability 

of decaying at the site of deposition due to the short half-life. Atoms 
of 211Pb may travel through several regions before undergoing decay, 

with the result that the pattern of disintegration will bear little 

resemblance to that of initial deposition. The values listed in 

Table 16 were used in conjunction with the deposition data to calculate 
the number of disintegrations in each region resulting from inhalation 

of the reference atmosphere. Results are summarized in Table 17, along 
with the total energy released in each region. As in the case of the 
22zRn daughters, most of the energy is released within the segmental, 

subseg-nental, or terminal regions, precisely at the location of the 

previously noted oat-cell carcinomas.
As a first step towards providing an index of the relative harm of 

the actinon and radon decay chains, the preceding data were used to 

calculate regional doses, expressed in rads per year of exposure, for 
both the 219Rn and 222Rn series. Doses were computed by dividing the 

total emitted alpha energy by the mass, in each region, of cells within 
the range of the alpha emissions. Doses to each region for both 

reference atmospheres were computed in a similar manner. These calcu
lations, the results of which are presented in Table 18, demonstrate 
that the reference atmosphere of 222Rn deposits approximately 1.06 times 
the dose delivered by the 219Rn daughters. Since the 219Rn atmosphere 

was composed of 0.66 radon working levels, it should be clear that the 

rad/WLM conversion factors for the two chains are roughly equal, at 
least when one considers the average dose to all exposed cells. Before
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Table 16. Total number of disintegrations of 211Bi 
per hundred deposited atoms by region

Region of 211Bi 
disintegrations

Region of deposition
TR M L S SS TE

From deposition of 211Pb
Trachea 3.7 11.7 11.9 7.8 2.7 0.1
Main bronchi 2.4 9.0 6.7 2.3 0.1
Lobar 5.9 14 5 0.1
Segmental 24.4 27 0.3
Subsegmental 46.7 2.2
Terminal 97.2

Total 3.7 14.1 26.8 52.9 83.7 100.0
From deposition of 211Bi

Trachea 64 41 4 0 0 0
Main bronchi 56 23 0 0 0
Lobar 73 8 0 0
Segmental 92 4 0
Subsegmental 96 0
Terminal 100

Total 64 97 100 100 100 100
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Table 17. Total disintegrations (atoms and energy (MeV)) in 
each region from reference atmosphere

Region zuBi
Atoms

from inhaled 21:Bi Energy (MeV)“ 211Bi
Atoms

from inhaled 211Pb Energy (MeV)a Total energy 
(MeV)

Trachea 2.0 13.1 25.8 169.2 182.3Main bronchi 2.2 14.4 17.8 116.8 131.2
Lobar 3.5 23.0 26.7 175.2 198.2Segmental 6.6 43.3 61.3 402.1 445.4
Subsegmental 6.5 42.6 64.6 423.8 466.4Terminal 28.9 189.6 475.9 3121.9 3311.5

^Utilizes an average energy of 6.56 MeV (range ~5S ym).

Table 18. Regional dose (rads/year) averaged over range of alpha. 
Calculations assuming breathing occurs only through the 

mouth and at a rate of 15 liters/min.

Region Actinon atmosphere Radon atmosphere®

Trachea 15.9 17.9
Main bronchi 18.1 20.5
Lobar 23.1 26.7
Segmental 24.8 28.9
Subsegmental 13.6 15.9
Terminal 5.1 4.2

Average 16.8 17.8

^Values taken from ref. 130, Table 7.
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turning to the basal cell doses, a note is in order concerning the doses 
delivered by the beta and gamma emissions in the actinon chain. The 

disintegration data contained in Table 17 were utilized, in conjunction 

with calculated values of the total number of disintegrations within the 

pulmonary region, to calculate the average lung dose resulting from 

these emissions. Such a computation yielded a dose of 0.63 rads per 

year of exposure to the reference atmosphere. This dose is less than 

4% of that delivered by the alpha emissions, indicating that the 

assumptions inherent in the definition of the working level are valid 
for the 219Rn chain. In addition, calculated pulmonary doses for alpha 

particles were an order of magnitude lower than those in other, more 

proximal regions of the lung and are not reported here.
As mentioned previously, the critical cells of the lung appear to 

be a small subpopulation comprising the basal cells of the bronchial 

epithelium. Therefore, radiological risk is normally assumed to be 

related to the dose to these cells. Computation of these doses 

requires the generation of a depth-dose curve, in this case for a 6.56 
MeV alpha particle. The methodology for generating such a curve was 

discussed in Chap. 2. A computer routine was developed which calculated 

such curves for arbitrary energy and channel size. For a complete 
review, the reader is referred to the article by Crawford.290 Corrections 

for attenuation by travel through the airspace ("far-wall" correction) 
were obtained by converting the total path traveled by an alpha into a 

tissue-equivalent path length, as discussed in Appendix A. It was 
assumed in these calculations that all emissions were uniformly
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distributed over the regional surfaces. Such an assumption could yield 

poor estimates of the total number of induced cancers if the linearity 

hypothesis did not hold and if the pattern of disintegration within a 
given region were extremely nonuniform. Therefore, calculations of the 

pattern of disintegration in each lung region was performed and results 

indicate that, within a given region, the basal cell dose does not vary 
by more than 15%, at least when deposition is uniform, as has been 

assumed in the present document. Given the low level of the doses 
concerned, it is not believed that nonuniformity in dose will affect 

significantly the estimates of health effects.
Depth-dose curves (per disintegration per pm2) for a 6.56 MeV alpha 

emitted from the surface of variously sized channels are given in 
Fig. 17. Also included (in brackets) are the basal cell doses for 
channels of various radii. The data in Fig. 13, page 96, concerning 

the distribution of basal depths within each region were superimposed 

on the depth dose curves to calculate basal cell doses for the 

reference atmosphere. The results of these integrations are displayed 
in Table 19, along with similar data developed by Altshuler130 for 
the 222Rn reference atmosphere. When the basal cell doses to the 3rd-5th 

generations are utilized as an index of the probability of cancer 
induction, one discerns that the 222Rn atmosphere is approximately 2.5 

times as likely to induce an oat-cell carcinoma as is the 219Rn 

atmosphere. Converting to rads/WLM, one notes that the 222Rn chain 

delivers roughly 2.35 times the dose per WLM as does the 21sRn chain.

The dose-averaged stopping powers for the alpha particles were
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Fig. 17. Depth-dose curves for a 6.56 MeV alpha emitter.
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Table 19. Comparison of basal cell doses for 222Rn 
and 219Rn reference atmospheres

Region
Average dose (rads/yr) Ratio
222Rn* 219Rn 222Rn/2l9Rn

Lobar 9.43 4.01 2.35

Segmental 5.54 2.36 2.35

Subsegmental 9.21 3.35 2.75

Average 2.5

"Computed for this thesis.
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approximately the same for the 222Rn and 219Rn chains, differing by only 

5%, which is negligible in the present considerations.

The calculations performed for the preceding data assumed a 

relatively dusty atmosphere, as would be encountered at the industrial 
facilities where 231Pa contamination has been noted. Such an assumption 

is invalid in residential or rural areas and, hence, similar calculations 

were performed for various unattached fractions. As the attached 

fraction is decreased, the total deposition rises due to the increased 

mobility of free ions and neutral atoms. Results of these computations 

are contained in Table 20. Using the methodology inherent in Eqs. (51) 
through (53), it may be noted that the minimum attached fraction for 
211Pb one might expect to encounter would be roughly 96%, which 

corresponds to an increase in dose by a factor of 1.43 over that for 

total attachment.

The above calculations strictly apply to adults. However, there 
is a possibility that areas containing elevated levels of 219Rn may be 

released for unrestricted public use. In the event this should occur, 

humans of all ages would be exposed. Since the total risk to such a 

population must include the commitments incurred by children as well as 
adults, one requires age-dependent data on the doses delivered by 
exposure to the actinon chain. Crawford290 has developed the only 

available age-dependent lung model for performing the required calcu
lations and this model (see Appendix B) was utilized to estimate the 

dependence of tracheobronchial dose, averaged over the range of the 

alpha particle, on the age of the exposed individual. These results,
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Table 20. Basal cell doses (rads/year) for the 219Rn reference 
atmosphere assuming varying unattached fractions

Region
Unattached fraction

0%a 0.8% 1% 4% 10%

Lobar 4.01 4.37 4.41 5.53 7.86
Segmental 2.36 2.60 2.64 3.49 5.22

Subsegmental 3.35 3.75 3.82 4.89 8.07

Average 3.24 3.57 3.62 4.64 7.05

aThe values in this column are identical to those reported in 
Table 18.
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displayed graphically in Fig. 18, indicate that the maximum dose from 

the actinon chain results to children 2 years of age. The sharp age 

dependence at this age arises from a combination of the small diameters 

of lung passageways, the small mass to which the energy of decay is 

imparted, and the rapidly changing number of pulmonary airways at small 

ages. Age dependent correction factors for exposure standards may be 

taken directly from this figure. The maximum correction factor, 

occurring, as mentioned, for 2 year old children is approximately 2.1. 

When the average dose to the total lung mass is employed, the maximum 

dose occurs at approximately 8 years of age and is a factor of 1.6 

times that of the adult. In calculations of the dose to the total lung, 
the total number of disintegrations in all regions (including the 

pulmonary) of the lung was computed and subsequently divided by the 
age-dependent lung mass, taken from ICRP Publication 23.140 For a 

complete listing of these age-dependent regional values, the reader is 
referred to the article by Crawford.290

3.2 Exposure Guidelines

Standards for the actinon chain follow directly from a calculation 
of the relevant doses. Both the NCRP and ICRP applied the 1.5 rem/year 

lung standard to the total lung mass, although future standards for the 
222Rn chain (and, hence, probably for the 2l9Rn chain) will apply to the 

basal cell dose. The above standards apply to nonoccupational exposures, 
which should be the case in exposure to the actinon chain, since 

employees at contaminated sites are not considered to be radiation 

workers.
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Fig. 18. Age dependence of tracheobronchial dose

and average lung dose. Includes the age-dependent changes 
in tidal volume and breathing frequency.
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For an adult, exposure to the reference atmosphere of 21®Rn would 

result in an average lung dose of 6.36 rads/year, assuming continuous 

exposure. Utilizing a quality factor of 10, this would indicate that 
exposure to 0.62 WL of the 219Rn daughters (the reference atmosphere 

used in the calculations for this thesis) would yield 63.6 rem/year 

to the lung, resulting in a continuous exposure conversion factor for 

actinon daughters of 102.6 rem/year/WL. Therefore, to keep dose equivalents 

below 1.5 rem/year would require that exposures remain below 0.0146 WL, 
which corresponds to a concentration of 211Pb of 2.5 pCi/&. Guides 

for exposure of the general population would be lower by a factor of 3.

Several factors could complicate the interpretation of the above 

guidelines for exposure. Primary radiation protection guidelines were 

promulgated in an attempt to provide sufficient protection against 

cancer induction over the working life of an adult. Exposures to the 
general public yield doses to persons of all ages, including young 

children. Since the remaining life span of a child is longer than that 

for an adult, and since there is some evidence that risk factors for 
children may be higher than for adults,291 it may be deemed necessary to 

recompute exposure standards based on a life-table approach. Such an 
approach requires age-dependent exposure and dose data, as was discussed 
in the preceding section and may be taken directly from Fig. 18. These 
considerations may lower the final exposure guidelines to the general 

public, with age-dependent dose in and of itself lowering the adult 

standard by a factor of 2.1 (dose to exposed cells) or 1.6 (average lung 

dose) if the age group receiving the highest dose is specified as the 

critical subpopulation.
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The above discussion has centered around the setting of exposure 
standards based on a primary dose limit. Recently, the ICRP, NCRP, and 

other agencies have attempted to explore the possibility of setting 

some exposure standards, where practical, on the basis of empirically 

derived risk factors. One such instance is the exposure limit for radon, 
in which the ICRP292 hopes to set a limit based upon the concentration 

of daughter products in air. A. task group will release exposure 
standards within the coming year. Since the actinon decay series 
behaves radiologically in a manner analogous to the radon series, it 

should be possible to set standards for exposure to actinon on the 

basis of the task group report.

