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SUMMARY

The central objective of this research was the
analysis and synthesis of data available concerning human
exposures to the natural terrestrial radiation environment
and the solution of some key problems which appeared to be
hampering the understanding of it., A better knowledge of
the natural radiation environment appears to be necessary to
a realistic interpretation of the effects of low levels {for
example, current occupational gquide 1levels) of radiation
exposure of man.

Specific objectives fncluded a determination. of the
important parameters affecting radon emanation from
concrete, the measurement and correlation of the gamma ray
spectra from radionuclides for typical concentrations in
soil, a determination of the possibility and practicabitity
of using high resolution spectrometers to measure low 1eve1§
of radioactive contamination due to human activities, and an
evatuation of major sources of external and internal human
exposure due to the natural radiation environment,

A11 of the important objectives were accomplished
and some unexpected benefits were obtained., A 50 cubic
centimeter Ge(li) detector provides a satisfactory basis for
evaluating low Tevels of radicactive contamination 1in the

range zero to five millirads/year of gamma rays; however,

a larger detector used with specfally designed peripheral
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equipment would be more desirable, It was demonstrated that
the most important parameter in controlling the emanation of
radon from concrete is the free moisture content of the
concrete., Within the normal range of home temperatures, the
temperature of the concrete is not a sensitive parameter and
thus has negligible effect on the emanation, Radon
concentrations in dwellings constructed of uranium bearing
materials are often in the vrange 1-5 ptfcocuries/liter of
air, These concentrations result in the irradiation of the
hasal cells of the bronchial epithelium near the first five
hifurcations by the alpha emittinc daughters of radon that
often exceeds, sometimes by a Tlarge factor, the average
whole body absorbed dose due to the gamma rays from the
natural radiation environment. Further, the doses to
these basal cells over a 50-year span may approach the
levels at which the incidence of 1lung cancer in uranium
miners is increased by a factor of two over the normal

incidence in men of the same age.




CHAPTER 1
INTRODUCTION
General

Although the radiations associated with medical
diagnostic techniques, radiotheraphy and the nuclear power
industry contribute increasing fractions of the total
radiation exposure of man, the most important source is
stil11 the naturally occurring radtation environment. The
absorbed dose levels range from a2 few tens of millirads/year
to a few rads/year depending on several factors, the most
important of which {5 the <concentration of potassium,
uranium, and/or thorium in the rock and soil of the environs
(UNSCEAR 1958, 1962, and 1966), Other factors that
influence exposure levels 1{1nclude geomagnetic latitude,
altitude relative to sea level, general topological terrain
and geological features, c¢limate, and composition of
buildings in which an individual 1lives or works. An
analysis of the contribution of the various components of
the natural radiation environment which contribute both to
internal and external aexposure 1is given 1in Appendix 1
(UHSCEAR 1966}, The vartation of the cosmic ray dose with
altitude above sea-level and geomagnetic latitude is also
shown in Appendix I,

The United MNations Scientific Committee on the

Effects of Atomic Radfation (UNSCEAR) estimated that the




world average genetically significant dose (GSD) to man is
125 millirems/year {UNSCEAR 1962), A discussion of GID s
g¢iven 1in Appendix lII, The somatic effects of radiations at
world average levels of exposure or even at the dose Tlevels
of the anomalously high areas have not been observed and/or
reported in the literature. Although much 1is known about
the effects of relatively high acute doszs of radiation to
man, e.g., 100-430 rads, little is known about the effects
of low chronic exposures such as those from the natural
radiation environment. 30 1ittle 1s known, in fact, that
there is divided scientific opinion as to whether there
exists a threshold duse below which radiation is not harmful
(threshold hypothesis) or whether affects can be linearly
extrapoiated from observed effects at high Tevels to Tow
dose levels (linear hypothesis) regardless of dose rate, or
even whether some other model is required. However, since
there is some justification and considerable precedence for
applying the 1linear hypothesis (UNSCEAR 1958, 1362, and
1966), it seems prudent to assune that there are some
somatic as well as genetic effects from radiation doses from
the natural radiation envivonment,

It was because there were many apparent problems
relating to human exposures to the natural radiation
environment that this area of research was chosen. Implicit

in statements of concern over low levels of exposure is the

l1inear hypothesis of biological effects and the “man-rad"




concept. The term "man-rad" refers to the sum of the
whole body doses without regard to the distribution of doses
within the populations, Thus, whether x number of people
get a dose of y rads each or 10 x people get one-tenth of y
rads each, the effect on the population, somatic or genetic,
is the same, This reasoning does not apply if y to a given
individual becomes large enough that the probability of an
observed effect in that individual 1s no longer small, 1,e.,
the Jlogic applies only to individual doses of a few tens of
rads at the highest.

Although some progress has been made, there are still
many important unanswered questions concerning our knowledge
of the effects of man's exposure to the natural radiation
environment. Because this radfatfon is from “natural"
sources, there has been, in the author's opinion, an
apparent disregard of many of the probiems associated with
it. Because some of the radiations are so penetrating,
(e.q., the high energy component of the cosmic radiation)
and so all-pervasive (e.g., the beta and gamma emitter,
potassium-40 1is present in all potassium, including that in
the skeleton of man), this disregard might appear to be
justifiable. However, evaluations of the various source
contributions are needed in order to provide recommendations
for control of those exposures for which some degree of

control might be possible. A preliminary step in this

direction was  made in 1972 in the \United Kingdom.




The British National Radiological Protection Board issued a
statement on June 14, 1972, in response to proposals from
the building industry to wuse by-product gypsum in building
matertals which included the following:
Sources of the raw material giving rise to concen-
trations of radium in the finished product signifi-
cantly in excess of 25 picocuries per gram should be
avoided so that the average over the whole country
shall not exceed 25 picocuries per granm,

The term "by-product" refers to gypsum resulting from
the neutralization of excess sulfuric acid in sulphonation
processes; for example see Thorpe and Whiteley (1946).
Although the recommendation does not, in fact, limit the
general use of a material averaging more than 25 picocuries
of radium per gram of material, it does show an increased
awareness of the desirability of some controls. Implicit in
the concept of controls concerning the radiation exposure of
man from the naturally occurring radionuclides are the
philosophical questions relating to man's choice of his type
of domicile and 1its geographical Tocation. For example,
should the public be made aware of any possible danger to
jtself and its progeny through increased radfation exposure
due to choice of home construction materials and TJocation?
Among the 1important technical questions related to this
philosophical one 1is that dealing with quantizing these

effects, namely the prediction of probable exposure by

extrapolation of known radiation effects at high dose levels

to the relatively 1low levels of the natural radiation




environment, Assuming a linear extrapolation model (UNSCEAR
1958, 1962, and 1966), it can be shown that there may be
non-negligible genetic and somatic risks to those 1iving in
houses 1n  which the gamma radiation exposure is
significantly higher than the world average., These risks
may be amplified if the 1lungs are also exposed to high
concentrations of alpha-emitting particles.

Description of the Hatural Radfation Environment

The natural radiation environment may be considered
to consist of emission from terrestrial radionuclides and
cosmic radiations, For this study, all radionuclides in the
natural environment were considered to be terrestrial, even
those produced by nuclear reactions from cosmic ray
bombardmant of terrestrial atoms. Because more information
is available on the geoqraphical and altitudinal variations
of the direct cosmic ray component of the natural radiation
environment than is available on the terrestrial component,
only the latter has received detailed consideration in this
study., O0f the terrestriai sources, the most 1important are
radionuclides of the wuranium and thorium series, and the
potassium isotope of atomic mass 40. These radionuclides
respectively contribute to human exposure by penetrating

radiations, <chiefly gamma rays, from sources in the

environment, through "external exposure,"” and from

radionuclides inside the human body, frequently




located in vital body tissues, gqgiving rise to "internal
exposure,"

The Uranium and Thorium Decay Series

As shown by the tables in Appendix I, more than 50
percent of man's exposure from natural terrestrial sources
is due to the uranium and thorium series (parent isotopes
are uranium-238 and thorium-232, respectively) (Eisenbud
1963, UNSCEAR 1966). These serfes are shown schematically
and respectively 1in Figures 1 and 2. Similarly, the
properties of the 1individual <isotopes in each series are
Tisted in Tables 1 and 2 {Eisenbud 1963, Diliman 1969, and
Lederer et af. 1967). A third series, the actinium series,
derived from uranium-235, contributes a negligible part of
man's exposure and is not considered here {Eisenbud
1963).