In the following discussion, it will be assumed that the ICRP 

task group sets a limit for exposure to radon at some level given 
in units of WL, based upon linear extrapolation from the uranium 
miner data. The ICRP recommends in its ICRP Publication 30292 that 

occupational exposures be limited to a concentration of 0.4 working 

levels. The question arises as to whether this limit might be applicable 
to exposures to the actinon chain. Such a semitheoretical approach to 
the setting of standards circumvents many of the problems inherent in 
utilizing primary dose standards, which are usually derived from exposure 
conditions widely different from the exposures to the zl9Rn chain. This 

approach, however, requires the development of a function for converting 

actinon exposures into equivalent radon exposures, necessitating the 

specification of a parameter believed to be in a roughly one-to-one 

correspondence with health effects (induction of lung cancer). The
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traditional parameter is dose equivalent to a critical group of cells, 

usually those from which the cancers arise. As demonstrated earlier, 
this critical cellular subpopulation appears to be the basal cells of 

the bronchial epithelium. This belief is supported both by histological 

data and by the demonstration that the basal cells are the stem cells 
for the epithelium, thereby yielding increased radiosensitivity. In 
addition, the majority of lung cancers in the miners arise within the 

region of the lung where the basal cell doses are higher. As a result, 

comparisons between the actinon and radon chains should focus on the 

doses to the nuclei (assumed here to be the critical cellular subregion) 

of the basal cells in the 3rd to 5th generation of the lung.
Dose equivalent implies the application of a quality factor and 

other modifying factors. The product of these factors is intended to 

account for the effect of differences in LET, cell type, biological 

end point, cell-cell interactions, dose-rate, spatial distribution of 

the radionuclide (if internal), etc. The use of such factors arose 

from the recognition that dose, in and of itself, is not related to 
health effects in a one-to-one manner. Comparison of the effects of 

exposure to two separate radionuclides could not be based purely upon dose 
considerations in most cases. Dose would, however, be a valid quantity 

for comparison if two radiunuclides deliver the dose to the same cells, 

at the same rate, and with equal LET distributions. In this event, 

assuming that radiation possesses no qualities not currently recognized 

as extant, the two radionuclides would be indistinguishable with respect 
to effect. Results obtained from studies on one would be directly
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applicable to the other, with the specification of dose being the only 
required parameter. As was discussed earlier, most of the premises 
required by the above scenario hold true for comparisons between the 
219Rn and 222Rn chains. Both deliver their dose primarily to the same 

regions of the lung, with dose-averaged stopping powers which differ 

by less than 10% (see Table 21). Dose-rate effects appear to be 
minimal for these high-LET alpha radiations. In both instances, the 

dose from $ and y radiations is less than 5% of that yielded by alpha 
emissions. It is therefore believed by this author that the dose to 

basal cell nuclei will provide an adequate basis for the comparison 
of risk between the two decay chains. Two caveats must, however, be 
applied to this statement. The slightly lower energy of the alpha 
emissions of the actinon chain cause the ratio: basal dose/surface 
dose, to be lower (by roughly 6%) than that of the radon chain. This 

will allow the actinon chain to bring about increased epithelial cell 

killing per unit basal dose. Should such cell killing effects (causing 
stimulation of the basal cells) be important to the induction of lung 
cancers, the actinon chain may prove slightly more effective per unit 
basal dose than the radon chain in inducing those cancers. This trend 

should be partially reversed by a second consideration, which recognizes 

that the actinon chain possesses no long-lived daughters which might 
accumulate in the lymphatic nodes. This accumulation and its resultant 

dose may well play some role in lowering the resistance of the lung to 
carcinogenesis, given the role of the lymph nodes in producing lympho
cytes. Neither of the two mentioned effects, however, can be included



143

Table 21. Dose averaged stopping powers

Region Parent of 
decay chain

Stopping 
power (MeV/cm)

Ratio219Rn/222Rn

Segmental z22Rn I960
1.06

219Rn 1660
Subsegmental 222Rn 1540

1.07
2 19Rn 1643

Lobar 222Rn 1510
1.09219Rn 1641
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in a formalism at this time. As a result, they will not be considered 

further but should be borne in mind when assessing the rationality of 

using the semitheoretical approach in setting standards for the actinon 
chain.

It was shown in the preceding section that the radon decay chain 
delivers approximately 2.35 times the basal cell dose delivered by the 

actinon chain when equivalent working level concentrations are compared.

An actinon standard based upon the recommendations of the ICRP task 

group on radon exposures would, therefore, be set at level of 0.4 x 2.35 
= 0.94WL for occupational exposure. Standards for exposure of the 
general public would then be set at 0.007 WL, assuming continuous exposure.

The reader should note that criticisms have arisen of the validity 

of the IVL as a unit for standards, since it is a unit of concentration 

which is not related in a one-to-one fashion with dose. Such a problem 
does not arise with the actinon chain. Since the concentration of 211Pb 

controls the final received dose, the relation between dose and the 
actinon working level is approximately one-to-one. Calculations by the 
author display a variation in basal cell dose which is less than 3% when 

all realistic combinations of daughters equal to one working level are 
employed. This can easily be seen by noting that both the dose and 

definition of the working level for the actinon chain are dominated by 
211Pb. Referring to Eq. (57), and neglecting the contribution from 

215Po, the total working level concentration is given by 5.S4 x io“3 ly 
+ 3.48 x 10~4 1^. Reference to Table 17, page 130, will suffice to show 

that the dose is proportional to approximately 0.9 Iy + 0.1 1^. The 
ratio of dose to WL, therefore, will vary by no more than 3% as long as
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The 222Rn decay chain appears to possess a risk factor (termed the 
"relative" risk to differentiate from an "absolute" risk) of 1.4% per 
WLM. Given the ratio of doses per WLM for the 222Rn and 219Rn chain, 

this suggests a value of 0.6% per WLM for the 219Rn chain. Any standards 

set on the basis of a consideration of risk should use this figure.

3.3 Flux of 219Rn from Surfaces Contaminated 
with 227Ac

Development of a source term for the actinon decay chain requires 
a knowledge of the relation between the concentration of 227Ac in soil 

and the flux of 219Rn from the ground surface. Such a relation may be 

derived from am application of the Fickian diffusion equations,293 which 

Goldsmith294 has solved to yield the following relation:

j _ DiqiReplO4 D2q2CQshq1t + Diqtsinhqit - D2qz .
~ pi Diqicoshqit + Daqasinhqit

where

J = flux of radon (p&i/m2/s),

D = bulk diffusion coefficient (cm2/s),

A = decay constant (s-1), 

p = bulk density of material (g/cm3), 

e = emanation fraction,

R = source concentration (pCi/g), 

t = slab depth (cm), and

p = porosity (fraction of total soil volume occupied by air).



146

Subscripts 1 and 2 refer to the contaminated material and soil beneath 

the contamination, respectively.
Equation (71) was employed to determine the relation between 219Rn 

exhalation and 227Ac soil concentration. The diffusion coefficient was 
set equal to 0.028 cm2/s (typical for normal humidity in soils),86 

an emanation factor of 0.2 was used, and the density and porosity of the 
soil assigned values of 1.6 g/cm3 and 0.4, respectively. The resulting 

graph is shown in Fig. 19 and it should be noted that an essentially 

infinite slab would be less than 5 cm in thickness. The relation between 
the flux J (pCi/m2/s) and the concentration of 227Ac (C227, pCi/g) 

for an infinite slab is given by:

J = (354)C227 . (72)

Since 219Rn decays rapidly (T^ < 4 s) it is often possible to view 

relation 72 as an equivalent flux of 211Pb (AcB) governed by

J211 = (0.6S)C227 . (73)

These relations may be compared to that reported by Schiager,295 in which 
the flux (in pCi/m2/s) of 222Rn from an infinite slab is equal to 1.6 

times the concentration (pCi/g) of 226Ra.

Reference to Eq. (71) will confirm that the flux of 2l9Rn from the 

ground surface is proportional to the square root of the diffusion 
coefficient. Since the diffusion coefficient changes with relative 
humidity296 and barometric pressure,297 Fig. 19 applies strictly to the 

stated conditions. Clements and Wilkening298 and Jonassen299 have



147

ORNL-DWG 80-12511

1.2 1.6 2.0 

SLAB THICKNESS (cm)
Fig. 19. Flux of 219Rn from the ground surface as a 

function of slab thickness.
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concluded that a linear increase in exhalation as a function of barometric 
pressure applies to an infinite slab, with a barometric change of 1% 

giving rise to an increase in exhalation of roughly 20-60%. [The present 

author believes this large increase will occur only during rapid changes 
in pressure and that the increase results from a pumping action of 222Rn 

out of the soil grains. In fact, Jonassen299 states that very slow 

(nontransient) changes of 1% in the barometric pressure may lead to 

increases of 0.5% in the exhalation rate.] Their results will also 
apply to 219Rn. Changes in relative humidity may be accounted for by 

replacing the diffusion coefficient employed in Fig. 19 with that 

measured at the desired humidity. The infinite slab flux will, as 

mentioned, be given by the product of the right hand side of Eq. (72) 
and the square root of the ratios of the diffusion coefficients. It 
should be noted, however, that emanating 219Rn will probably have 

insufficient time to undergo attachment before the occurrence of either 

decay or escape from the ground surface.

3.4 Dispersion of 219Rn Progeny from a 
Point Source

The Gaussian Plume model3 00 was utilized to calculate the ground 

level concentration of 222Rn progeny at points removed from the source. 

For constant meteorology, continuous point source,.and ground level 

emissions this model is given by the relation:

it uo a y z

1.5
exp (74)
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where
X = ground level concentration (Ci/m3),

Q = release rate (pi/s),
y = crosswind distance from trajectory segment (m), 

u = mean wind speed (m/s),
a a = standard deviation in Gaussian distribution in crosswind
y z

direction y and vertical direction z, and 

z = vertical distance from trajectory segment.

Neutral atmospheric conditions were assumed in all calculations.
Release height was assumed to be ground level and a mean wind speed of 
4 m/s assumed. Calculated values are reported in Table 22 and are given 
as X/Q, or the ground level concentration per Ci/s emitted by the 
source. It was assumed that 219Rn decays immediately to 211Pb. This 

table also contains the results of calculations of the concentration 
of 219Rn progeny in buildings immersed in an atmosphere containing 211Pb 

at the indicated levels. Both the attached and unattached fractions of 
232Pb were computed using the parameters specified in the footnote to 

Table 22. From a solution of the governing differential equation, it 
is clear that the ratio of the concentration of 211Pb indoors to that 

outdoors is given by Xy/(Xy + X^ + X^ &). The unattached fraction is 
essentially zero as there is no source of 219Rn or 215Po.

3.5 External Gamma Exposure Rate from Soil 
Contaminated with 227Ac

Computations of the external gamma exposure rates utilized the 

point kernel method and integration was performed over a semi-infinite
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Table 22. Ground level concentration in air of 211Pb from 

a ground level point source (assumes a wind 
velocity of 4m/s)

Distance (m) x/Q (Ci/m9 per Ci/s)* Concentration (pCi/S.) of
211Pb indoors**

100 2.5 X 10" 3 9.9 X 10"4
200 o00 X 10"4 3.2 X 10"4
400 2.3 X 10" 4 9.1 X 10"5
600 1.1 X 10"4 4.3 X h-

* o 1 Ul

800 6.6 X 10" 5 2.6 X 10~5
1000 4.2 X 10" 5 1.7 X

m1O#4

2000 1.2 X 10"5 4.7 X 10"*

♦Assumes ground level release.
**Assumes a ventilation rate of 1 hr-1, A/v = 1 x 10“ 2, Xd _ = 

6.4 x 10-* min'1, Xd f - 0.64 min-1, and fs * 0.05 min-1. Therefore, 
Xv/(Xi + Xy + Xda) i 0.39.
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space. The flux (photons/cm2/s) at a distance "a" above the ground is 

then given by

,2n fir/ 2 t<#> = I d$ sin6d81 (a+t)
secOS

asec9
Ben(V * V>

4tit2

e[-(r - asec0)ps - yasec0]r2dr (75)

where is the volumetric source strength, yg and y& are the attenuation 
coefficients of the gamma in soil and air, respectively, (cm-1),

Ben(ygr + y^a) is the build-up factor for the gamma energy of interest, 

and r is the distance from the soil surface to the target. Values for 

Ben(x) were determined using the linear buildup factor discussed by 
Trubey301 and employing the 7 mean free path fit. Integration of Eq. (74) 

yields the following relation:

<J> = [(1 - G])e ^ - (1 + - a2)yaei (ya)] (76)

where dj and a2 are coefficients in the linear buildup formulation and 

£j(x) is the familiar first order exponential integral. Conversion to 

exposure rate may be performed through the use of Fig. 3-1 in Morgan 
and Turner302 and results in the following relation:

227Ac exposure rate (yR/hr 6 1 m) **0.5 C23i (77)

where C231 is the concentration of 231Pa in soil (pCi/g). This assumes 

an essentially infinite slab of contamination. The exposure rate as a
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function of the slab thickness is displayed in Fig. 20. Included in 
this figure is a plot of the exposure rate from 2Z6Ra, calculated by 
the same method as the 231Pa exposures. The resulting relation 
between 226Ra concentration and exposure rate at one meter is similar 
to those obtained by both Beck303 and Schiager.295 The ratio between 

the two infinite slab conversion factors is 0.5/2.7 ■ 0.19, indicating 
that limits for the soil concentration of 231Pa set on the basis of 
external exposure should be higher than those of 226Ra by a factor of 

approximately 5.
A total body dose equivalent limit of 0.5 rem/year corresponds to 

a concentration of 227Ac of 114 pCi/g, assuming continuous exposure.

3.6 Effect of the Presence of 2,9Rn on 
Assessments of 222Rn

3.6.1 Effect of the presence of 219Rn on determinations 
of the Z22Rn WL concentration

In the following section, focus is placed on the impact of the 
possible presence of 219Rn progeny in measurements of 222Rn progeny. It 

is assumed that the 3-channel modified Kusnetz method reported by Kerr263 

is employed in such determinations. Sampling time is set equal to 
10 min. with counting intervals at 2-10 and 15-30 min. postsampling. 
Airflow rate is of no importance as the rate divides out in all of the 

reported calculations.
The ratio of 211Pb concentration to that of 2iePo in the site air 

was permitted to vary between 0.01 and 100, with the equilibrium 
fractions, RaA:RaB:RaC, varying from 1:1:1 to 1:0.2:0.1. Decays from
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Z11Bi were assumed to be collected in the RaA energy channel, as would 

occur if normally employed energy regions were utilized. Predicted 

values of the WL concentration which would result from such methods 
(assuming one does not suspect the presence of 219Rn progeny) are 

displayed in Fig. 21. It is obvious that appreciable errors in the 
estimate of the 222Rn working level concentration occur when the ratio 

211Pb/211Po exceeds 2. Earlier sections reported an exposure/dose 

conversion factor (rads/WLM) for 219Rn which is lower than that of 

222Rn by a factor of roughly 2.4. This value was employed to estimate 

the error in the prediction of dose as derived from the preceding 
measurements. Results are shown in Fig. 22. While the 222Rn WL 
concentration will be overestimated due to the presence of 2^Pb some 

of this excess may be compensated for in terms of dose when translated 

into an equivalent actinon WL value through the use of the 2.4 ratio.

The precise error in dose will be a function of the equilibrium fractions 
for the 222Rn progeny, being largest for low fractions and lowest for 

complete equilibrium. Under most conditions, there will be little error 

in ignoring the presence of actinon progeny if one is interested only in 

assessing the increase in lung cancer incidence at a site. Ratios of 
21IPb/2llPo will usually be less than 0.1, because of precursor half lives.

3.6.2 Effect on estimates of ventilation rate

Measurements of the disequilibrium fractions of the radon progeny 

in air can be utilized to estimate ventilation rates in buildings. If 

the rate of deposition onto building surfaces can be ignored or set
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Fig. 22. Error in the determination of dose to basal cell nuclei in the 
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equal to a constant, then there exists a fixed relation between the 
ratios of the daughter activities to that of the 222Rn parent. 

Disequilibrium fractions under a variety of ventilation rates and 
211Pb/218Po ratios were computed using the same technique employed in 

the previous section. These ratios were then used to determine the 

ventilation rate which would be discerned by a researcher unaware of 
the presence of 219Rn.

Several estimators of the ventilation rate are possible. Aside 

from the use of the complete set of fractions, one could use the ratio 
of the concentration of one of the progeny to that of 222Rn. The ratios 
2j4Pb/222Rn and 214Bi/222Rn are usually employed, with the latter being 

a better indicator due to considerations of measurement techniques.
Both of the ratios were used in the present study and reference to 
Fig. 23 should support the belief that the ratio 214Bi/222Rn is a more 

sensitive indicator of ventilation rate. The data are plotted in 
Figs. 23 and 24. Use of the 214Pb/222Rn ratio (see Fig. 24) is 
inappropriate when the 211Pb concentration exceeds 10% of the 218Po 

concentration. When this value is set equal to 10%, the ventilation 
rate is predicted to within a factor of two. When the ratio of 211Pb 
to 218Po exceeds 0.1, the predicted ventilation rate rises extremely 

rapidly, so rapidly that most of the calculations are not displayed in 
the figure due to the large error inherent. When the ratio 214Bi/222Rn 

is utilized, and for typical ventilation rates (A <0.5 room changes/hr), 
the ratio 211Pb/218Po can approach unity before the predicted ventilation 

is in error by more than a factor of two. Under most circumstances
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routinely encountered in field measurements, the error should be less 
than 10%, which is small compared to the variability in routine 
determinations of 222Rn progeny. However, at least one of the sites 

studied by ORNL has displayed 211Pb/218Po ratios in air in excess of 

unity and estimates of the ventilation rate under such circumstances 

could lead to unacceptably high errors. The reader should note that 
211Pb/218Po ratios in excess of 1.0 will cause the computed 2llPb 

concentration to become negative. This would indicate a ventilation 

rate in excess of infinity, clearly an impossibility. Measurements of 
211Pb which seem to predict negative values, therefore, might indicate 

the presence of 219Rn progeny.

3.7 A Comment on the Effect on 22zRn Measurements

A brief discussion of the effect of 219Rn exhalation on the 
determination of 222Rn fluxes is in order at this point. Two primary 

methods of flux determination have been dominant in the past years.
The first is absorption onto activated charcoal304 and consists of 

direct exposure of the charcoal to the radon flux. Alternatively, 

one may collect the exhalation in a container and sample the 
concentration at regular intervals (or at steady state).305 Assuming 

complete retention, the radon concentration will build exponentially 
in both approaches. The relative values of the activity of 222Rn 
and 219Rn in the charcoal or accumulator is then a function of the

relative fluxes and half lives. Evaluations of the 222Rn flux normally 

require an exposure time in excess of one hour. Therefore, for
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typical exposure times, the flux of 219Rn would have to exceed that of 
222Rn by a factor of at least 500 in order for the 219Rn concentration 

to be equal to that of 222Rn. Reference to Fig. 19, page 147, suggests 
that this situation could occur whenever the concentration of 227Ac in 

surface soil exceeds that of 226Ra in soil by a factor of 2.
However, the counting scheme used to determine the 222Rn content 

in the charcoal or accumulator will usually preclude any interference 
from 219Rn. A standard practice is to accumulate in any of several 

energy regions the gross gamma counts from the decays in a charcoal 
sample. 3 04 Interference from the presence of 219Rn progeny is 

negligible if one counts in regions about 0.9 MeV. Accumulator 
methods typically employ determinations of the 222Rn concentration by 

use of a Lucas cell. In either event, allowing the ingrowth of the 
222Rn progeny by introducing a waiting period of 4 hr allows for an 

essentially complete decay of the 219Rn chain, reducing the activity 

to 1% of its value at the termination of sampling. Should the reader 

decide to begin Lucas cell counting (gross alpha) before this time, 
high concentrations of 219Rn could result in poor estimates of the 222Rn 

flux. Consider a counting scheme in which counting begins at a time t 
following the end of sampling and continues for 5, 10, or 20 minutes.

The sample entering the Lucas cell is assumed to be filtered to remove 
all daughters and the 219Rn concentration at the end of sampling exceeds 
that of 222Rn by a factor of 547. This allows the 211Pb activity to be 

equal to that of the 222Rn within approximately 30 sec. Calculations of 

the total alpha counts which would result during each of the integration
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periods were performed and results are reported in Fig. 25. The 
"percent error" is the total error in the estimate of 222Rn flux which 

would result. Note that these errors will be a function both of the 

counting scheme and sampling time. Therefore, Fig. 25 must be used in 

conjunction with a calculation of accumulated activity to estimate the 
maximum 219Rn flux which could be tolerated for a given acceptable error 

and sampling period. Clearly, these results also apply to the sampling 

by Lucas cell of a radioactive atmosphere which contains both of the 
radon isotopes.
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Fig. 25. Error in the determination of 222Rn air concentration by the Lucas cell technique 
when the concentration of 2l,Rn is higher than that of 222Rn by a factor of 547.
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4. DEVELOPMENT OF A TECHNIQUE FOR THE DETERMINATION OF 227AC CONCENTRATION IN SURFACE SOIL

4.1 Design and Results

The monitoring of compliance with standards for the maximum 
permissible concentration of 227Ac, or of its parent Z31Pa, in surface 

soils requires a technique for performing measurements of the 

concentration at levels of approximately 5 pCi/g. Radiochemical 

analysis can be both costly and time consuming, and the actinon decay 

chain possesses few gamma emissions for rapid performance of gamma 

spectroscopy. Relatively rapid field measurements can, however, be 
made on the basis of the exhalation of 219Rn from prepared soil samples. 

This technique employs a modified version of the two filter method, as 
reported by Thomas306 and Thomas and LeClare.252 Basically, air is 

drawn through a sample of surface soil and into a cylindrical tube, 
the inlet of which is covered by a millipore filter to remove any 
daughters of 219Rn. The air then travels the length of the tube, with 

219Rn decaying to 2llPb in transit. The atoms of 211Pb are collected 

on an outlet filter, which is subsequently analyzed by alpha spectroscopy 
utilizing a surface barrier diode.307 A schematic of the device may 

be found in Fig. 26, tests of which were conducted by a group of 

students under the author's supervision. Calibration is performed with 
soil samples containing known concentrations of 227Ac (determined through 

radiochemical analysis or gamma spectroscopy). Numerous such samples 
were available to the author during the course of this work.
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DECAY TUBE
FILTER FILTER CHARCOALFILTER

SAMPLECHAMBER

CHARCOALFILTER

OUTLET
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Fig. 26. Schematic of soil sampling equipment for 
the measurement of 227Ac in surface soil. (Reproduced 
from Ref. 308 with permission of the author.)
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Consider a soil sample containing X pCi of 227Ac. The rate of 

production of 219Rn atoms is 3.7 x io“2 X atoms/s. The total number of 

atoms which escape during a time interval t(sec) is then:

N2i9 = (3.7 x 10-2)(X)(t)(fi) , (78)

where fj is the emanating fraction. Assuming a time interval t2 
between emanation and arrival at the first Pilfer, the number of 219Rn 

atoms entering the decay tube is:

Ntie = N2l9e~X219t2 (79)

Let ta be the transit time for the length of the tube and f2 be the 
fraction of 211Pb atoms formed in the tube which are deposited on the 

outlet filter. The number of 211Pb atoms collected on the filter is then

NB = Nfi9 (1 - e'Xzi9t3)f2 . (80)

Given a knowledge of fi, f2, t3, X219, and Ng, one can calculate the 
concentration of 227Ac in the original soil sample.

The survival fraction, fa, can be calculated with the use of the 
differential equation describing the steady-state concentration of 21IPb 

in the tube, Cg:

.,3 + V
5

r 9r (81)

where v% and v are the axial and radial velocities, respectively. 

Boundary conditions are:
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3CB
= 0, Cb(R,x) = CB(r,0) = 0 .

‘ (0,x)

Both analytical and numerical solutions to this relation were obtained 
and the reader is referred to the document by Fraizer et al.308 for a 

description. For the tube size and flow regime employed in this report, 

(length = 50 cm, radius = 2.5 cm, flow rate = 6 2/min) f% was calculated 
to be equal to approximately 52%. Axial dispersion and radial velocity 

were neglected in all calculations due to the high Schmidt numbers and 

low Reynolds numbers, respectively.
In order to test the validity of this value, an experiment was 

designed to measure directly the fraction of 2iJlPb deposited on the walls 
of the decay tube. A source containing more than 1 pCi of 227Ac was 

utilized to produce a steady flow of 219Rn into the decay tube, under 

the flow conditions depicted in Fig. 26. Air was drawn through the 
decay tube at 10 &/min for a length of time equal to 5 minutes. The 
outlet filter (0.4 pm Gelman millipore) was then removed and the 211Pb 

activity assessed by alpha spectroscopy. Atoms plating out on the 
walls of the cylinder were deposited on identical filter paper spaced 

at intervals along the tube length (10 cm between the center of 
individual filters). These filters were analyzed in the same manner 
as the outlet filter and the total 2HPb activity on the tube walls 

assessed by assuming radial symmetry. Average values for 3 test runs 
are shown in Table 23 and indicate that the survival fraction is roughly 

48% ± 6%, in agreement with the calculated value. It is suggested
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Table 23. Survival fraction (fraction of AcB atoms produced 
in the decay tube which arrive at the outlet 

filter), f%

Test Integrated counts 
on tube walls

Counts on 
outlet filter

f2

1 128 115 47.3%

2 81 85 51.1%

3 162 139 46.2%

Average 48.2%
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that a value of 48% be used in all calculations of the 227Ac 

concentration.
Experimental tests by Frazier et al.308 indicated that the 

sampling device was highly sensitive to fluctuations in relative 

humidity, probably due to the effect of humidity on the diffusion 
coefficient of 211Pb atoms in the decay tube. A drying column (anhydrous 

calcium sulfate, Drierite Laboratory Gas Drying Unit) was inserted into 

the system at the inlet to the sample chamber and all incoming air 

passed into the desiccant. As reported in the above document, this 

drying column greatly improved the accuracy and repeatability of the 
sampling device, allowing determinations of 227Ac concentration in the 

range of 2-5 pCi/g, Without the drying column minimum detectable 

concentration within the prescribed limits of significance (50% at the 

95% confidence level) was difficult, if not impossible, to obtain.

Recognizing that the device might be utilized in areas containing 
highly elevated air concentrations of 219Rn, an activated charcoal filter 

was inserted before the desiccating column to remove any 219Rn in the 

inlet air. Activated charcoal has a strong affinity for all isotopes 

of radon. Experimental determination of the efficiency of the charcoal 
filter for removal of 219Rn indicates an averege efficiency of 99.5%,308 

yielding essentially complete removal of 219Rn from the ambient air.

The efficiency of the millipore filters for removal of 211Pb atoms was 

also assessed and the capture efficiency estimated to be 93%.308 

values are recommended for use of the sampling device.
These
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Several soil samples obtained by the Off-Site Pollutants Monitoring 

Group at Oak Ridge National Laboratory and containing elevated levels 
of 227Ac were acquired by the author. The samples were dried at 110°C 
for 24 hours, ground to less than 30 mesh, and analyzed for 227Ac 

content with a high resolution GeLi spectrometer. Concentrations in 

the four samples were 23,701, 7,567, 10.8, and 1.7 pCi/g. Samples 

of 200 g each were then analyzed using the field device, with a sampling 

period of 30 minutes at a flow rate of 6 &/min, followed by the 

standard counting regime for the alpha spectroscopy unit (for a 

description of this unit, see Ref. 309). Results are depicted in Fig. 27 

and indicate that the field device was useful within the prescribed 

limits of detection. Please note that these results were obtained 

with the desiccating column in place and that data scatter is much 

larger when the inlet air was not dried. The solid line on the graph 

indicated the results predicted by theory. Also included (dashed lines) 

are predicted results assuming emanation fractions of 0.2 and 0.1. As 

described below, the recommended emanation fraction is 0.16 for the 

particular soils tested during the course of this thesis work.
Determination of the emanation fraction of 219Rn from soil is 

necessary both for the operation of the field device and for the 
calculation of the flux of 219Rn from the ground surface [see Eq. (71)]. 

Two soil samples utilized in tests of the field device (BV01 and VCC 

17A) were assessed for emanation fraction witF the use of the two- 

filter technique. Desiccated air was passed for 30 minutes through 

100 g quantities from each of the soil samples (whose activity had
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Fig. 27. Results of tests on 3 soil samples containing 

known concentrations of 22 7Ac. Dashed lines indicate theoretical 
error bars for a deviation of 33% in the emanation fraction. 
(Reproduced from Ref. 308 with permission of the author.)
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been assessed to within ±5% on the Ge(Li) spectrometer) and into the 
decay tube. Alpha spectroscopic analysis of the outlet filter, 

coupled with a knowledge of £2 and the collection efficiency for the 

filters, then yielded a determination of the emanation fraction. 

Results of seven experimental determinations are reported in Table 24, 
reproduced from Ref. 308, and indicate an emanation fraction of 
approximately 16% ± 2%, well within the range of values typical for 
222Rn and 220Rn. Emanation fractions were insensitive to moisture 

content, at least within the resolution of this experiment. Varying 

water content from 0 to 10% by weight had no measurable effect on the 

emanation fraction. It is suggested that the effect of humidity on 
21®Rn exhalation from the ground surface be accounted for by adjusting 

the diffusion coefficient to match that encountered in air at the 

desired humidity and atmospheric pressure.