Characteristics of the fsotopes in the wuranium and
thorfum series of most c¢onsequence to human exposure
include:

1, Penetrating X and gamma rays from many of the
isotopes contribute significantly to the exposure of man if
the decay occurs inside the human body or in the near
environs.

2. More than 90 per cent of the energy radiated by
the decaying 1isotopes {s <carried by alpha particles, but
because alpha particles in the energy range of interest here

(< 10 MeV) do not penetrate the skin, this energy does not
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Table 1. Most Important Radiation Properties of the
[sotopes of the Uranium Series

Isotope Radiation Energy in MeV and % Yield
238 (4.5 x 10° yr) o 4.20 (75%) and 4.15 (25%)
2341, (24.1 q) g™ 0.19 (100%)
2345 (1.75 min) 8" (> 99%) 2.32 (80%), 1.50 (13%),
Y 0.1 (50%), 0.126 (26%)
0.22 (14%), 0.36 (13%),
0.56 (15%), 0.70 (24%),
0.90 (70%), 1.08 (12%)
234 (2.5 x 10° yr) o 8,763 (100%)
2301 (8.0 x 108 yr) @ 4.682 (75%), 4.613 (25%)
226pa (1,620 yr) o 4.777 (94.3%), 4.589 (5.7%)
222p, (3.85 d) o 5.486 (100%)
21804 (3.05 min) o (> 99%) 6.0 (100%)
2Yp, (26.8 min) g~ 0.72 (100%)
y 0.295 (19%), 0.352 (36%)
+ weaker
21844 (1.3 sec) o 6.7 (99%)
weak

{Cont'd.)




10

Table 1. {(Cont'd.)

Isotope Radiation Energy in MeV and % Yield
21%; (19.7 min) & (> 99%) 3.17 (23%), 1.65 (77%)
o (0.08%) 5.52, 5.47, 5.33 (a1 weak)
¥'s 0.609 (47%), 0.769 (5%),
0.935 (3%), 1.12 (17%),
1.238 (6%), 1.378 (5%),
1.40 (%), 1.509 (2%)
1.728 (3%), 1.764 (17%),
1.848 (2%), 2.117 (1%),
2.205 (5%), 2.445 (2%)
2144 (160 (usee) o 7.683 (v 100%) + long
range alphas
2107y (1.32 min) 8~ 1.9 (100%)
v 0.296 (80%), 0.795 (100%),
1.08 (19%), 1.21 (17%),
1.31 (212), 2.01 (7%),
2.09 (52), 2.36 (8%),
2.43 (9%)
2105, (22 yr) B Tow energies
210g; (5.01 q) 87 (> 99%) 1.17 (100%)
a (5 x107%%) 5 Mev (100%)

(Cont'd.)




Table 1. {(Cont'd.)

Isotope Radiation Energy in MeV and % Yield

2

0p4 (138.4 d) 5.3 (v 100%)
4.5 (~ 1073%)

206vy (4.2 min) 1.51 (100%)

206py, stable
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Table 2. Most Important Radiation Properties of the
[sotopes of the Thorium Series

Isotope Radiation Energy in MeV and % Yield
23210 (1.8 x 1019y o 4,01 (76%, 3.95 (24%)
228pa (6.7 yr) . 0.05 (100%)
2285 (6.13 hr) 6" 2.11 (100%)
228w (1.91 yr) o 5.43 (71%), 5.34 (29%)
22804 (3.64 d) o 5.68 (94%), 5.45 (6%)
220pn (55 sec) o 6.29 (100%)
216py (0.15 sec) (99 + %) 6.78 (100%)
B(< 0.01%) ——-
21654 (300 usec) a 7.80 (97%)
212pp (10,64 hr) 8 0.58 (100%)
21285 (0.5 min) 8~ (64%) 2.25 (100%)
« (36%) 6.08 (10%), 6.05 (26%)
v 0.727 (7%), 0.785 (1.1%),
1.62 (1-8%)
212p,, (0.3 upsec) o 8.87 (100%),
also long range alphas
20811 (3.1 min) g 1.80 (100%)
. 0.51 (23%), 0.583 (86%),
0.860 (12%), 2.614 (100%)
20

8Pb Stable
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contribute to the dose to man except when the decay occurs
inside the human body.

3. The isotopes radon-222 and 220 are noble gases
with respective half-lives of 3.8 days and 55 seconds.
Half-1ives of this magnitude permit the noble gases to
escape, 1in many cases, from the rocks, s$0il or building
materials in which they are produced, Once freed in the air
the gases are subject to inhalation directly, or progeny of
the noble gases can sorb onto dust particles which may be
inhaled subsequently.

4, The daughters of radon-222 and radon-220 decay
according to widely varying decay constants. When the
activity of each of the daughter isotopes is equal
approximately to that of a longer lived "parent isotope," a

state of radioactive equilibrium is said to exist, i.e.,
after several half 1ives of the daughter, if the

half 1ife of the parent is much greater than that

of the daughter, the activity of the daughter approaches

the activity of the parent. This condition is only possible
when none of the isotopes are rempved from {(or added to) the
environs under examination or when the addition and removal
occur in equal amounts, This phenomenon of radicactive
equilibrium is of enormous importance in assessing the dose

to man (UNSCEAR 1958, Evans 1969, Parker 1969, and Jacobi

1964), and is discussed in detail in Chapter III.
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Concentrations of uranium and thorium in the earth's
crust vary widely, Table 3 Tists s ome average
concentrations in different geologic formations, and Table
4 lists some of the geographical areas having concentrations
sufficiently high to produce a significant dincrease in
radifation exposure over the world average (UNSCEAR 1958,
1962, and 1966, Rankama 1954, Spiers, McHugh, and Appleby
1964, Johnson 1952, Johnson and Weir 1962, Marsden 1959 and
1960, Roser and Cullen 1962 and 1966, Cullen 1967, and Roser
et al, 1965).The average total doses,internal plus external,
from natural sources for various areas and the increment of
dose over the world average are shown.,

Other Naturally Occurring Radionuclides

0f all sources of radiation dose to man, the most
important single 1{isotope in terms of absorbed dose 1is
potassium~-40 (UNSCEAR 1958)., Potassium-40 has a half-life
of approximately 1.3 billion years and decays by beta
emission to calcium-40 (89 percent) or electron capture to
argon-40 (11 percent); the electron capture process vresults
in the emission of an argon X ray and a 1.46 MeV gamma ray.
Potassium-40 is present in all potassium to an abundance of
0.01 percent and disintegrates at a rate of approximately
1900 disintegrations/minute/gram of natural potassium,
Muscle tissue of a 70-kilogram human usually contains about

130 grams of natural potassium. This 130 grams of natural

potassium yieids 0,1 microcuries of potassium-40 arnd a
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Table 3. Average Concentration of Uranium and
Thorium in Geologic Formations

Type of Formation Wt. U/g Rock Wt. Th/g Rock
Farth's Crust 1.0 ug 4.0 wug
Igneous: High Silica 4.0 ug 14,0 ug

Intermediate Silica 2.0 ug 8.0 ug

Low Silica 1.0 g | 4,0 g
Sands tone 1.2 ug 6.0 ng
Shale 1.2 ug 10,0 ug
Limestone 1.3 ug 1.3 ug
Granite 4.0 g 9.0 g
Phosphate* (Bone Valley 100.0 wug 10.0 ﬁg

Formation, Florida)

*Samples from one area, Bartow, Florida, but survey instruments show
general uniformity.