4.2 Operational Recommendations

The device requires a decay tube, preferably of brass to control 

static charge, approximately 50 cm in length and 3.25 cm ID. These 

dimensions shoi ’ 1 maximize sensitivity for a 6 &/min flow rate. All 

air should be ; •’d through a desiccant before entering the system.

The soil container must be large enough to allow the containment of 

a 300 g sample which has been spread in a thin layer to allow complete 
collection of the 219Rn emanation. The tube connecting the chamber 

and decay tube must be as short as feasible to allow minimal decay.
It would be helpful if collection filters of higher efficiency than
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Table 24. Emanation fraction, fi, for prepared soil
samples**108

Sample Test 227Ac content (pCi/g) fi(0%) f,(10%)* **

BV01 1 23700 0.153 0.159
2 0.119 0.140
3 0.130 0.158

VCC17A 1 10.8 0.202 0.231
2 0.147 0.149
3 0.202 0.189
4 0.155 0.190

X = 0.158 0.173
s = 0.032 0.041

*Figures in brackets refer to soil moisture content.
**Soil characteristics: Both samples Medium Sand, 0.08 mz/g 

specific surface, pF (free energy difference, a measure of the 
ability to absorb water) @ 80% RH = 4. Density: BV01 = 1.4 g/cm3, 
VCC17A =1.6 g/cm3. '
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93% could be developed. Cate must be taken to ensure that material 

from the sample is not swept to the inlet filter by the airflow, as 

this would result in rapid clogging. A wire mesh screen at the top 
of the sampling chamber will control this potential problem.

Soil samples should be dried well and ground to approximately 

30 mesh. This will allow for ease of airflow through the soil pores. 
Collection times of 30 minutes are recommended, preceded by a period 

of 5-10 minutes in which air is passed through the sample but bypasses 
the decay tube. This will permit sufficient time to circumvent any 
transient effects before collection. Several runs should be performed 
for reliable results. Filter counting should be started as rapidly 
as possible following the termination of collection. Calibration 

against soil samples of known concentration is recommended. Use of a 
desiccator cannot be overemphasized, as changes in ambient humidity 
will affect greatly the obtained results.

4.3 Applicability of the Device to Measurements 
of 219Rn in Air

The fundamental principles underlying the operation of the sampling 
unit are identical to those employed by Thomas231* in measuring the 
concentration of 222Rn and 220Rn in ambient air. As a result, the 

decay tube is applicable directly to the determination of the 
concentration of 219Rn in the air. The use of alpha spectroscopy avoids 

the possibility of interference from the presence of the other radon 

isotopes, assuming one employs four energy channels to allow resolution
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of the 211Bi alpha decays. The procedure for such determinations is 

identical to that reported for measuring 227Ac concentration in soil, 

with the exception that the charcoal prefilter must be removed. Flow 
rates should be in excess of 10 2/m and a sampling time of 30 minutes 
is recommended to allow sufficient collection of 211Pb atoms for 

statistical significance. Calibration of such a device will obviously 
require a source of 219Rn with a known rate of emission. Such sources 

are not available currently and, hence, the author could perform no 

experimental determinations of sensitivity. The user may wish to 
perform calibration with sources of 222Rn and 220Rn, which are readily 

available, and simply assume that the calibration also holds for the 
219Rn. Theoretical determination of the limits of detectability of 

ambient 219Rn concentrations was performed and is depicted graphically 

in Fig. 28. Minimum levels of 30 pCi/2 should be detectable assuming a 

high efficiency (**50%) alpha spectroscopy unit. As in the case of 
detection of 222Rn and 220Rn, minimum levels of detectability are 

sensitive to relative humidity and a small drying column at the inlet to 

the decay tube is necessary under many conditions. In addition, it is 

recommended that some thought be given to the feasibility of inserting a 

"hot" wire across the inlet to allow generation of condensation nuclei 
which enhance collection of the 211Pb atoms (thanks go to P. T. Perdue for 

this excellent recommendation). Filter efficiency should, of course, be 

reassessed upon addition of the wire. For equations relevant to the 
calculation of airborne activity of 219Rn, the reader is referred to

Ref. 234.
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5. RESULTS OF THE ATTACHMENT EXPERIMENT

It was hypothesized in the beginning section that the radioactive 
daughters of 219Rn behave similarly to those of 222Rn in their 

attachment to aerosols. Calculation of the dose received by the lung 
is dependent upon the state of this attachment, characterized by the 

probability distribution function g(d) occurring in Eq. (1). The 

domain of this function extends from 0, indicating "free" ions, to 
infinity; although an upper bound is usually noted on aerosol sizes.

The integral of this function over its domain is equal to unity. For 
dosimetric purposes, the function g(d) may be characterized adequately 
by a specification of the unattached fraction and the fraction of 

atoms attached to various regions of aerosol particle diameter. An 
experiment therefore was designed to measure these quantities and to 

compare them with the predictions of the kinetic theory of gases (see 

the sections on Reference Atmosphere and Attachment of Radionuclides to 

Natural Aerosols).
A source of 219Rn containing more than 1 yCi of 227Ac was placed 

within the confines of a 17 £ container (see Fig. 29). Inlet and 

outlet ports were provided to allow air to be drawn into, and out of, 

the container. Ambient air, containing the particle size distribution 
displayed in Fig. 30, as suggested by Soilleux231 and confirmed by high 

volume air sampling followed by scanning electron microscopy of the 
dust-laden filter, was drawn into the chamber and allowed to mix with 
the 219Rn and daughters. The chamber was then sealed for 5 minutes to
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Fig. 29 Schematic of attachment experiment.
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allow equilibration in the state of attachment of the radioactive 
daughters. This chamber was then evacuated rapidly (t < 50 s) and the 

air passed through a 9-stage Anderson cascade impactor. Circles of 

filter paper (Gelman 25-mm Metrical DM-450 filters) had been previously 

placed at identical positions near the edge of each stage of the 
impactor. Each was held in place by a thin layer of silicon gel 

spread over the surface of the individual plates. Following exposure 
of the plates, these filter papers were collected and analyzed for 211Pb 
and 21^i contents using the alpha spectroscopy unit described earlier. 

Fractional activity on each stage was assessed by normalizing against 
the total collected activity. Composite results of four experimental 
runs are displayed in Fig. 31, along with the predictions of the kinetic 
theory of gases. Diffusion coefficients for all atoms were assumed to 
be identical to those suggested by Postendorfer and Mercer274 for a 

relative humidity of 80%. This value was determined by direct 

measurement of the relative humidity in ambient air at the time of each 
run. It will be noted that the predicted distribution function is 

approximated closely by the measured results within the confidence 
limits of the experiment. Resolution below 0.1 pm particle diameter was 

not attainable with the impactor, but such information is not necessary 

in the calculations reported in the section on dose (due to the size 
fractionation scheme employed). The value for particles of less than 

0.1 pM diameter has been corrected for the efficiency of the outlet 

filter, assumed to be 93% as reported earlier.
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Air which passed through the outlet filter was subsequently 
passed through a wire screen. Raghavayya and Jones310 have reported 

on the use of such a screen in estimating the fraction of radioactive 

atoms existing as "unattached." (The high diffusion coefficient of the 

unattached fraction allows it to migrate quickly to the wires while the 
attached fraction passes through the screen.) The wire screen was of 
120 mesh, suggested by the equations of Thomas and Hinchcliffe311 to be 

of maximum efficiency in collecting the daughters of 222Rn. This wire 

mesh screen was subsequently analyzed by alpha spectroscopy for its 
content of 211Pb and 211Bi. The unattached fraction was then determined 

from the ratio of this activity and the sum of the activities contained 

on the stages of the cascade impactor (after correcting for filter 

efficiency). Tests by Raghavayya and Jones of the efficiency of the 

wire screen for collection of the unattached fraction indicate a value 

of approximately 93%. This value was employed in computing the 

unattached fraction for the current experimental runs. As will be noted 

in Table 25, the measured unattached fraction agrees with that predicted 

by the kinetic theory of gases. These results indicate that the 
attachment of the radioactive daughters of 219Rn to natural aerosols 
may be predicted from existing data on 222Rn daughter attachment 

following correction for the differences in half-lives between the 

members of the two decay chains. It is, therefore, believed that the 

reference atmosphere employed in earlier calculations of absorbed dose 
from inhalation of 219Rn progeny is realistic and indicative of that 

likely to be experienced under most conditions.
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Table 25. Experimental determination of the unattached
fraction

Test Counts on wire screen Total counts Unattached 
fraction (%)

1 4 304 1.3
2 6 280 2.1
3 12 506 2.4
4 5 270 1.9
5 20 420 4.8
6 5 301 1.7

Average 2.37 ± 1.25
R.H. = 80%, N = 3 x 104 particles/cm3, equilibration values.



6. SUMMARY

In the past, concern for the potential hazards resulting from 
exposure to the isotopes of radon has centered upon 222Rn and 220Rn. 

The presence of significant levels of 219Rn and progeny has been 
considered unlikely, primarily due to the short half-life of 219Rn 

(3.96 sec) and the low abundance of 235U in natural uranium. As a 

result, there have been no previous attempts to assess the toxicity 
of this inert gas and its radioactive progeny. Measurements of the 
concentration of 222Rn progeny in air at several formerly utilized 

Manhattan Engineer District (MED) and Atomic Energy Commission (AEG) 

processing facilities revealed that, in some instances, the airborne 
concentration of 211Pb (the second daughter of 219Rn) can approach, 

and exceed, that of the 222Rn progeny. This discovery necessitated 
a -*eevaluation of the hazards posed by the 235U decay chain and, in 

particular, of the 219Rn progeny.

An historical review revealed that some processes used for the 
removal of uranium and/or 226Ra from uranium ore can result in a waste 

product highly concentrated (greater than 5300 pCi/g) in 231Pa. This 

material has apparently been discarded to the ground surface with 
little regard for potential hazards. The result can be a steady flux 
of 21®Rn into the air above the contamination. .

Hazards from the presence of the 219Rn progeny are directly 

analogous to those resulting from the 222Rn progeny. Concern is 

directed towards the induction of lung carcinoma (small cell,

184
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undifferentiated), brought about by inhalation of the 219Rn progeny. 

These progeny exist, for the most part, attached to the natural aerosol. 

Dosimetric calculations performed by this author, utilizing a computer- 
based lung model developed during the course of the work reported here, 
indicate that the 222Rn decay chain delivers roughly 2.4 times the 

basal cell nuclei dose (3rd to 5th lung generations) per unit exposure 
as does the 219Rn decay chain. Here, the unit of exposure was assumed 

to be the traditional Working Level Month (WLM), which has been suitably 
extended to apply to the 219Rn decay chain. An airborne concentration 

of 1 pCi/5, of 211Pb may be shown to deliver a dose equivalent to basal 

cell nuclei of approximately 0.3 rem/year, assuming continuous exposure. 
Depth-dose curves were developed for the alpha emissions of 211Bi and 
indicate that the dose-averaged stopping powers for the 219Rn decay 
chain is within 6% of that delivered by the 222Rn chain. An average 

lung dose equivalent and dose equivalent to the exposed tracheo

bronchial epithelium of 0.636 rem/yr and 1.68 rem/yr, respectively, 

were computed. The former value indicates that the concentration of 
211Pb in air should not exceed a guideline value of 2.5 pCi/& for 

nonoccupational exposure. This suggested guideline was exceeded at 
one surveyed facility. It is suggested that more attention be directed 
towards airborne 219Rn in future radiological surveys of processing 

facilities.

An age-dependent lung model was developed to allow a determination 
of the effect of changes in lung anatomy on the dose delivered by
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inhalation of 219Rn progeny. The average dose to the total lung mass 

was largest for children 8 years of age, being higher than that for an 

adult by a factor of 1.6. When one compares the average dose to 

exposed tracheo-bronchial epithelial cells, the maximum dose is a 
factor of 2.1 times higher than that for an adult and occurs at 2 years 

of age. All reported doses refer to the component delivered by alpha 
emissions, with beta and gamma emissions contributing less than 4% of 

the total.
The daughters of 219Rn display attachment kinetics (to aerosols) 

similar to those exhibited by 222Rn progeny.* Use of the kinetic theory 

of gases yielded predictions of the total attached fraction and attach

ment spectrum (by particle diameter) in good agreement with experimental 
results. Under most conditions, the unattached fraction of 211Pb should 

not exceed 4%. The results reported here indicate that the same theory 
for attachment applies for both the 222Rn and 219Rn chains, following 

corrections for the difference in radiological half-lives.
The exposure rate at 1 meter above a slab of soil contaminated with 

231 Pa was determined using a standard theoretical expression. Results 

indicate that a soil concentration of 1 pCi/g of 231Pa will yield an 

exposure rate at 1 m of 0.5 pR/hr (assuming an essentially infinite 
slab thickness). The flux of 219Rn from a similarly contaminated ground 

surface would be approximately 354 pCi/m2/s. Here, an essentially 

infinite slab would require only 5-6 cm of contamination.
The emanation fraction of 219Rn from soil samples collected at 

several former processing facilities was assessed for its emanation
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fraction. Experimental results indicate an average fraction of 0.16, 

varying between approximately 0.12 and 0.2. A field sampler was 
developed to determine the concentration of 231Pa in soil samples 
collected at a site. The device makes use of the emanation of 219Rn 

from prepared soil samples and test runs suggest it to be sensitive to 
2.0 pCi/g with 50% error at the 95% confidence level. Relevant theoreti

cal and experimental considerations are reviewed in the text.
The presence of 219Rn and progeny during measurements of the 

airborne concentration of the 222Rn decay chain could lead to errors 

in measured values. These errors were assessed for standard measurement 

schemes and results are reported in the text. Under most conditions, 
the concentration of 21 !Pb in air will be less than 10% of that for 
218Po. Such a scenario will not lead to appreciable errors in relevant 

measurements, particularly if one is only interested in an estimate of 
dose delivered to the lung mass. Higher 211Pb concentrations could, 

however, lead to appreciable errors, particularly in the estimation of 
ventilation rates from 222Rn progeny equilibrium fractions.