Table 4. Geographical Areas Having Soil Concentrations of Uranium and/or Thorium
to Produce the Dose Increments Indicated (dose values in mrad/yr}*

Area Dose Rate, Dose Rate, Increment
Range Average Over World Average
World 100 - 12,000 ~n 125 -—--

Monazite Sands:

Egypt | 200 - 475 A 200 n 75
Kerala, India < 1,000 - > 8,000 ~ 1,500 ~n 1,375
Rio de Janeire, Brazil 550 - 1,250 A 600 ~ 475
Minas Gerais, Brazil 1,700 - 12,000 v 2,000 ~ 1,875
Ceylon Granite Areas 3,000 - 7,000 ~ 3,000 n 2,875 o
Niue Island 1,000 - 2,000 ~ 1,000 ~ 875
West Central Florida (White Phosphate) 150 - 250 A 200 ~n 75
New England and Georgia Granite Areas 150 - 250 n 200 n 75

Bartow, Florida, Areas with Excavated
Phosphate 200

1,500** Not Applicable Not Applicable

Many Localized "Hot Spots" Throughout
the United States 1,000

10,000 -— ~—

* Va]ges_repgrted by UNSCEAR in mrem have been translated to mrad, assuming that the RBE for each
radiation is 1.0 and that those in mrem can be taken as mrad within the accuracy intended,

** Roadways, parking lots, and areas filled in with phosphate aggregate only; there is no method
available at present to estimate average dose to the population.
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resulting absorbed dose to soft tissues and the gonrads of
approximately 20 millirads/year; it also produces a dose of
about 15 millirads/year to the bone marrow (UNSCEAR 1958 and
Mayneord 1964). The decay scheme is shown 1in Figure 3(a)
(Spiers, McHugh, and Appleby 1964 and Martin and Blichert-
Toft 1970).

After potassium-40 and the isotopes of +the uranium
and thorium series, the next most important contributor to
human exposure of purely terrestrial origin is rubidium-87
but the dose due to it can generally be neglected. The
absorbed dose in the gonads from rubidium-87 in the body is
approximately 0.3 miliirads/year, which is typical of the
whole body average; 1i.e., there 1is no notable 1ocal
concentration of the approximately 20 nanocuries total
activity in any single organ (UNSCEAR 1958, Spiers, McHugh,
and Appleby 1964). The half-1ife of rubidium-87 is 47
bilTion years and the decay scheme is shown in Figure 3{(b)
(Rankama 1954},

Carbon-14, produced by cosmic ray neutron capture in
nitrogen-14 followed by proton emission (Libby 1946),
contributes approximately 1.6 millirads/year to the bone
marrow dose and 0.7 millirads/year to the gonadal dose from
a whole-body activity of approximately 30 nanocuries
(UNSCEAR 1958 and Mayneord 1964}, Carbon is a constituent

of all biological tissues and the ratio of the maximum to

minimum dose in the human body from carbon-14 is
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a}
EY = 1,459 MeV = 1,36 MeV
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Ar (stable)
E?Rb
b)
B-(IOG%)
ax = 0:274 Mev
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o= (100%)
= 0,16 MeV
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14N (stable)
3y
d}
B-(IOO%)
E = 0,0186 MeV
max

JHe (stable)

Figure 3. Decay Schemes of “0k, 87pb, l4¢, and 3H,
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approximately three, As a soft beta emitter, carbon-14
contributes only to internal dose; the maximum beta ray
energy is 0.16 MeV, and the mean beta energy is
approximately 0.06 MeV (Libby 1955). The half-life s
approximately 5730 years (Atomic Energy Commission 1970) and
the decay scheme for carbon-14 is shown in Figure 3(c}.
Tritium s also produced by cosmic ray neutrons,
primarily by irradiation of sea water (Libby 1946}. The
half-1ife of tritium 1is 12.3 years, the maximum energy of
its beta ray is 0.018 MeV, and the average beta ray energy
is 0.006 MeV (Libby 1955)., The quantity of tritium in the
body varies over & wide range, but the total amount is small
and the dose therefrom is negligible, << 1 millirad/year
(UNSCEAR 1958). The chief external sources of exposure of man
from the natural radiation environment are then, in order of
importance: the gamma rays from the radionuclides of the
uranium and thorium series 1in so0il, rock and building
materials; the various particles, including neutrons, due to
cosmi¢ rays: and gamma rays from potassium-40 in soil and
rock. Likewise, the most important sources of internal
exposure are the beta rays of potassium-40; the alpha, beta
and gamma rays of the uranium series; and the gamma rays of
potassium-40, all contained in body tissues, respectively.
These internal and external exposures are so general in the

body that they can be assumed to be whole body exposures

within the accuracy intended., However, there is one organ
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of the body, the Tung, which is exposed additionally when
radon and its daughters are contained in the respirable air,
More specifically, the basal <c¢ells of the bronchial
epithelium receive the highest doses and are of major
interest in this research,

General reviews of many aspects of the dose to the
United States population due to the natural radiation
environment have been made recently by Oakley (1971) and by
a Special Studies Group of the Environmental Protection
Agency {1972). The latter report 1ncludes "man-made"
sources such as diagnostic x-ray machines.

Whole Body Exposure to Man From the Natural

Radiation Enviraonment

Gamma radiation incident from outside the body yields
a relatively wuniform dose distribution in man-sized tissue
samples. Jonhes et af., {1972) have presented depth dose
curves as a function of photon energy for unilateral
irradiation, with the midline dose_to man varying from about
25 percent of the incident surface dose at 50 keV to more
than 90 percent at 10 MeV. For isotropic irradiation the
midline dose is in all cases more nearly equal to the dose
at the surface. Consequently, for the purposes of this
study, the external gamma radiation dose can be assumed to
be a wuniform whole body exposure, The gamma rays from
radionuclides distributed in the body yield, in general, an

even more uniform distribution, and thus the total gamma
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component can be taken as uniform.

External beta radiation is primarily of interest, in
general, insofar as the skin and the eyes are concerned.
The clothing .and skin shield the bleod forming organs from
most of the beta rays which escape the soil or building
materials, Also, recommended guidelines for beta
irradiation of the skin and eyes are so much higher than the
highest natural background levels {for example, NCRP 1971)
that T1{ittle attention has been given to external beta rays;
this appears to be reasonable ﬁt present. The more
penetrating bremsstrahlung produced by the beta rays is
included in the photon continuum; that fraction which is too
Jow in energy to be detected by the usual detectors used 1in
these studies can contribute only to exposure of the skin
and lens of the eye and {s considered as part of the
external beta exposure,

Internal beta and alpha-ray emitters irradiate
primarily the tissues of the organ in which they are
incorporated and the dose distribution can be highly non-
uniform, The daughters of radon-222 are heavy metals, and
thus have lung, bone, kidney, and liver as their common
target organs (ICRP 1959}. The Tung is a critical organ in
all cases, but the radon which decays while carried in the
blood and lymph produces short-lived heavy metals which also
decay before they can be deposited in tissues wherein their

residence wil1l be 1long. Hence, they irradiate tissues in
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all areas of the body while they are in the blood or lymph
and thus the whole body is the target organ. Each radon
daughter thus contributes a relatively small dose to any
single organ before the decay reaches lead-210. Because
lead-210 has a long half-l1ife it can become fixed 1in the
body, particularly in bone, where the remainder of the decay
energy is deposited. Consequently, there are two parts of
the inhaled radon and radon daughter exposure; first is the
dose to the lung, the c¢ritical organ, and second is the dose
due to lTead-210 and its daughters, bismuth-210 and polonium-
210. It should be noted that there is another source of

internal exposure, the uranium and thorium and their

daughters in the chain before it reaches radon (222 and 220
respectively) and which find their way intoc the body by way
of the food chain and drinking water. This source of

exposure has received much attention, especially the role of

radium-226, and will not be reviewed here because it is
numerically much less than the dose to the lung tissues,

Dose to the Respiratory System Due to Radon

and Radon Daughters

During the past two decades there have been numerous
studies of the dose to lungs and bronchi due to radon-222
and its daughters. However, only within the last few years
has significant agreement on dose ranges been obtained by
several researchers. For this study, a review and analysis

of the more recent work of others were made but no
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experimental research in the area was attempted. The
emphasis on exposure of the respiratory system'has been and
is due to the well-known increased incidence of lung cancer
in uranium miners {(see for example, PHS 1961, Archer 1962,
1964a, 1964b, Wagoner 1964, 1965, and Lundin 1969).
Although this analysis 1is intended for more general
exposures, there appears to be no need for significant
differences in the calculation of dose in this general case
from that for wuranium mines; the varying dust Jloads,
humidity, disequilibrium, etc.,, are encountered generally.
In addition to the work cited, there 1is an extensive
literature Tisted in the non-cited bibliography. The work
cited was chosen on the basis of this author's judgment as
the most pertinent and the choices may have been somewhat
subjective.

One of the early contributors to the understanding of
respiratory system exposure due to radon and its daughters
was Bale (1951, 1955, and 1956) who recognized the
importance of the attachment of radon daughters to dust
particles. The radon daughters, whether formed in free air
or in the lung cavity, have a high probability of attachment
to particulates which are abundant in all air. Inspired
radon gas, which is soluble in water, blood, and most other
body fluids especifally fatty tissue, may be either expired
or sorbed into body fluids. Once in body fluids, especially

the circulatory system, it is free to <circulate throughout
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the body or to rediffuse 1into the lung and be expired.
However, the daughters, which are heavy metals, whether
attached to aerosols or free fons or atoms may be deposited
in the tracheobronchial tree. Bale (1955) <calculated that
for equilibrium of radon and its daughters, 95 percent of
the dose to the tracheobronchial epithelium was due to the
daughters. As discussed earlier, there are betas and gammas
emitted by the daughters, but the major part of the energy
absorbed in the basal cells of  the tracheobronchial
epithelijum is from alpha particles. The reiative biological
effectiveness (RBE) of alphas compared to gamma rays is not
accurately known for any radiation effect in man, 1including

lung carcinogenesis, but it is generally assumed to be in
the range of 5-20, thus increasing the effectiveness of the

dose due to alpha rays.

Standard anatomy texts show the details of the human
respiratory system, see for example Sobotta (1939),
However, experimental workers with models have used various
simplifications and an excellent recent study (Martin and
Jacobi 1972) has demonstrated some of the important physical

phenomena using a plastic model of the upper bronchial tree.

With the aid of this model and radioactively tagged aerosols
they have shown that the important sites for deposition of
aerosols are at and near the first few bifurcations of
the bronchi. This deposition is that which would be

expected due to impaction of particles for both inspiration
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and expiration, However, the inhomogeneous deposition
includes additional particulates 1in Tocations near the
impaction areas, indicating that diffusion in non-
laminar flow regions is also important. Even so, the
authors were not convinced that these two phenomena alone
could explain the concentrations of activity in the
bifurcation areas of the upper bronchial tree.

Another important facet of respiratory exposure was
explored by Chamberlain and Dyson (1956) and by Shapiro
(1954 and 1956). A primary point of concern 1in those
studies was the ratic of unattached ions or atoms of the
radon daughters, mostly radium-A, to the total ions or atoms,
generally referred to as the unattached fraction, Though
the various measurements and estimates of the unattached
fraction varied from near 1 percent to as much as 50

percent, a mean value of 10 percent was generally assumed,

This unattached fraction 1is estimated to produce about 90
percent of the dose to the basal cells of the bronchial epi-
thelium because of the easier absorption of the unattached
atoms or idons to the bronchi and, to a minor extent, the
absence of self-absorption by a particutate {ICRP 1959).
Although numerous researchers have investigated the
problems of the alpha ray dose to the bronchi, generally by
basing a set of calculations on a chosen deposition model,

the recent work of Jacobi (1972), Martin and Jacobi (19?2),

and Harley (1971)permits not only an evaluation of the range




of uncertainties in the bronchial dose due to radon but also

a narrowing of the 1imits of uncertainty for a given set of

exposure parameters. Harley evaluated many of the physical

parameters, including stopping power, and computed the dose

to the largest part of the respiratory tree (the trachea

with 1.8 centimeters diameter) and the smailest bronchials

(0.6 millimeters diameter). Because the differences were

small, she did not compute the values for the intermediate

diameters, She wused experimentally determined values for

the attached fraction (attached to particulates) and

particle size distribution and assumed a 15-micrometer thick

mucous layer lining the bronchial tree. She used a particle

size diameter of 0.3 micrometers which 1is 1larger than

generally used but showed that self-absorption in it s

negligible; hence, her data can be applied with some

confidence to smaller particles, An important conclusion

drawn by Harley is that the dose to the bronchial tree where

Tung <cancers are observed in uranium miners is lower for a

given radon concentration than assumed by ICRP (1959),

though the diffefence is strongly dependent on the lung

mode] used, In Harley's analysis of Weibel's model

(Weibel 1963), she has computed a dose to the basal cells

(22-micron depth) which is nearly an order of magnitude

Tower  than similar calculations based on a model by

Altshuler (Altshuler, Nelson, and Kuschner 1964). Modifying

Harley's conclusions by a different distribution of
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deposited activity, for example using the results of Martin
and Jacobi for 0.3 micrometer particles, it is reasonable
to conclude that the dose to the regions of bifurcation is
much higher than the average and is in the range of 10-20
rads/year for exposure to 100 picocuries/titer of radon 1in
equilibrium with 1its daughters for 2000 hours/year, If it
is assumed for the present that the working level unit (WL),
used in monitoring for radon in uranium mines and discussed
in Appendix IT:, is numerically equal to 100
picocuries/liter, then the dose to the bifurcation regions
of the bronchi is of the order of 10-20 rads per 12 working
level months (WLM). Ludin et af. (1971} report  that
exposure to 120-35% WLM causes an increase in respiratory
cancer deaths of about a factor of four over control
populations. It appears prudent to assume the "doubling
dose" tec be about 100 WLM or 85-170 rads to the bronchi.
The Tlatent period for Tung cancer depends on the exposure,
but generally decreases with increasing dose. Also, no data
are available on the relative sensitivity of women or
childrean to the induction of this form of carcinoma, but
frdm other human studies it might be expected that czhildren
would be more sensitive. For convenience, use is made of a
"low exposure” Tlatent period of 10 years and it may be
assumed that a two-fold increased risk of death due to this
cause before age 60 would represent too large a "cost" to an

individual for living in a masonry house as compared to a
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wooden building {a highly suspect assumption). Then we may
ask, what concentration of radon would yield a dose for
exposure from birth to age 50 without douhling the
respiratory cancer risk? There are 600 months for eXposure
and, averaged pver the 50 years, somethiny more than eight
hours per day and less than 24 hours per day spent in the
home; at present there 1s no way of arrfving at a
satisfactory average, especially for any specific type of
home, For convenience, assume 15 hours per day over a
period of 600 months which is equal, compared to the miner's
eight-hour shifts “*or five days per week, to 1575 exposure
months, In order to 1init exposure tc 100 WLM, the maximum
WL would be 100 WLM/1575 M or 0.06 WL, Assuming equilibrium
of radon and its daughter, this 1s about 6 picocuries/liter
of radon in air. From the study discussed in Chapter 1III,
it 1is possible to find homes that are typical ef those in

sgme areas of the world where these concentrations would bhe

exceeded. However, considering the effect of even minimal
ventilation, it is expected that the dose due to inhalation
(bronchial) 1is seldom as high as the equilibrium level
{see Chapter III).At present it is not possible to ascertain

the additivity of other doses to this (bronchial), e.g., the

200-400 millirads/yr of penetrating whole body exposure due
to gamma rays from the masonry structural materfals,the dose

due to diagnostic x rays, etc. Consequently, prudence would

make desirable an average radon level of less than 6
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picocuries, perhaps 1 picocurie/liter for residences,
especially in view of +the childhood exposure. This 1
picocurie/liter corresponds to a dose to age 50 years of 5-
10 rads or a dose rate of 100-277 millirads/year to the
basal cells of the bronchia: epithelium.

Objectives

The general objectives of this research were: (1) to
evaluate the range of dose levels to which marn is exposed to
the natural radiation environment and the relative
importance of the various sources contributing to the total;
(2) to contribute to the basic knowledge ¢f the natural
radiatior environment; and (3) to explore the feasibility of
reducing some of the higher than average levelis of man's
exposure to the natural radiation environment.

Mere specific objectives were to:

i. Obtain and interpret the gamma ray spectra of the
isotopes contributing to the natural radiation environment
in various geographical and mineralogical areas, e.g., the
phosphate areas of Florida and granite arees o¢f Georgia.