It is recommended that future radiological surveys include 
measurements of the concentration of 231Pa and 227Ac in soil, as well 
as of 219Rn and progeny in air. It is probable that sites other than 

those reported by this author are contaminated by the members of the 
235U decay chain in quantities sufficient to be of concern to health 

physicists. Due to the short half-life of 2i9Rn, burial of source 

material under a few centimeters of soil can lead to a large decrease 
in exposure to the progeny. Failure to do so (based on a false belief
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that significant concentration of 231 Pa in soil cannot occur) has led to 

the existing problems and will only compound future exposures.



7. RECOMMENDATIONS AND CONCLUSIONS

7.1 Conclusions

The results of this document were designed primarily to elucidate 
the radiological impact of sources of 219Rn. Attempts were made at 

each stage to compare results to those obtained for the 222Rn decay 

series. It was estimated that, for exposure levels expressed in 
WLM/yr, the 222Rn chain is approximately 2.35 times as effective as 

the 219Rn chain in inducing lung carcinomas. This figure derives from 

a comparison of the dose-equivalent delivered to the basal cells of the 

bronchial epithelium in the 3rd to 5th generation of the lung. For 
both decay chains, contributions from 3 and y emissions were negligible, 

being less than 4% of the alpha-induced dose.

It is believed that the quality factors and other factors employed 

in converting from dose to dose equivalence are identical for the two 
decay chains, and have been set equal to 10 for each. Calculations of 

the dose-averaged stopping powers at the basal cell depths indicated that 
the 219Rn progeny stopping powers are roughly 6% higher than those of 

222Rn progeny. This effect primarily is due to the decreased emission 

energy for the 219Rn chain.

Deposition patterns, as well as the pattern of disintegrations 

occurring within the tracheobronchial region, were similar in the two 
decay chains. As a result, it is reasonable to assume that the two 

chains act in similar manner in their potentiality for inducing 

oat-cell carcinomas. Possible obscuring effects are the lack of
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lymphatic irradiation for the 219Rn chain and the smaller degree of 
epithelial cell killing, per unit basal cell dose, for the 222Rn decay 

chain. These competing effects were not considered in the present 

report and, hence, the dose equivalent to the nuclei of basal cells 

was utilized as the determining factor in the induction of lung cancer.

The concept of the Working Level (WL) as a unit of concentration 

was extended to the actinon decay chain. It was shown that one WL of 

the actinon progeny, in analogy with the radon chain, would represent 
162 pCi/& each of 215Po, 211Pb, and 211Bi. Due to similarities between 

the two chains in the source of critical dose (alpha emissions from the 

progeny) it is believed that no problems should arise due to the use of 

such an analogy. Calculations of the dose delivered from one year of 
exposure to the 219Rn progeny indicate that approximately 27 rads/year/ 

(actinon)WL will result to those cells exposed to the alpha emissions 

(within the tracheobronchial region). Average lung dose will be 

approximately 10.3 rads/year/(actinon)WL. Both figures assume continuous 
exposure, a tidal volume of 1 £, and a breathing rate of 15 min"2. Basal 

cell doses for the lobar, segmental, and subsegmental regions are 6.5, 

3.8, and 5.4 rads/year/(actinon)WL, which is an average factor of 2.35 
below that of the 222Rn decay chain. Utilizing the ICRP 30 recommended 

limit of exposure to 222Rn progeny of 0.4 WL for occupational exposure, 

the exposure limit for the general public to 219Rn progeny would be 

0.007 WL. This value compares to the limit of 0.005 WL as computed 

assuming a primary standard of 0.5 rem/year as delivered to the total 

lung mass.
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Age-dependency of lung doses was assessed based on a lung model 

developed by the author. Results indicate that the maximum tracheo

bronchial dose occurs to children 2 years of age. This dose is roughly

2.1 times that delivered to adults and represents the dose to exposed 

cells. A factor of 1.6 is obtained when the dose to the total lung mass 

is used as the index of harm. This value occurs to children 8 years of 

age.
Fickian diffusion equations were employed to estimate the 

emanation of 219Rn from the ground surface. A thickness of 5 cm of 

contaminated soil was found to approximate an infinite depth. The flux 
of 219Rn (in pCi/m2/s) was shown to be given by the product of the 

concentration of z27Ac in soil (pCi/g) and the factor 354. Effects of 

atmospheric humidity and barometric pressure were discussed. An 
experimental determination of the emanation fraction for 219Rn from 

typically contaminated soils yielded a value of 0.16 ± 0.02, suggesting 
that this fraction is similar to that of 222Rn, as suggested by Tanner.17 

The emanation fraction was found to be invariant with soil moisture 

content between 0 and 10%.

Computation of the external gamma exposure rate at 1 m over soil 
contaminated with 231Pa yielded a value of 0.5 pR/hr per pCi 231Pa/g 

soil. This compares to a value of 2.7 pR/hr per pCi 226Ra/g soil as 

obtained by Beck285 and Schiager.277 Standards for the limitation of 

soil concentration would allow a maximum 231Pa concentration of 

114 pCi/g.
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The effect of the presence of 219Rn on assessments of the 
concentration of 222Rn and progeny was explored. Ratios of 211Pb/218Po 

in excess of unity can yield predicted working level concentrations 

which are in error by more than a factor of 5. Estimates of dose, 

however, will not be in error by more than 80%, since some of the excess 
in predicted 222Rn progeny may be accounted for by an equivalent 

concentration of 219Rn progeny.

A sampling device was developed to allow rapid field measurements 
of the concentration of 231Pa in surface soil. The technique allows 

for the removal of air from a soil sample, followed by use of the two 
filter decay tube technique to estimate 219Rn emanation. This emanation 

is then employed in estimating 231Pa content in the soil sample. Results 

of tests indicate that a 231Pa content of 2 pCi/g can be measured with 

a 50% error at the 95% confidence level. Experimental determinations 
of the efficiency of collection of millipore filters for 219Rn progeny 

and of the efficiency of activated charcoal for removal of 219Rn were 

performed. Values of 93% and 99.5%, respectively, were obtained. The 
device is also applicable to the measurement of 219Rn in air at levels 

of 30 pCi/& (with 50% error at the 95% confidence level, 1 tailed test).
Progeny of the 219Rn chain were mixed with a natural aerosol and 

allowed to undergo attachment. The air was then withdrawn from the 

mixing chamber and drawn through an Anderson cascade impactor. Results 
of 3 test runs indicate that attachment of 2I9Rn progeny to aerosols 

behaves in a manner analogous to 222Rn progeny, with corrections for 

radioactive half-life. Both particle size distribution and the 

unattached fraction agree with theoretical results.
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Sources of production for highly elevated surface soil concentrations 

of 231Pa were examined. It would appear that the levels noted by Oak 

Ridge National Laboratory at several MED/AEG sites were anomalies 

resulting from the particular process employed to extract radium and 
uranium from the original ore matrix. The chemical properties of 231Pa 

suggest that it either should be concentrated within the yellow cake 

produced in the fuel cycle or within any material extracted from the 

stage preceding uranium extraction.
An age-dependent lung model incorporating an original method for 

dealing with the effect of pulmonary mixing was developed. This model 

is the only currently available computer-based research tool for studying 

the effects of age on received lung doses. In addition, the effect of 
hygroscopicity was included within the formalism and indicated an increase 

in lung dose of less than 5%. This variability is much smaller than 

that normally encountered in specification of several of the parameters 

employed in the model. A listing of the computer based model may be 
found in Appendix B of the present report.

The hazards posed by known levels of 219Rn and progeny are small 

but significant, particularly at the Latty Avenue site in St. Louis, 

Missouri. Continuous exposure of an adult at this level would yield 

an average of approximately 6.36 rems/year to the lung mass. This value 

would be approximately 12.8 rems/year to children of age 2. Both 

values exceed the recommendations of a maximum allowable lung dose 
equivalent of 1.5 rem/year. Concentrations of 219Rn progeny at this 

site are larger by a factor of 4 than the value of 2.5 pCi/& (for
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21^b) recommended in this thesis for nonoccupational exposure. No 

other surveyed sites have displayed levels in excess of the recommended 

guideline, but several approach to within a factor of 2-3. While risks 

at this level are currently allowable under radiation protection 

guidelines, it would be unconscionable to allow such exposures to exist 

when removal of the source is so simple (involving a covering of only 
a few inches at the least). Exposures to the 219Rn decay chain, when 
compared on a national basis to those of the 222Rn chain, appear to be 

insignificant. This is due both to the small number of sites believed 
to be contaminated by 231 Pa and to the levels of 2" Pb at these sites. 

Background levels of the 219Rn decay chain will be orders of magnitude 

below that of the 222Rn chain. Even at a site contaminated with 231Pa, 

the incremental risk from exposure to the 219Rn decay chain will usually 

be only slightly larger than that accruing from background levels of 
222Rn. At such sites one usually finds elevated levels of 226Ra in 

soil, thereby increasing the risk from 222Rn progeny well above that of 

219Rn progeny. However, decommissioning of formerly utilized facilities 

for public use should involve an assurance that the concentration of 
231Pa in surface soil does not exceed 2-3 pCi/g. This will ensure 

that the concentration of 211Pb in ambient air will not exceed 2.5 pCi/&.

The author believes that sites other than those reported here, 

particularly facilities with a past history of uranium and/or radium 
separation, have a potential for significant hazard from the 219Rn 

decay chain. The lack of concern directed towards this decay chain 

in the past was based on a false sense of security arising from
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the knowledge that the half life of 219Rn is extremely short (T^ < 4 s) 
in comparison to that of 222Rn (T^ = 3.83 days). In addition, the low 
natural abundance of the 23SU decay chain in natural uranium led to the 

belief that this chain would never become a major contaminant. The 
propensity of 231Pa for almost exclusive separation during some chemical 

processes, however, was never accounted for and must now be recognized 

as a source of potential hazard. The hazard was probably compounded by 
the apparent disregard for the disposal of such material. Even the 

ultimate dispensation of much of the material generated has never 
been completely determined. Some attention should be directed 
towards such problems in the future to avoid recurrence of the reported 

incidence.

A final brief note is in order concerning the impact of this study 
on current knowledge about the behavior of 222Rn and progeny. The 

theory used by most authors to compute attachment of 222Rn progeny to 

aerosols was utilized in this thesis for the attachment of 219Rn progeny. 

Theoretical predictions were in good agreement with experimental 

results, indicating that the theory at least has good predictive 
capabilities. It should be cautioned, however, that absolute values 
for the attachment characteristics cannot be applied directly to the 
222Rn progeny due to differences in half lives between the two decay 

chains. The same comments apply to determinations of the emanation 

fraction from soils and the parameters determined for the use of the 

two-filter method. Experimental determination of the survival fraction 
of 213Pb atoms in traversing the decay tube does, however, indicate
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that the underlying theoretical development is sound and may be utilized 
for 222Rn and progeny. Since theoretical results required the use of 

diffusion coefficients for the atmospheric aerosol, these results also 

indirectly validate previously determined values for these coefficients. 
Finally, one should bear in mind that the sampling device for 231Pa in 
surface soil is also directly applicable to the measurement of 226Ra in 

soil samples obtained in the field.

Several contributions are evident in the ur--a of lung dosimetry.

This study showed that the effects of hygroscopicity were relatively 

small compared to the errors normally encountered in specifying 
atmospheric concentrations of inhalants. This result should also apply 
to the inhalation of 2?2Rn progeny due to the similarities in the pattern 

of disintegration within the lung. The age-dependent lung model is 
directly applicable to other nuclides, including the 222Rn decay chain, 

and the author is involved currently in using the model to estimate 

age-dependency in doses for a variety of radionuclides.

7.2 Recommendations

Since it is unlikely that a large amount of further research will 
be done on the 219Rn decay chain, the author attempted to assess all 

aspects of this chain relevant to radiological risk assessment. Remaining 
problems are germane to the 222Rn chain and will, in all probability, be 

explored for this chain alone. Results of such experiments will be 
then applicable directly to the 222Rn chain.
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Basal cell doses may change as new information is obtained on 
the distribution of basal cell depths in the various lung regions.
Data on this are scanty at present and will probably be improved in 
answer to the problem of 222Rn progeny. Age-dependent data are needed 

for both this parameter and for removal rates from the various subregions 

of the lung. This should greatly refine the many simplifying assumptions 
employed by the author in the age-dependent lung model developed during 
the course of this study.

The rationality underlying the use of any dose values in setting 

standards for exposure requires an understanding of the range of doses 
possible under various models. Towards this end, it would be interesting 

to study the effect of different lung models on the calculation of 

exposure-dose relations. This is an area likely to be explored by 
those working with 222Rn. The abstract computer based lung model 

developed by the author during the course of this study is available for 

any such projects. Additional questions center around a further 

elucidation of the effects of aerosol charge and hygroscopicity on 
the ultimate distribution of dose within the subregions of the lung.

Little experimental data are available currently for comparing theoretical 

results to those occurring in vivo.
This study focused only on the emanation fraction of 219Rn for 

soils discovered by ORNL to contain highly elevated levels of 22 7Ac. 