2. Make similar studies at sites of known
contamination by man, e.g., 1in the 0ak Ridge area, and
determine the factors 1limiting the Tevals that can be
anaiyzed for control of environmental releases from nuclear
centers,

3. Determine the radon emanatien from the surface of

structural materiels per unit area and per unit cuantity of
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uranium (or radium) din the material to ascertain what
parameters most strongly influence the emanation, and *to
explore practical methods of minimizing such emanation,
especially from concrete,

4, Measure the size of dust particles in the air
into which radon gas is being emanated and determine whether
isotopic equilibrium of radon progeny on the particles is
obtained,

B. Evaluate the total doses to humans from the
natural terrestrial radiation sources, especially in certain
"high-dose environments" such as concrete structures built
from materials containing relatively high concentrations of
uranium and thorium. Emphasis was placed on those groups of
persons exposed to levelis of radiation from the natural
environment that exceed the presumed world average of 95-125
mrad/year (UNSCEAR 1958) by a factor of two or greater,

Some of the input data were drawn from the work of others,

e.g.,, the internal dose from potassium-40 in the body,
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CHAPTER 11

GAMMA RADIATION FROM THE GROUND

Introduction

Some of the photons emitted by radionuclides
distributed in the so0il and rock near the air-ground
interface escape without energy loss., The probability of
escape depends on many parameters including the distribution
of the radionuclide with depth, the energy of the photon,
and the composition and density of the soil. In orinciple,
sufficient knowledae of the spectrum would permit
calculation of absorbed dose in man, an inventory of the
gamma emitting radionuclides on or near the surface of the
ground, corrections for the energy dependence of response of
various radiation detectors, etc, It was most apparent that
knowledge of the spectrum due to +the natural radiation
sources is a prerequisite for identifying 1levels of
contaminants from man-made sources which are low compared to
the natural levels, e.g., 1-5 mrad/year,. Sufficient data
were available from previous studies, e.g., see snv=ral
papers in Adams and Lowder {1964),tc demonstrate that many of
the various photopeaks due to gamma rays from the uranium

and thorium series and potassium=-40 were identifiable.

However, insufficient information on the spectrum was
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available for <characterizing the gamma ray environment for
fulfilling the objiectives of this study.

In order to describe the radiation environment above
the ground, several related experiments and calculations
were necessary. The first step was the calculation of
fluence for uncollided photons; the second was the
calibration of a gamma spectrometry system; the third was
the measurement of fluence as a function of photon energy
(spectrometry} ; the fourth was the determination of the
radionuclide content of the soil (by radiochemists and
analytical chemists) ; the fifth was the measurement of the
total dose rate above the ground; and the sixth was the
establishment of empirical relationships between
radionuclide content of the ground and the dose rate above
the ground.

Theory

Experimentally, the guantity most readily determined
by the spectrometer is the number of counts in the
“photopeak” which is obtained when the total energy of the
photon dis absorbed in the detector, 1In order to relate the
counts recorded in the total energy peak to the density of
emitting atoms in the so0il, a number of factors must be
taken into account, The primary factors are the efficiency
of the detector as a function of energy, the absarption of
gamma rays by the soil and air between the emitter and the

detector, and the solid angle at the detector subtended by
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the source. Proper consideration of the effective center of
the detector as a function of energy permits the assumption
of a point detector (Notea 1971). Measurements of the
effective center as a function of energy showed that the
divergence from a point detector geometry was insignificant
for the minimum source detector geometry that could be
obtained in this experiment. Due to the design of the
detector and its associated dewar, the perpendicular
distance to the ground from the center of the detector when
it was in use was 66.3 centimeters and the largest
correction factor for a point detector geometry was only 0.6
percent of this distance. Moreover, small angular
variations in the detector response were also unimportant
due to the greater distances associated with large angles.

Referring to Figure 4 to define geometrical terms,
the counts recorded by the spectrometer in the total energy
peak equivalent to a gamma ray energy E is given for a

Y
specified volume of emitter

dn (E,) =.e(E,) exp[— sece {(u t+ uaD)] n(t,e )dv , (1)
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where  €(E,) is the efficiency of the detector in
counts/gamma ray. In this formulation the efficiency
includes the effect of source to detector distance, a
standard procedure in gamma-ray spectrometry. Photon
attenuation in air and soil 1is given by the exponential
term. The concentration of emitters as a function of EY and
depth in the soil, t, is n(t,EY).

The volume element is r dr d¢ dt or, since it is
possible to write r as (D + t}) sec2s, (D + t)2 sec2g tan
6 d¢ dt de. Because ed? = k(EY) with d = distance and k = a
constant for a given energy, the variation of efficiency
with distance can be written as ¢ = k(E}/d2, Using all of

these values gives

n(t,EY)k(EY) exp[— sec 9 (pet + paDﬂ (2)
— 2
(D + t)2 sec-z 9 _

dne(EY) =

[(D + t)2 sec2 e tan o de dt d¢]

= n(t,EY)k(EY) exp[— sec 6 (uet + uaD)] tan & do dt do . (3)
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The 1linear attenuation coefficients of soil, Mg and

air v, are also energy dependent, but for a given energy

this equation can be integrated

¢ o pn/
ne(EY) =LJ/; j; 2n(t,,EY)k(EWI,) exp[— sec 8 (uet + uaD)]‘ (4)

tan & de dt d¢ .

Indefinite ¢'s are shown to allow for considerations of that
part of the solid angle shielded from the detector by the

dewar. HNow

n(E,) = 2¢k(EY)-£mn(t,EY)dtfﬁjzexp[—— sec 6 (gt + w0} | tan o do (5)
4]

let
y = {ut + u,D) sec o, (6)
then
dy = (“et + uaD) sec o tan 6 de (7)
= y tan 6 de ,
S0
(E.) = 2k(E,) e et f e_ydy (8)
n {(E.,) = ¢J/P nit, ./P -~ » 8
ety Y ) Y Uet+DaD J
or

ng(Ey) = 2k(EY)¢/wn (t, Ey)dt [El(uet + pan)] dt , (9)




37

which can be solved in general for any form of n by a
numerical integration. A different approacn is possible if

n equals a constant. Then

T2 My D secoos —u t sec o
n (Ey) = 2¢nk(E )f e tan 8 def e dt (10)
o}

) /g D sec 8 e_”et sec ﬁ] ® (11)
= 2¢nk{E f e tan 6 d6 |————r 11
L A —Hg S€C 6 |
—_D sec 8
1T/2 a
- 2¢nk(EY)f ALY (12)
o e

To integrate (12), let y = sec ¢, then dy - sec & tan s de,,

8 = 0 implies y = 1, 8 = /2 implies y = =,

2¢nk(E ) gD Y
ng(Ey) = f ———2— dy (13)

Thus, for a uniform distribution

26nk(E,)
ng(E,) = —--e———- E,(u30) . (14)
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This approximation was used to reduce the data that were
collected during a number of measurements, Distributions
decreasing exponentially or linearly with depth might be
better approximations but a uniform distribution was <chosen
as consistent with the quality of the data obtained. Other
approaches to this problem are also possible (Anspaugh
1972) . Most approaches require more information about the
detector than was available at the time these data were
obtained.

For these calculations the air density was taken to
be 1.15 milligrams per cubic centimeter {(corresponding to 23
degrees centigrade temperature and 730 millimeters Hg
pressure) and the density of the soil was assumed to be 2.25
grams per cubic centimeter, which is arbitrarily based on
the density of silicon. To allow for attenuation by the
dewar and 1its contents, a solid angle was obtained by
integrating over the polar angle from zero to #/2 radians,
and the azimuthal angle from 0 to 5.2 radians,.