Further studies are in order on the effect of specific activity on 

radon emanation, particularly as it relates to the induction of grain 

fissures. Also, other types of soil should be assessed. It is possible
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that the invariance of the emanation fraction with soil moisture 

content was due to the type of material sampled. In all probability, 

the contamination is confined in these samples to the surface of the 

soil grains which are, themselves, of a fine mesh. This may not be 
typical of all soils containing elevated levels of 227Ac. Additional 

work should also focus on the elucidation of further sites containing 

such elevated levels.
The sampling device reported for the measurements of 231Pa in 

surface soils requires refinement. Introduction of a nichrome wire, 
designed to produce condensation nuclei, could improve the sensitivity, 
although present results indicate an improvement of only 5-7% would be 

possible. The author did not construct a field model of the device, 

as this would involve a great number of considerations of a purely 

engineering nature. Such work is in order at this time.

Detailed dosimetric calculations will require a more refined 
knowledge of the state of attachment of 219Rn progeny to aerosols. More 

complete specification of the function g(d) under a variety of meteoro

logical conditions will eventually be needed. This work will probably 
be performed for 222Rn progeny, but frequent cross-checks with 219Rn 

and 220Rn daughters should prove useful. It is not anticipated by the 

author that any qualitative differences will be found and that any 

quantitative differences will be accounted for by differences in half
life and the probability of detachment from aerosol particles.

It is difficult to assess the probability of encountering elevated 
levels of the 219Rn progeny at sites other than those examined. The
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author firmly believes that other contaminated facilities will display 
elevated surface soil concentrations of 231Pa. The lack of identified 

sites where such is currently the case probably arises from a lack of 

concern over this problem in the past. Additional attention needs to 

be directed towards a determination of all processes (and associated 
facilities) which would yield material highly concentrated in 231Pa.

Due to the short half-life of 219Rn, alleviation of any problems requires 

only that the potential for risk be recognized and suitable burial 

practices followed. Dumping of such material onto ground surfaces 

should not be tolerated by the health physics community. Soil samples 

from contaminated facilities should, in the future, be analyzed for 
their concentration of 231Pa, a practice not evidenced in the past. It 
is also recommended that measurements of 222Rn progeny in air include 
a determination of 219Rn progeny, if only to prove the hazard insignificant.

The problem areas described above are only a few of those encountered 

in developing the dose-response relations reported in this document.

More generally, there is a pressing need for an elucidation of the 
mechanism underlying the induction of cancer and the role of various 
factors (dose rate, fractionation, age, sex, etc.) in inducing lung 

cancer. Some attention should be given to the development of a unit 

more suitable than that of dose in estimating health effects. All of 

this work, of course, is at the center of the fields of radiation biology 
and health physics. The author hopes that an effort might be directed 
towards such studies in the future. Only in this manner can the field 
of health physics hope to transcend the limited data on which the 
primarily empirical relations of the field are based.
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Appendix A

CALCULATIONAL MODEL FOR DEPTH DOSE CURVES

Consider a cross section of a cylinder normal to the walls. A 
target element is located at a depth n within the walls and the surface 

source element is located at some point on the internal surface of the 

cylinder. The total distance from the target to the near wall, A%, is 

given by:

Ax = asecQ + (dp + 2atan26) - (dp2 - 4adptan29 - 4a2tan29)
2sec0

CA.l)

where dp is the diameter of the cylinder and 0 is the angular coordinate 

of the source and target. The total distance, &, from the source to the 

target is given by:

Z = (dp + 2a)cos9 - 2A%)} + A% ,

where the term in brackets is the distance traveled through air by the 

emission. If T is the conversion factor for converting from a path 

length in air to an equivalent length in tissue, then the total tissue 

equivalent path length is:

Zz = T {dp + 2a) cos0 - 2A%} + A% . (A.2)

Since integration of the source term must proceed around the circumference 
of the cylinder, it is convenient to convert &2 to a function dependent
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on #, the angular coordinate for the radii in the cylinder. From 

geometry,

tan6 Rcos
(Rsin^"* + R + a) (A. 3)

However, <f>' = <p - 90°. Therefore

tan# = RcosC# - 90°)
(Rsin(# - 90°) + R + a)

or

0 = tan-1 Rcos(9 - 90°)
(Rsin(# - 90 ) + R + a)

(A.4)

(A. 5)

Insertion of (A.5) into (A.2) yields the total tissue equivalent path 

length as a function of the angle <j>.

The above relations apply to surface elements located along the 
circumference of a cross section. Other elements lie along the axis 
of the cylinder. Let H be the distance of a surface element along the 
axis and 8. be the source-target distance as computed in (A.2). Clearly, 
the total distance for the new element is given by &cos#z, where 

tan #2 = H/&. Integration of the dose to the target then proceeds over 

the entire surface of the cylinder for which % < Range. In the computer 

program designed for the calculations reported in this document, H is 
stepped in increments of 1 pM and <j> in increments equivalent to 2 yM.



Appendix B
COMPUTER CODES FOR THE AGE-DEPENDENT LUNG MODEL 

AND THE DEPTH-DOSE MODEL
(Based on Ref. 312)

Both codes are written in BASIC and are largely self-explanatory. 
The LUNG model computes total deposition in the Nth region of the lung, 

R3(N); fractional regional deposition, S3(N); regional disintegrations, 
D3(N); total tracheobronchial deposition, Z; total transfer into the 

G.I. tract, Y9; total transfer into the systemic blood, Z9; and total 
transfer into the lymphatics, Z8. Output is printed on a scratch file 
(#1), which may subsequently be printed on the line-printer. The 
following parameters must be specified before running the program:

N1 = the total number of regions in the lung (27 for the 
Weibel, 12 for the Findeisen-Landahl),

N2 = the total number of generations assumed to be within the 

alveolar region (5 for the Weibel, 3 for the Findeisen- 
Landahl) ,

VI = the tidal volume (&) for a given age,
T1 = the time(s) interval during which breathing occurs for 

a given age,

T2 = the time(s) interval during which breath-holding occurs 
for a given age,

PI = particle diameter (cm) for the assumed aerosol,
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R1 = particle density (g/cm3) for the assumed aerosol,

G1 = gravitational constant (cm/s2),

P2 = average angle of inclination of channels to the 
horizontal (radians),

CO = inlet air concentration (atoms/cm3),
V(N) = regional age-dependent lung volumes (cm3),

A1(N) = ratio of regional radii to lengths in the adult model, 

N4(N) = number of channels in the Nth region of the lung 
(age-dependent),

V9 = tracheal mucus velocity (cm/min).

The parameters B1-B6, D4-D9, R8, R9, L3-L6, and L9 are the removal 
parameters from the lung and correspond to those specified in the ICRP 

task group lung model (TGLM). For removal from the pulmonary (P) 

region, all pathways have been assigned kinetics governed by the sum 

of two exponentials. If desired, one exponential can be removed by 
assigning a fraction of 0 to that subcompartment.

Bl, D4 = removal fraction from the P region to G.I tract (Bl) 
and corresponding removal constant (D4, min”1).

B2, D5 = a second compartment for the same removal pathway as in 
Bl, D4.

B3, D6 = removal fraction from the P region to lymphatics (B3) 
and corresponding removal constant (D6, min-1).

B4, D7 = a second compartment for the same removal pathway as

in B3, D6.



227

B5, D8 = removal fraction from the P region to systemic blood 
(B5) and corresponding removal constant (D8, min 1).

B6, D9 = a second compartment for the same removal pathway as 

in B5, D8.
R8, L9 = removal fraction from the T-B region to the systemic

blood (R8) and corresponding removal constant (L9, min ').

R9 = fraction of atoms deposited in the T-B region which 

could be transferred into the G.I. tract.

L5, L3 = removal fraction from the N-P region to the systemic
blood (L5) and corresponding removal constant (L3, min *).

L6, L4 = removal fraction from the N-P region to the G.I. tract 
(L6) and corresponding removal constant (L4, min *).

T7 = time of integration (min).

The DOSE model computes doses (D3) in rads to 1 y diameter spheres 
located at prespecified depths within the walls of a cylinder of given 

diameter. In addition, the dose-averaged stopping power, S6, in units 

of MeV/cm, is computed and provided as output. The following parameters 

must be specified:

S(N) = energy correction factor for the Nth alpha energy
(difference between the range (cm) in tissue of the 
Nth alpha particle and that of an 8 MeV particle).

N(N) = radius (cm) of the Nth cylinder.

T = a conversion factor to change path length in air to 

an equivalent length in tissue.
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As in the LUNG model, results are printed in a scratch file (#1) and 
printed by the specifications of the user.
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LUNG 13:59 10-JUL-80