From the reported results of other workers, e.g.,
several papers in Adams and Lowder (1964), it was clear that
with the relatively poor resolution of Nal detectors (about
15 percent) compared to Ge(Li) (always much 1less than one
percent 1in the energy range of interest) that the ratio of
photopeak height to Compton continuum was two or a T1ittle

greater for the 6~-8 more prominent peaks of the natural

gamma-ray environment. With the better resolution of the
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Ge (Li) detector, the ratio was expected to be higher, at
least as great as 10, but it was also clear that it would
depend on the experimental conditions, especially the ratio
of uncollided to scattered photons in the environment.
Because this ratio <could not be calculated in practical
cases due to cost (it would have to be done for each
different experimental site), it was not attempted though
the large computers and complex codes for such a calculation
were available. Instead, the approach outlined above and
simple codes were used in a semi-empirical evaluation.

Spectrometer System

The primary measurements of the natural radiation
environment were based on gamma-ray spectrometry. The most
important reason for wusing gamma-ray spectrometry rather
than dosimetry is that the <contribution of a specific
radionuclide can generally be determined. An accurate
measurement of the fluence of photons originating from the
various naturally occurring nuclides was needed to compare
with calculations, to provide a basis for relating fluence
and radionuclide concentrations in the soil, and to test for
disequilibrium in the wuranium and thorium decay chains.
Because there is still some worldwide contamination of the
1and surface and near subsurface produced by nuclear
weapons, added importance must be placed on the accurate
identification of the various radionuclides contributing to

the total gamma-ray exposure.
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Until recently, field spectrometry was accomplished
by using scintillation spectrometers, usually Nal (see for
example, Lowder et af. (1964), Wollenberg and Smith (1964),
Adams and Fryer (1964), and Beck et af. (1964}, However,
due to the limited resoiution of photon energy with this
system (usually 10-15 percent of the photopeak energy) many
energies contributed to the response in a given photopeak
region, The extent of this response made catibration for
the many peaks of the uranium and thorium series difficult
and the accurate identification of many nuclides dJmpossible
by this technique.

The development of a spectrometry system based upon
germanfum diode detectors has eliminated many of the
problems assocfated with scintillation spectrometers.
Lithium drifted germanium detectors, Ge(Li), are remarkable
forltheir high resolution of photon energy. This resolution
is typically 2-3 keV for 1 MeV photons (full-width,half-
maximum), but ranges from less than 100 eV in the 1-5 keV
region to approximately 4 keV for photons of 3 MeV (Krugten
and Van Nooijen 1971 and Hamilton and Manthuruthil 1972).
Although Ge{(Li) detectors have a lower sensitivity in terms
of "counts per photon" than do Nal scintillators, their
higher resolution permits statistically significant spectral

data to be obtained 1in approximately the same amount of

time, Such detectors and their associated equipment are

commercially available from several sources., A sketch of
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the detector, having an active volume of 50 cubic
centimeters, wused 1in this study is given in Figure 5. The
inner cylinder represents the "undrifted" region, i.e., the
voiume 1in which no 1ithium is incorporated and is therefore
a "dead" or non-sensitive volume, The diagram of the
spectrometry system is shown in Figure 6 and photographs of
the field apparatus are shown in Figures 7 and 8, A1l of
the field equipment was mounted or transported in a one and
one-half-ton van truck. The van was air conditioned and
equipped with a gasoline-powered generator for providing
electrical power at remote sites, The multichannel analyzer
(MCA), used early in the study had only 512 channels, and
this necessitated as many as 10 measurements at a single
location in order to obtain the gamma-ray spectrum to the
accuracy required. Later din the study measurements were
made using a 4096 channel analyzer. Because all components
of the spectrometry system are commercially available from
several sources, no further details will be given here.

Other Eguipment

Although the spectrometer system was the major ftem
of field equipment, other equipment used either in the field
or for analyses of samples from the field is included here
for convenience of grouping though some 1items are related
more directly to the radon studies reported in Chapter II1.

Significant components are: (1) sensitive scintillation

detector of the portable or survey type, (2) a scanning
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Fig. 5. Lithium Drifted Germanium Detector: Form
and Dimensions.
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Fig.7. View of Field Spectrometry and Air Sampling Equipment
as used Typically.
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electron microscope, and (3) various types of radiochemical
equipment, including neutron-induced fission facilities.

Field Experiments

In the early design of the field experiments,
discussions were held with researchers who had previously
reported results from studies or surveys in the Southeastern
and New England areas of the United States. Later, contacts
were established with the State Departments of Public Health
in Florida, Georgia, and Kentucky and their cooperation
was given in final arrangements for the studies in their
respective states. After a study of the Georgia granite
area around Stone Mountain and a comparison of reports
containing earlier work in Georgia and New England, the New
England study was deleted because the physical data there
should compare closely with Stone Mountain.

The main objectives of the field experiments were the
measurements of the photon fluences from the ground as a
function of energy, radiochemical sampling of soil and rock,
and measurements of radioactivity' on particulates in the
air. Air samples were analyzed for radicactivity in the
field, but size distributions of the collected particulates
were made in the laboratory.

Measurements with Ge(lLi} detectors were made at
several sites near the 0ak Ridge National Laboratory {[ORNL),

at two sites in Florida, one site in Georgia, and two sites

in Kentucky, as shown 1in Table 65, Measurements with




Table 5,

Field Measurement Sites and Survey Instrument Readings

Average Exposure Rate

Oak Ridge, Tennessee 01d EGCR** area(no contamination ever allewed
at this-site) 8
Cesium field used for ecology studies 20
Former storage area for contaminated equipment,
chiefly 235 contamination 20-30
Shale outcrop area near Tennessee 58-95 intersection 25
Whitley City, Eleven miles west; Yamacraw section; three miles
Kentucky south of Kentucky 92--valley with smouldering slag
heap (mining ceased approximately 1950) 15
Manchester, Kentucky One mile south of Manchester in drive-in theater 15
Atlantic Beach, Beach home of relative of staff member, Florida 18-25
Florida State Department of Public Health (Granite Rogk Area) =
8-1
(Clear Beach)
25-35
(Black Sand)
Bartow, Florida Civic center grounds in park playground 180-200
Stone Mountain, Granite quarry area three miles east of public 20
Georgia center buildings {Average)
Georgia + Highways and other paved or graveled areas using
granite aggregate 10-30
Florida + Highways and other paved or graveled areas using
phosphate rock aggregate, especially in Polk
County area 20-200

* ExcTuding approximately 4 microrad per hour from cosmic rays.

*% Site of Experimental Gas-Cooled Reactor which was never finished or fueled,
+ Survey instrument measurements only.
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scintillation survey instruments alone were made in numerous
places in all four states, and especially along highways
that were constructed with wuranium or thorium bearing
materials as aggregate. In general, spectroscopic
measurements were made on the flattest and smoothest terrain
having the highest radiation background as determined by the
scintillation survey instrument. A notable exception was at
Bartow, Florida, where the highest background was too high
for proper performance of the MCA. The Bartow measurements
were made at a site having a dose rate of approximately 100
microrads per hour.

Procedures

Calibration

Before use can be made of the pulse height data
obtained from any gamma-ray spectrometer, calibration is
required, Two factors must be considered, pulse height
versus incident photon energy and counts per 1incident
photon. For a simple, source geometry {e.g., a source,
small enough to be considered a point, is placed along the
detector axis at a fixed distance from the front face of the
detector) efficiency can be determined by using sources of
known energy and yield. Such an approach is wuseless when
the source consists of a plane below the detector. In this
case, one may combine a knowledge of the efficiency for a

source on the plane directly below the detector and the

angular response of the detector to obtain an efficiency
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integrated over the total useful solid angle (Anspaugh
1972}, The difficulty of measuring the angular response at
enough angles, particularly at angles near 180 degrees,
coupled with the essentially three-dirensional response
function that must be handled, makes this approach a
difficult ohe, Horeover, the angular integration fis
necessary regardless of the distribution function selected
to represent the concentration of the radionuclides on or in
the plane. Therefore, an approach more readily reailized by
exparimentalists is the assumption of a point detector
already discussed, The data necessary to implement this
approach are ohtained by measuring the response of the
detector to known sources placed at a number of distances
from the can housing the detector.