10 REM THIS PROGRAM COMPUTES REGIONAL DEPOSITION AND DISINTEGRATIONS
20 REM WITHIN AN AGE-DEPENDENT LUNG MODEL
30 DIM R2(30),A1(30),V(30),N4(30),V2(30),T4(30),I1(30)
40 DIM S1(30),T(30),S2(3O),F3(30),F4(30),F(30),A2(30)
50 DIM D4(30),H<30), 6(30), L(30), ZOO), W(30),X(30>,B(30)
60 DIM C(30),D(30),E(30),J(30),A(30),N(30),K(3Q),P1(30)
70 DIM P(30),M(30),O(30),SC30),R(30),D2(30),E1C30)
80 DIM F5(30),C1(100),Z1C30),R3C30),S3(30),Q1(30)
90 DIM E2(30),F6(30),G2O0), D3O0),B2(30),L1(30),K1(50)
100 Nl=27
110 N2=5
120 Vl=1500
130 71=1.07
140 72=0.36
150 Pl=lE-05
160 Rl=2.5
170 Gl=975.36
180 N3=1.9E-04
190 P2=0.7854
200 D1=4.39E-15/N3/P1
210 C0=1
220 P3=3.1416
230 FOR N=1 70 N1
240 READ V(N)
250 NEXT N
260 REM SPECIFY REGIONAL VOLUMES
270 DATA 20,20,30.52,11.12,4.11,1.5,3.23,3.29,3.54,4.04,4.45 
280 DATA 5.15,6.25,7.45,9.58,11.67,16.2,22.41,30.56,42,61,93 
290 DATA 140,224,350,591,3150 
300 FOR N=1 TO N1 
310 READ AKN)
320 NEXT N
330 REM SPECIFY ALPHA VALUES
340 DATA .143, .5, .075,. 128, .218, .368, . 177,. 164, . 156, .151, . 145,. 143,. 141 
350 DATA .14, .144,.152,.161,.165,.182,.191, .214,.237..271,.307,.347, .41. 
360 FOR N=1 TO N1 
370 READ N4(N)
380 NEXT N
390 REM SPECIFY NUMBER OF CHANNELS IN EACH REGION
400 DATA 1,1,1,2,4,8,16,32,64,128,256,512,1024,2048,4096
410 DATA 8192,16384,32768,65536,131072,262144,542288,1048576
420 DATA 2097152,4194304,8338608,300E06
430 REM SPECIFY REMOVAL PARAMETERS
440 B4=0
450 B5=0.8
460 B6=0
470 D4=l
480 D5=l
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490 D6-9.63E-04 
500 D7=l 
510 D8-9.63E-04 
520 D9-1 
530 T7-1E0B 
540 R8=0.95 
550 R9-0.05 
560 L9-4.8E-02 
570 N9=3 
580 M8-7
590 FOR N-l TO M8 
600 READ K1(N)
610 NEXT N
620 REM SPECIFY DECAY CONSTANTS
630 DATA 7E01,7E-01,7E-02,7E-03,7E-04,7E-05,7E-07
640 FOR N=1 TO Ml
650 REM COMPUTE REGIONAL RADII AND LENGTHS 
660 R2(N)=<A1<N)*V(N)/N4<N)/P3)A0.3333 
670 L1(N)=R2(N)/A1(N)
680 NEXT N 
690 V9=0.5 
700 B1=0 
710 B2=0 
720 B3=0.2
730 FOR N=1 TO N1-N2-N9
740 REM COMPUTE REGIONAL TRANSIT TIMES
750 T4(N)<1(N)*N4(N)*R2(N)/V9/R2(3)
760 rCXT N 
770 L4=4.8E-02 
780 L6=0.5 
790 L3=4.8E-02 
800 L5=0.5 
810 FOR N=1 TO 12 
820 READ P1(N)
830 NEXT N
840 REM SPECIFY PARTICLE DIAMETERS
850 DATA 2.3E-10,IE-6,2E-6,5E-6,IE-5,2E-5,5E-5,1E-4.2E-4.4E-4.6E-4.IE 
860 FILES OUT.LPT 
870 SCRATCH *1
880 REM INCREMENT PARTICLE DIAMETERS 
890 FOR J7=2 TO 12 
900 P1-PKJ7)
910 REM COMPUTE DIFFUSION COEFFICIENT
920 D1-4.39E-15/N3/P1
930 N5=N1-N2
940 N4=N5-N9+1
950 FOR N=1 TO N1
960 REM COMPUTE REGIONAL FLOW RATES 
970 V2(N)=V1ZT1/N4(N)/P3/(R2(N))A2 
980 (“EXT N 
990 FOR N-l TO N5
1600 REM COMPUTE IMPACTION FRACTIONS
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1010 I1(N)=150*R1*P1 A2*V2(I <-l )/(R2(N) +150*R1*P1 ^2*V2(N-l))
1020 NEXT N 
1030 FOR N=1 TO N5
1040 X=H-2.63E-06*(6.23+2.01*EXP(-8.32E04*P1))/PI
1050 Y= X*G1*R1*P1A2/18/N3
1060 REM COMPUTE SEDIMENTATION FRACTIONS
1070 Sl(N)=l-EXP(-0.8*Y*Tl*V(N)>kCOSCP2)/Vl/R2CN))
1B80 52(N) =1 -EXP(-0.8*Y*T2*C0S(P2)/R2(N))
1090 NEXT N
1100 REM COMPUTE DIFFUSION FRACTIONS 
1110 FOR N=1 TO N5 
1120 H=2*D1*V(N)*T1/V1/(2*R2(N))A2 
1130 IF H<0.0156, THEN 1160
1140 F3(N)=1-0.81 9*EXP(-7.314*H)-0.097*EXP(-44.6*H)-0.0325*EXP(-114iH) 
1150 GO TO 1170
1160 F3(N)=4.07*HA0.66667-2.4KH-0.446*HA1.333333
1170 NEXT N
1180 FOR N=1 TO N5
1190 F4CN)=1-EXP(-4.0E-06*(X>kT2/P1/R2(N))a0.5)
1200 NEXT N 
1210 FOR N=1 TO N5
1220 REM COMPUTE TOTAL DEPOSITION FRACTIONS 
1230 F(N)=I1(N)+S1(N)+F3(N)
1240 F(N)=1-EXP(-F(N))
1250 REM COMPUTE DEPOSITION DURING BREATH-HOLDING 
1260 A2CN) =l-EXP(-S2(N.'i-F4(N))
1270 B2(N)=A2(N)
1280 IF N>=3, THEN 1300 
1290 F(N)=0.5*F(N)+F(N)
1300 NEXT N 
1310 V3=0
1320 FOR N=N5+1 TO N1 
1330 V3=V3+V(N)
1340 NEXT N 
1350 R4=0 
1360 V4=0
1370 FOR N=N5+1 TO Ml 
1380 V4=V4+V(N)
1390 R4=R4+R2(N)*V(N)/V3 
1400 NEXT N
1410 REM COMPUTE AVERAGE ALVEOLAR RADIUS 
1420 R4=R4*( (0.5*V1+V3)/V3)A0.5 
1430 T3=2*(T1+T2)
1440 REM COMPUTE ALVEOLAR DEPOSITION FRACTION 
1450 F7= 1 -EXP (-4. @E-06* (X*T3/P1/R4) A0.5)
1460 F8= 1-EXP(-0.0*Y*T3*C0S(P2)/R4)
1470 F9=1-EXP(-F7-F8)
1480 REM BEGIN TO COMPUTE TOTAL REGIONAL DEPOSITION 
1490 FOR N=1 TO N5 
1500 Y=1
1510 IF N=1,THEN 1550 
1520 FOR P=1 TO N-l
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1530 Y«Y*<1-FCP)>
1540 NEXT P 
1550 H(N)»Y 
1560 hEXT N 
1570 FOR N=1 TO N5 
1580 Y-N5-W-1 
1590 G(N)=F(Y)
1600 NEXT N 
1610 FOR N=1 TO N5 
1620 Y=1
1630 IF N=1,THEN 1670 
1640 FOR P=1 TO N-l 
1650 Y=Y*(1-G(P))
1660 NEXT P 
1670 L(N)=Y 
1680 NEXT N 
1690 V=0
1700 FOR N=1 TO N5 
1710 V=V+V(N)
1720 NEXT N 
1730 X=V1-V
1740 IF X< =0,THEN 1760 
1750 IF X>0,THEN 1770 
1760 X=0
1770 FOR N=1 TO MS 
1780 Y=N5-N+1 
1790 ZCN)=V(Y)
1800 NEXT N 
1810 FOR N=1 TO MS 
1820 Y=0
1830 FOR P=1 TO N 
1840 Y=Y+VCP)
1850 NEXT P 
1860 Y=V1-X-Y 
1870 W(N)=Y 
1880 hEXT N 
1890 FOR N=1 TO NS 
1900 Y=0
1910 FOR P=1 TO N 
1920 Y=Y+Z(P)
1930 NEXT P
1940 Y=V1-X-Y
1950 X(N)=Y
I960 hEXT N
1970 FOR N=1 TO NS
1980 IF N-l,THEN 2040
1990 V=0
20G0 FOR P=1 TO N-l 
2010 V=V»V(P)
2020 hEXT P 
2030 GO TO 2060 
204Q B(U=V1
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2050 GO TO 2100
2060 B(N)=V1-X-V
2070 IF B(NX-0,THEN 2090
2000 GO TO 2100
2090 B(N)=0
2100 NEXT N
2110 FOR N=1 TO N5
2120 IF N=1,THEN 2180
2130 V-0
2140 FOR P-1 TO N-l 
2150 V=V+Z(P)
2160 NEXT P
2170 GO TO 2200
2180 CC1)=V1
2190 GO TO 2240
2200 C(N)=V1-X-V
2210 IF C(NX=0,THEN 2230
2220 GO TO 2240
2230 C(N)=0
2240 NEXT N
2250 FOR N-l TO N5
2260 V=0
2270 FOR P=1 TO N 
2280 V=V+V(P)
2290 NEXT P 
2300 D(N)=V1-X-V 
2310 hEXT N 
2320 FOR N-l TO N5 
2330 V=0
2340 FOR P=1 TO N 
2350 V-V+ZCP)
2360 NEXT P 
2370 E(N)=V1-X-V 
2380 hEXT N 
2390 FOR N-l TO N5 
2400 Y-DCN)
2410 IF Y<=0,THEN 2440 
2420 J(N)=V(N)
2430 GO TO 2450 
2440 J(N)=B(N)
2450 NEXT N 
2460 FOR N=1 TO N5 
2470 Y=E(N)
2480 IF Y< =0,THEN 2510 
2490 A(N)=Z(N)
2500 GO TO 2520 
2510 A(N)=C(N)
2520 NEXT N
2530 FOR N-l TO N5
2540 NCN) =F(N)*X*H(N)
2550 NEXT N 
2560 FOR N-l TO N5
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2570 K(N)=G(N)*X*l.(N)
2580 IEXT N 
2590 FOR N=1 TO N5
2600 P(N)"H(N)*(F(N)*W(N)+0.5kF(N)*J(N))
2610 NEXT N 
2620 FOR N=1 TO N5
2630 M(N)=L(N)*(G(N)*X(N)+Q.5*G(M)*A(N))
2640 NEXT N 
2650 FOR N-l TO N5
2660 Q(N) =H(N)*(l-0.5*F(rm*A2(N)*J(m
2670 NEXT N
2680 FOR N-l TO N5
2650 S(N)=L(N)*(1-0.5*G<M.' U82(N)*A(N)
2700 NEXT N 
2710 FOR N=1 TO N5 
2720 R=1 
2730 B=0
2740 FOR K=N+1 TO N5 
2750 FOR L-N+l TO K-l 
2760 IF K=N+1,THEN 2790 
2770 R=R*(1-F(L))
2780 hEXT L
2790 B=B+H(K)*(1-0.5*F(K,)'2*(1-A2(K))*R*F(N)*J(K) 
2800 hEXT K
2810 A=H(N)*(1-0.5*F(M) )*f 1-A2CN) )*0.5*F(N)*J(N)
2820 R(N)=B+A
2330 NEXT N
2840 FOR N-l TO N5
2850 R=1
2860 B-0
2870 FOR K-N+l TO N5 
2880 FOR L-N+l TO K-l 
2890 IF K=N+1, THEM 2920 
2900 R=R*(1-G(L)>
2910 IEXT L
2920 B=B+L(K)*(l-0.5+G(K' »'2<> 1-B2<K) )*R*G(N)*A(K) 
2930 NEXT K
2940 A=L<N)*(l-0.5*G> thjni ~B2(N) )*0.5*G(N>*A<N)
2950 T(N)=B+A
2960 hEXT N
2970 F1=0
2980 FOR N=1 TO N5
2990 D2(N)= (NCN)+P(ru+O(N)+RfM))*C0
3000 hEXT N
3010 FOR N-l TO N5
3020 Fl=Fl+M(N>+S(N)+T(Mi
3030 hEXT N
3040 F2=(F1+X;/V1
3050 FOR N-l TO M5
3060 EKN'-KUD+hKhn ►StfO+T'Mi
3070 NEXT M
3880 FOR M=1 TO M5
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3090 Y=N5-mi 
3100 F5(N)=E1<Y)
3110 hCXT N
3120 Cl (1)=C0*(1-F9)*X/(V1+V4)
3130 G3=l
3140 FOR N=1 TO N5 
3150 G3=G3*(1-F(N))
3160 NEXT N
3170 REM COMPUTE CONCENTRATION IN ALVEOLI 
3180 C1(1)=G3*C1(1)
3190 C1(1)=C1(1)*(T3/(T2+0.5*T1*(1+X/V1)))
3200 X9= ((1-F9)*V4/(V1+V4))+((1-F2>*V1/<V1+V4))
3210 FOR K=2 TO 100 
3220 C1(K)=C1(K-1)*X9A(K-l)
3230 M9=K
3240 IF C1(KX=00.02*C1 (1), THEN 3260
3250 NEXT K
3260 FOR N=1 TO N5
3270 Z4=0
3280 FOR J=1 TO M9
3290 Z4=Z44C1(J)*F5(N)
3300 NEXT J 
3310 Z1(N)=Z4 
3320 NEXT N
3330 REM COMPUTE REGIONAL DEPOSITION C TOTAL AND FRACTION )
3340 FOR N=1 TO N5 
3350 R3(N)=D2(N)+Z1(N)
3360 S3(N)=R3(N)/(C0*V1)
3370 NEXT N
3380 Q1 (1) =C0*G3*X*(T2+0.5*T1*(1+X/V1) )*F9*(V4+0.5*V1)/(Vl+V4)/T3
3390 FOR J=1 TO M9
3400 Q1(J)=C1(J)*F9*(V4+0.5*V1)
3410 rcxr J
3420 REM COMPUTE ALVEOLAR DEPOSITION 
3430 A9=0 
3440 FOR J=1 TO M9 
3450 A9=A9+Q1(J)
3460 NEXT J 
3470 A8=A9/(C0*V1)
3480 T9=0 
3490 Y=0 
3500 Z=0
3510 FOR N=N4 TO N5 
3520 Z=Z+R3(N)
3530 Y=Y+S3(N)
3540 NEXT N 
3550 R3(N4)=Z+A9 
3560 S3(N4)=Y+A8 
3570 FOR 1=1 TO M8 
3580 FOR f 1=3 TO N4-2 
3590 X-K1(I)*T4CN)
3600 Y-K1(IW4(N+1)
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3610 IF X>=20, THEN 3710
3620 IF Y>=20, THEN 3680
3630 IF X>=lE-03, THEN 3740
3640 REM COMPUTE REGIONAL DISINTEGRATIONS
3650 E2(N)=R3(N)*(0.5*X-XA2/6)
3660 F6(N)=R3(N+l)*(l-0.5*X)h<(Y-Ya2/2)
3670 GO TO 3760
3680 E2(N)=R3<N)*(l-( 1-EXP(-X) )/X)
3690 F6(N)=R3(N+1)*(1-EXP(-X))/X
3780 GO TO 3760
3710 E2(N)=R3(N)*(1-1/X)
3720 F6(N)=R3(N+1)/X 
3730 GO TO 3760
3740 E2(N)=R3(N)*(l-(l-EXPC-KH I )*T4(N)))/(Kl(I)*T4(N)))
3750 F6(N)=R3(N+1)*(1-EXP(-K1 (I)*T4(N)) )*( 1-EXPC-K1(I)*T4(N+1) ))/Kl(I)/T4(Ni 
3760 IF N=N4-2, THEN 3980 
3770 FOR J=N+2 TO N4-1 
3780 X=K1(I)*T4(N)
3790 Y=K1(I)*T4(J)
3800 IF X>=20, THEN 3870 
3810 IF Y>=20, THEN 3830 
3820 GO TO 3850
3830 G2(N)=R3(J)*(1-EXP(-X))/X 
3840 GO TO 3880
3850 G2(N)=R3( J)*( 1-EXP(-K1(I)*T4(N)) )*( l-EXPC-KH I )‘*T4(J)) )/(Kl(I)*T4l’N))
3860 GO TO 3880
3870 G2(N)=R3(J)/(K1(I)«T4CN))
3880 FOR K=N+1 TO J-l
3890 T9=T9+T4(K) .
3900 NEXT K
3910 X=K1(I)*T9
3920 IF X>=20, THEN 3950
3930 G2(N)=G2<N)*EXP(-K1(I)*T9)
3940 GO TO 3960 
3950 G2(N)=0 
3960 NEXT J 
3970 GO TO 3990 
3980 G2(N)=0
3990 D3(N)=E2(N)+F6(N)+G2(N)
4000 NEXT N
4010 IF X>=20, THEN 4050 
4020 IF X<=lE-03, THEN 4070
4030 D3CN4-l)=R3(M4-l)*(l-Cl-EXP(-Kia)*T4(M4-l)))/(Kl(I)*T4(N4-l)))
4040 GO TO 4080
4050 D3(N4-l)=R3(N4-l)*(l-l'X)
4860 GO TO 4080
4070 D3 (N4-1) =R3 C N4-1) ’=- • 0.5 r X-XA2/6)
4080 X=B1 *D4+B2*D5+B3 <■ D6 --B4* D7+B5*D8+B6*D9+K1 f I)
4090 Y=X*T7
4100 IF Y>=20, THEN 4130
4110 D3CN4)=R3CN4)»KliI't< 1-El-P(-X*T7))/X
4123 GO TO 4140
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4130 D3(N4)=R3(N4)*Ki(I)/X 
4140 Z5=0 
4150 Z6=0
4160 FOR N=3 TO M4-1 
4170 Z5=Z5+R3(N)*R9 
4180 Z6=Z6+D3lN)*R9 
4150 NEXT N 
4200 Z6=Z5-Z6 
4210 IF Z6< =0, THEN 4230 
4220 GO TO 4240 
4230 Z6=0
4240 X=L3*L5+L4*L6+K1(IJ 
4250 FOR N=1 TO 2 
4260 D3(N)=R3(N)*K1(I)/X 
4270 NEXT N
4280 Z7= (L6KL4/X) * (L6*R3 - 11 HL6*R3 (2))
4290 Z6=Z6+Z7 
4300 FOR N-3 TO H4-1
4310 D3(M)=R9*D3(N)+R8*K1<I)*R3(N)/(K1<I)+L9)
4320 NEXT N
4330 Y=B1+B2
4340 IF Y>0,THEN 4370
4350 Y=K1(I)
4360 GO TO 4380
4370 Y=(B1*D4+E2*D5)/(B1+B2i+Kl(D 
4380 Z=Y*T7
4350 IF Z>=20, THEN 4420
4400 Y2=R3(N4)*(B1*D4+B2» D5> ♦ (l-EXPi-Y#T7))zY 
4410 GO TO 4430
4420 Y2=R3(N4)*(B1*D4+B?*D5>'Y 
4430 Z=1
4440 FOR N=3 TO N4-1 
4450 X=K1(I)*T4(N)
4460 IF X>=20, THEN 4500
4470 IF X<=lE-03, THEN 4520
4480 Z=Z*EXP(-K1(I)*T4(MU
4490 GO TO 4530
4500 Z=0
4510 GO TO 4530
4520 Z=1
4530 NEXT N
4540 Y9=Y2*Z
4550 FOR N=3 TO N4-1
4560 E3=l
4570 IF N=N4-1, THEN 4670 
4580 FOR J=N+1 TO N4-1 
4550 X=K1(I)kT4(J)
4500 IF X>=20,THEN 4640 
4610 IF XC-1E-03, THE, i 4650 
4620 E3=E3*( 1-EXP(-K1 (In f4< J i))
4630 CO TO 4560 
4650 E3=Q
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4660 NEXT J 
4670 X=K1(I)*T4CN)
4680 IF X>=10, THEN 4720
4650 IF X<=lE-03, THEN 4740
4700 D4(N)=E3*Y2*(l-EXP(-Kl(I)*T4(Nm
4710 GO TO 4750
4720 D4(N)=E3*Y2
4730 GO TO 4750
4740 D4(N)=0
4750 NEXT N
4760 Y=(B5*D8+B6*D9)/(B5+B6)+K1(I)
4770 Z=Y*T7
4780 IF Z>=20, THEN 4810
4790 Z7=R3(N4)*(B5*D8+B6*D9)*(1 -EXP(-Y*T7))/Y 
4800 GO TO 4820
4810 Z7=R3< N4) * ( B5*D8+B6*D9 > /Y 
4820 Y= (B3*D6+B4*D7)/(B3+B4)+K1(I)
4830 Z=Y*T7
4840 IF Z>=20, THEN 4870
4850 Z8=R3< N4) * C B3*D6+B4*D7) * (1-EXP(-Y*T7) )/Y 
4860 GO TO 4880
4870 Z8=R3< N4)*(B3*D6+B4*D7)/Y 
4880 Z9=Z5*R8/R9 
4890 Z=(L9+K1(I))*T7 
4900 IF Z>=20, THEN 4930
4910 Z9=Z9*L9*( 1-EXP(-(L9+K1 (I))*T7) )/(L9+Kl(I))
4920 GO TO 4940
4930 Z9=Z9*L9/(L9+K1(I))
4940 Z9=Z9+Z7
4950 Z9=29+( (L3*L5)/(L3*L5+L4*L6+K1 (I)) )*<L5*R3( 1 )+L5*R3(2) ) 
4960 Y9=“Y9+Z6 
4970 GO TO 5000
4980 PRINT *1, "G.I. TRACT BLOOD
4990 PRINT *1,Y9,Z9,ZS 
5000 FOR N=1 TO N4-1 
5010 D3(N)=D3(N)+D4(N)
5020 TEXT N
5030 PRINT #1, "PARTICLE DIAMETER=",P1 
5040 PRINT #1, "DECAY CCNSTANT=",K1(I)
5050 PRINT #1." N DEPOSITION
5060 FOR N=1 TO N4 
5070 PRINT *1,N,R3(N),D3(N),S3(N)
5080 NEXT N 
5090 GO TO 5100 
5100 NEXT I 
5110 Z=0
5120 FOR N=3 TO 19 
5130 Z=Z+S3fN)
5140 TEXT N
5150 PRINT #1, "TRACHEO-BPONCHIriL DEPOSITION FRACTION51"
5163 TEXT J7 
5170 PRINT *1,V1,T1,T2