Assuming a point detector, the product of the
efficiency 1in counts per source gamma ray and the distance
squared should be a constant for 2 given eneragy. That s,
ed2 = k(EY IR Assume d is composed of twe factors, £, the
distance from the source to the surface of the detector
enclosure, and ¢, the distance from there to the effective
center of the detector, Then, e{g + c)2 =k or ¢%(2 + ¢) =
k% so that the result is an equation for a straight line of
the form y = mx + b with y = 1/¢%, x = 2, m = 1/k* and b =
c/k!é . Conversely 1if a quadratic form 1is wused, the

parameters may be written y = 1l/e, x = &, ap = c2 [ky a; =

2¢/k and az = 1/k.
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Data were taken with a set of sources whose energies
are well known and whose yield were given to 5 percent.
The sources used were cobalt-57 with gamma rays at 121.9 and
136.3 keV, sodium-22 with an annihilation gamma ray of 511.0
keV and a gamma ray at 1274.6 keV, manganese-54 with a gamma
ray at 834.8 keV and cobalt-60 with gamma rays at 1173.2 and
1332.5 keV. All source strengths were about one microcurie
of activity at the time they were assayed. Corrections for
decay were made to obtain the number of gamma rays per
second each source yielded at the time of the experiment.
Perhaps sources with assays more precise than 5 percent
would have been desirable but this uncertainty was less than
that for most of the measurements of naturally occurring
gamma rays, Because the highest energy in this source set
was well below the highest natural energy of interest
(thaliium-208 at 2614.5 keW , it was supplemented with an
yttrium-88 source (gamma rays at 898,0 and 1836,1 keV) from
a somewhat aged International Atomic Energy Agency (IAEA)}
standard source set and a small sodium-24 source {(gamma rays
at 1368.5 and 2753.9 keV) made by exposing NaCl to the
Health Physics Research Reactor (HPRR) ., 1In the latter case
data obtained with the known sources had to be used to find
a source yield.

A number of measurements were made with the basic

source set, They were made in front of the detector along

its axis and at right angles to this axis at positions above
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and below and an either side of the detector. Except in a
direction below the detector measurements were made at 10,
20, 40, 60, and 80 centimeters from the detector enclosure.
Three dindependent runs were made at each distance to
minimize errors in the distance measurements, The sources
were positioned by mounting them in the center of a sheet of
paper stretched over a six-inch ring mounted on a ring
stand. Below the detector, measurements were made only
once, at 10, 20, 40, and 60 centimeters. Only one set of
measurements were made because a number of other
measurements were made with the source on the floor below
the detector. 1In each case, a source was simultaneously
measured in each of the five positions, The differences in
the energies allowed correlation of each measurement with
its proper position. A set of measurements at 10 and 20
centimeters from the estimated center of the detector were
also made as a function of angle, in 15 increments. These
were made to be used with the ficor measurements if the
technique of Anspaugh (1972) was used for data reduction.
A11 of these measurements were made in a low-scatter room at
some distance from the insulated thin steel walls and over
a floor consisting of thin steel sheets. The Tow yield of
the yttrium-88 and sodium-22 sources limited measurements to
10 and 40 centimeters.

The counts in the peak channel were extracted from

the data by a computer program. Numerous programs have
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performed this function and many have been described in
previous publications. Most were felt to be too elaborate
for this application since they are mostly for nuclear
physics applications where the energies to be measured are
mostly unknown and the possibility of doublets and triplets
must be considered. In this application most of the
energies of interest have been well established and do not
involve doublets or triplets. The program written for this
purpose used a smoothing technique to obtain a second
difference of the data. Where this difference value was
negative and exceeded its uncertainty by a factor of 2.6 {99
percent confidence} for at least three éhanne1s, a weighted
average of the channel numbers was made using these data.
Such a weighted average corresponds to a centroid
calculation, With this value for the center of the peak, a
point was chosen eight channels on either side and three
channels average, to establish a background. By assuming
that a linear function described the background, at least
over a 17-channel interval, the data were summed and the
calculated background subtracted., When this net count was
negative, due to two peaks occurring less than 16 channels
apart, the interval was decreased and the net counts
recatculated. Programs using Gaussian fitting routines were

also tested, but the results did not justify the added

complication in the data reduction.
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The net counts/second were divided by source yields
to obtain counts/gamma ray. These values were averaged
using a weighted average based upon a quadratic approach
discussed earlier, The effective centers varied
considerably but the values of m and a yielded consistent
values for k., Ultimately the values from the 1linear
approach were used. Besides being somewhat more consistent,
the uncertainties in these values <could be calculated
readily. These uncertainties permitted weighted averages to
be made. Moreover, the 1imited data from yttrium-88 and
sodium-22 could only be handled in a 1linear fashion and
these points were believed to be necessary.

To obtain the values for k at all energies from 100
to 2700 keV a power function was fitted to the data.
Although an approximation, it was thought to be consistent
with the overall guality of the data.

Calibration of the wenergy scale was much more
precise, When weighted averages of all of the centroid
values were used, the coefficients of a quadratic function
were obtained from a least squares technigue. This function
fitted the data to within 0.03 percent over the entire
energy range, A linear function also fitted the data to
within 0.3 percent so that no effort was made to correct the

data for the small fluctuations in energy represented by

each channel,
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Experimental Data

Gamma-ray specira were measured at a wide variety of
locations with widely varying sources of natural background.
Not all of the measurements were made in geometries suitable
for the type of data reduction already discussed. Those
that were suitable came from a wide variety of locations:
(1) over a concrete slab floor in a metal-sided building,
(2) near a field that was charged with cesium-137 for
ecology experiments, (3) over an old radioactive waste
storage ground, (4) over the slag pile of a coal mine in
Whitley City, Kentucky, (5} at a playground in Bartow,
Florida--a city in the midst of the Florida phosphate mining
region, and (6) at the dquarry associated with Stone
Mountain, Georgia,

A1l of these data were limited somewhat by the data
handling equipment available. These data were obtained in
a series of enerqgy intervals using a 512-channel
multichannel analyzer. This necessarily piecemeal approach
to the data acquisition 1led to a number of problems in
reducing the data, The form used for taking the data
included a measurement of a cobalt-60 source coupled with
nearby setting of a precision pulser as the <calibration.
Each subsequent set of data was spanned by points recorded
from the precision pulser, The centroids and counts in the

peaks were obtained from the data using a computer program

that operated with the same algorithms wused in the




calibration program described above,

Assuming the precision pulser was linear (a good

assumptien), it was calibrated by using the pulser peaks

associated with the <cobalt-60 data to determine a zero

channel correction for these data. This correction was used

to find a ratio between the measured data and the standard

data. With this ratio the exact energies of the pulser

peaks were calculated using the quadratic formula determined

during the calibration. Hext, ratios of the calculated

energies to the energy values on the pulser were cobtained,

This precisely calibrated the pulser scale to an energy

scale., A calibration factor was obtained by averaging the

two ratios, It should be noted that precise energy values

are not required for the first step of finding the zero

correction as long as there is a linear relationship between

pulser settings.

For each subsequent set of data in a given run the

energy represented by the recorded pulser settings was

obtained by using the <correction factor to calculate an

energy per channel for each data set, these values were

coupled with the centrotd values found by the computer for

the pulser data. To make some allowance for the not quite

linear response of the detector as a function of energy, the

enerqy per channel was divided into 1332.5 to find the

equivalent peak channel for cobalt-60, A ratio of this

value to the calibration peak channel gave a correction
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factor so that the <centrofds of wunknown peaks could be
converted to energlies using the quadratic formula. To do sco
also required using the pulser data to obtain a zero channel
correction., It is recognized that division of the cobalt-60
energy by the energy per channel of the data set assumes a
linear E versus channel retationship. As a result energy
values were considered to have at least a 0,2 percent
error,

In all cases the gamma-ray energies were those
published 1in Nuclear Data by Wakat (1971). Thus, the
energies calculated were compared with this 1listing to
determine their origin. These data were also correlated
with the data of Martin (1970), also in Nuclear Data. This
second listing generally correlated well but contained much
less information than the first.