LYMPHATICS "

DISINTEGRATIONS DEP.FRACTION



239

DOSE 13:13 10-JUL-80

1 REM THIS PROGRAM COMPUTES THE DOSE AND DOSE-hVERAGED STOPPING PC
2 REM AT VARIOUS DEPTHS IN THE WALLS OF A CYLINDER 
10 DIM S(30),N(30)
1G0 FILES CUT.LPT 
101 SCRATCH #1 
110 FOR N=1 TO 4 
120 READ S(N)
130 NEXT N
135 REM ENTER ENERGY CORRECTION FACTORS 
140 DATA 0,14.3,28.25,40 
150 FOR N-l TO 4 
160 READ NON)
170 NEXT N
175 REM ENTER CHANNEL RADII 
180 DATA 0.005,0.01,0.05,0.1 
190 FOR J=1 TO 4 
200 R=N(J)
210 FOR L-l TO 4 
220 Z8=S(L)*).E-04 
230 R9-75.5E-04 
240 FOR M-l TO 2 
250 T*0.00110 
260 R2=l
270 X5-1.57E04*R 
280 D3-0 
290 D4-0 
300 D=M*10E-04
305 REM INCREMENT ANGULAR COORDINATES
310 FOR N-l TO X5
311 Z3*2*N-1 
340 P1-Z3/R/1E04
345 REM INCREMENT AXIAL COORDINATES 
350 FOR K-l TO 100 
360 H=K*lE-04
370 L1=((RA2*(SIN(P1))A2)-KR+D-R*COSCP1))A2)A0.5 
380 X*ATN(H/L1)
330 L2-Ll/COS(X)
400 Y=R*C0S(Pl-3.1416/2)/(R*SIN(Pl-3.1416/2)+R+D)
410 P2-ATNCY)
420 A=C D/COS CP2))
430 U*0.5
440 C-(4*RA2-8*D*R*(TAN(P2) )~2-4*(ir2)*(TAN(P2) ) "2)"U
450 B-2*R-2*D*CTAN(P2) )A2
460 A-(fH(B-C)/(2/C03(P2)))/C0S(X)
465 REM COMPUTE PATHLEHGTH (UNCORRECTED FOR ENERG.'i 
470 L3=T*(L2-AHA
475 REM COMPUTE PATHLEHGTH (CORRECTED FOR ENERGY)
480 L3=L3+Z8
430 IF L3>R9, THEN 1850



240

500 IF L3<2.5E-04, THEN 940 
510 IF L3<5.0E-04, THEN 960 
520 IF L3<7.5E-04, THEN 980 
530 IF L3<IE-03, THEN 1800 
540 IF L3<12.5E-04, THEM 1820 
550 IF L3<15E-04, THEN 1348 
560 IF L3< 17.5E-04, THEN 1060 
570 IF L3<20E-04, THEN 1080 
580 IF L3<22.5E-04, THEN 1100 
590 IF L3<25E-04, THEN 1128 
600 IF L3<27.5E-04, THEN 1148 
610 IF L3<30E-04, THEN 1160 
620 IF L3O2.5E-04, THEN 1180 
630 IF L3<35E-04, THEN 1200 
640 IF L3<37.5E-04, THEN 1220 
650 IF L3<40 E-04, THEN 1248 
660 IF L3<42.5E-04, THEN 1268 
670 IF L3<45E-04, THEN 1290 
680 IF L3<47.5E-04, THEN 1300 
690 IF L3<50E-04, THEN 1320 
700 IF L3<52.5E-04, THEN 1343 
710 IF L3C55E-04, THEN 1360 
720 IF L3<57.5E-04, THEM 1380 
730 IF L3<60E-04, THEN 1400 
740 IF L3<62.5E-04, THEN 1420 
750 IF L3<65E-04, THEN 1440 
760 IF L3<65.5E-04, THEN 1460 
770 IF L3<67E-04, THEN 1480 
780 IF L3<67.5E-04, THEN 1500 
790 IF L3<68E-04, THEN 1520 
800 IF L3<68.5E-04, THEN 1540 
810 IF L3< 69E-04, THEM 1560 
820 IF L3<69.5E-04, THEN 1580 
830 IF L3<70E-04, THEN 1600 
840 IF L3<71E-04, THEN 1620 
850 IF L3<71.5E-04, THEN 1640 
860 IF L3<72E-04, THEN 1660 
870 IF L3<72.5E-04, THEN 1680 
880 IF L3<73E-04, THEN 1700 
890 IF L3< 73.5E-04, THEN 1720 
900 IF L3<74E-04, THEN 1748 
910 IF L3<74.5E-04, THEN 1760 
920 IF L3<75E-04, THEN 1780 
930 IF L3<75.5E-04, THEN 1800
935 REM SPECIFY STOPPING POWER ASSOCIATED WITH PATHLENGTH
940 S=662.5
950 GO TO 1810
960 5=672.5
970 GO TO 1810
980 5=682.5
990 GO TO 1810
1000 S=695
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1010 GO TO 1810 
1020 S=705 
1030 GO TO 1810 
1040 5=717.5 
1050 GO TO 1810 
1060 5=730 
1070 GO TO 1810 
1080 5=742.5 
1090 GO TO 1810 
1100 5=757.5 
1110 GO TO 1810 
1120 5=772.5 
1130 GO TO 1810 
1140 5=790 
1150 GO TO 1810 
1160 5=810 
1170 GO TO 1810 
1180 5=830 
1190 GO TO 1810 
1200 5=850 
1210 GO TO 1810 
1220 5=872.5 
1230 GO TO 1810 
1240 5=900 
1250 GO TO 1810 
1260 5=930 
1270 GO TO 1810 
1280 5=962.5 
1290 GO TO 1810 
1300 5=995 
1310 GO TO 1810 
1320 5=1045 
1330 GO TO 1810 
1340 5=1100 
1350 GO TO 1810 
1360 5=1150 
1370 GO TO 1810 
1380 5=1215 
1390 GO TO 1810 
1400 5=1285 
1410 GO TO 1810 
1420 5=1385 
1430 GO TO 1810 
1440 5=1520 
1450 GO TO 1810 
1460 5=1605 
1470 GO TO 1810 
1480 5=1695 
1490 GO TO 1810 
1500 5=1790 
1510 GO TO 1810 
1520 5=1850
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1530 GO TO 1810 
1540 S=19G0 
1550 GO TO 1810 
1560 5=1952.5 
1570 GO TO 1810 
1580 5=2022.5 
1550 GO TO 1810 
1600 5=2105 
1610 GO TO 1810 
1620 5=2280 
1630 GO TO 1810 
1640 5=2450 
1650 GO TO 1810 
1660 5=2560 
1670 GO TO 1810 
1680 5=2705 
1690 GO TO 1810 
1700 5=2840 
1710 GO TO 1810 
1720 5=2840 
1730 GO TO 1810 
1740 5=2635 
1750 GO TO 1810 
1760 5=2200 
1770 GO TO 1810 
1780 5=1560 
1790 GO TO 1810 
1800 5=600
1805 REM COMPUTE DOSE
1810 D2=S*2/'(7.844E08*R2*L2~c)
1820 D3-D3+D2 
1830 D4=S*D2+D4 
1840 NEXT K
1850 NEXT N
1851 IF D3< =0, THEN 1865
1855 REM COMPUTE DOSE-AVERAGED STOPPING POWERS
1860 S6=D4/D3
1861 GO TO 1870 
1865 56=0
1870 D3=D3*4
1880 PRINT #1,"RADIUS®",R 
1890 PRINT #1,"ENERGY FACTOR®",Z8 
1900 PRINT #1,"DEPTH®",D 
1910 PRINT #1,"D03E=",D3
1920 PRINT *1,"DOSE-AVERAGED STOPPING POWER®",56
1930 NEXT M
1940 NEXT L
1950 NEXT J
1960 END



Appendix C

RELEVANT EQUATIONS FOR THE USE OF THE 4-CHANNEL 
ALPHA SPECTROSCOPY TECHNIQUE IN ASSESSING THE 
AIRBORNE CONCENTRATION OF 211Pb AND 211Bi

Let Ci and Cz be the total counts in the analyzer channel
corresponding to the energy of decay (alpha) for 211Bi. The decay

constants for 21lPb and 211Bi will be designated Xi and Xz, respectively.

Allow t, and t„ to be the intervals of time between the end of l,s 2,s
sampling and the start of the first and second counting intervals, 

respectively. (These values are recommended as 2 and 15 minutes.) Let 

t, and t- be the intervals of time between the end of sampling and 

the termination of each counting interval. The relation between the 
number of counts, Ci, and Cs, and the number of 211Pb and 211Bi atoms 

on the filter at the end of sampling (Ni and Nz, respectively), is then 

given by the relation:

Ci = g(&imi + &iznz)

Cz = gC&zini + &zznz)

where g is the efficiency (including geometry) of the detector and 
is an element of a matrix whose coefficients are given by:

"^lti s ~^it.
An = X2(e 1,8 - e 1,e)/(X2 - Xi)

-X2t -X2t.
- Xi(e 1,5 - e ,e)/(X2 - Xi) ,
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— X2t •l.S -X2t.
e

and

If v is the volumetric flow rate (Jl/min) through the air filter, the
relation between Ci and C2 and the concentration of 211Pb and 211Bi in

the original air sample (qi(pCi/A) and q2 (pCi/Jl)) is given by:

qi = (gv)'1 (8.6473 x 10'3) (5.932 x 10‘2 Ci - 3.1646 x 10"1 C2)

and
q2 = (gv)"1CO.14519)(-1.583Ci + 2.6249 C2) .

The coefficients in the equations above were computed assuming a standard 

10 minute air sampling followed by counting intervals of 2-10 and 15-30 
min postsampling. The standard deviations in qi and q2 (Si and S2, 

respectively) are given by:

+ ((5.932 x 10_2)2C? + (3.1646 x 10-1)2Cl) (X2 + Y2))

+

and
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where X and Y are the standard deviations of the flow rate (A/min) and 

efficiency, respectively. The actinon-equivalent working level may 

then be computed directly from Eq. (57) in the main body of this 

thesis.
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