Since'a uniform deposition of radionuclides 1in the

sofl was assumed, the factor

24k ®
R=58K [ f &Y 4
Ve .[“;é’ ! (15)

where the gquantity 1in brackets is the function commonly
referred to as Ez(uaD), was calculated for a number of
energies from 100 to 3000 keV (see Table 6). The values for

the earth attenuation coefficients were determined from data

published by Storm and Israel (1970). A program in "basic"
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language was used to calculate the E values. R values for
the energies in the data were found above 200 keV by a
Gaussian backward interpolation technique. Little wuseable
data were obtained below 200 keV. The resulting factors
were used to determine the gamma rays per cubic centimeter
for each observed energy. By including the yield
{gammas/decay)} for each identified line, a concentration in
curies/cubic centimeter could be found and frem half-lives
a concentration in atoms/cubic centimeter, Some
representative final data are shown 1{in Tables 7-13, A
surprising number of the observed gamma-ray energies could
not be identified as belonging to members of either the
uranium-238 or thorium-232 series.

Discussion of Results

In the tables of identified gamma rays, the final
column should be a constant for any given isotope in a given
data set., Considerable deviations exist in the data. Some
possible reasons for such differences can be postulated. If
the gamma-~-ray energy was ﬁssigned incorrectly, an improper
isotope may have been found and thus incorrect values would
be obtained, Any errors in calculating the area of the
peaks would also show up in proportional errors in these
values, The simple summing technique can produce a total
that is lower than 1t should be, when the peak being

measured is near to another peak or near the Compton edge of

a strong peak. There is some evidence that this might have
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Table 6. Ratio R of Counts in Photopeak to Gamma Rays
Emitted Per Cubic Centimeter of Soil

Evy ua b E2 {pa D) pe k R
100 1.72 E-3 0.9883 0.1008 0.7940 40.481
150 1.89 0.9873 0.0630 0.5596 41,637
200 2.04 0.9865 0.0651 0.4365 34,396
300 2.20 0.9856 0.0661 0.3076 23.850
400 2.26 0.9853 0,0671 0.2400 18.326
500 2.27 0.9852 0.0671 0.1980 15.117
600 2,26 0.9853 0.0671 0.1691 12.912
800 2.21 0.9856 0.0646 0.1320 10.472
1600 2.14 0.9859 0.0627 0.1088 8.896
1500 1.96 0.9869 0.0579 0.0767 6.798
2000 1.82 0.9877 0.0545 0.0598 5.636
3000 1.61 E-3 0.9890 0.0497 0.0422 4,367
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occurred in some cases. Different sources give a reasonably
wide varfation of abundance values for a given energy.
These uncertainties would have an effect, particularly when
low abundance lfnes were involved., If the data varied with
energy in some systematic way, then assumption of uniform
distribution mfght be suspect. 1In fact, such data might be
used to calculate a correct distribution factor., Such does
not appear to be the case for these data.

The summary data include weighted means and
deviations when more than one line was observed from a given
jsotope, While the levels that were observed would give
considerable weight +to the assumption that spectrometry is
a technique capable of measuring the Tlow Jlevels being
considered for protection around power reactors, the
uncertainties in these averaged values may give a somewhat

more realistic basis for evaluating the capabilities of the

technique.
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Table 7. Identified Gamma Ray Lines at EGCR Site

Probable
Ey keV) Ci/cc of Ey Isotope  v/Decay Ci/cc of Soil
330.2 1.156 = 0,41 x 1000 %5 00100 1.15 £ 0.41 x 1071}
2.3 1.22 :0.25 x 1073 2Mpy  g.3600  3.39 + 0.69 x 10713
609.5 1.43:0.42 x 10743 Mgy 04700 3.04 + 0.89 x 10713
661.3 1.34:0.28 x 10053 137¢c 0.8600  1.56 + 0.28 x 10713
787.4  2.99 + 0.46 x 10785 2% g.0120  2.49 x 0.38 x 10711
1461.0 5.06 + 0.43x 107 %% 91100 4.60 £ 0.39 x 10712
1806.4  6.56 + 2.54 x 10°1% 2128 0.0015  4.37 £ 1.69 x 10711
Sumary

2385 1.15 = 0.41 x 1071 Cijee

21%p 3,39 = 0.69 x 10713 Ci/ec

25 576 + 3.17 x 10”13 Cijee

212; 4,37 + 1.69 x 107 Ci/ec

8y 2,60 £ 0.39 x 10712 Ci/ec

B30 1.56 2 0.28 x 10722 ci/ee
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Table 8., Identified Gamma Ray Lines at Cesium Field Site

Ey(keV) Cifce of By [roeel® y/Decay  Ci/cc of Soil
328.0 1.19 +0.62 x 1073 ““Bpc 00530  2.25 + 1.17 x 10717
351.9 2.33:0.66 x 100° 2y 03600  6.47 + 1.83 x 10713
5109 5.61 + 5.16 x 107% 2981 00040 5,97 + 5.49 x 10713
583.7 2.90 0.72 x 1071%  298r1 93100  9.35 + 2.32 x 10713
609.7 2.10 + 0.51 x 10713 2Mgy 0,700  4.46 + 1.09 x 10713
661.5 4.48 £ 0.50 x 10733 137cs  o.8s00  5.21 + 0.58 x 1071
786.2 5.87 + 0.64 x 10713 2%y 00120  4.80 + 0.53 x 1071}
910.3 1.12+0.37 x 1002 21977 0300  3.73 £ 1.23 x 1071°
954.9 6.46 + 0.70 x 1071 %1% 0032 2.02 +0.22 x 10710

1461.1 1.20 £ 0.06 x 10712 g 0.1100  1.09 + 0.05 x 1071

Sumary
2Mpy 6,47 + 1.83 x 10713 cijee
214 2.66 + 9.96 x 10713 Ci/ec
21071 3,73 £ 1.23 x 10718 Ci/ec
228p0 2,25+ 1.17 x 1072 Ci/cc
21255 2,02 + 0.22 x 10710 cisec
20817 g.84 + 1.21 x 10713 Cijec
40

K 1.09 £ 0.05 x 107%! Ci/ce

-14

13765 5,21 + 0.58 x 10717 ¢i/ee
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Table 9. Identified Gamma Ray Lines at Storage Area Site

Ey (keV) Ci/cc of Ey ?;giggge v/Decay Ci/ce of Soil
238.1* 3.44 +0.70 x 10713 2%, 04700  7.32 £ 1.49 x 10713
203.4  1.49 + 0.2 x 1075 23%a  0.0820  3.55 £ 1.00 x 10712
339.3* 1.08+0.57 x 1071 %8¢ o0.1500  7.20 + 3.80 x 10713
%21 2.52+0.41 x 1071 2y 93600 7.00 = 1.14 x 10713
510.3 1.70 + 0.38 x 10723 2081y 00940  1.81 £ 0.40 x 10712
583.7 2.82 + 0.55 x 107 2% 93100 9.10 £ 1.77 x 10713
609.7 3.95 £ 0.57 x 1072 Z1%y, 04700  8.40 £ 1.21 x 10713
661.4 3.19 £ 0.09 x 10712 13¢5 g.8e00  3.71 0,10 x 10712
727.2  4.44 + 4,28 x 1004 2% 90720 6,17 + 5.80 x 10713
911.2  2.57 + 0.31 x 10713 2911 00300  8.57 £ 1.03 x 10717

1240.2  8.93+ 4.46 x 10714 2y 00600  1.49 + 0.74 x 10712

1462.0  6.99 = 0.59 x 100 %O¢  0.1100  6.35 + 0.54 x 10712
1767.4 2,02 £ 0.33 x 10-'13 214B'i 0.1700 1,19 = 0,19 x 1me12

2617.5 421 +0.43 x 1073 2811 9300 1.17 : 0.12 x 10712

Summary

234 0-12

Pa 3,85 + 1,00 x1 Ci/cec

2%y 7.00 + 1.14 x 10713 ¢i/ce
21p: 9,51 + 1.74 x 10713 ciee
21077 .57 + 1.03 x 1071¢ ci/ec

{Cont'd.)
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Table 9. (Cont'd.)

Sumary

228pe 7,20 = 3.80 x 1073 Cizce

2125, 7,32 + 1.49 x 10713 Cisec

212p; 6,17 + 5.89 x 10713 Ci/ec

20871 1.13 £ 0.21 x 10722 gi/ec
40

K 6.35 = 0.54 x 10°2 Ci/cc

137c¢ 3,71

I+

0.10 x 10”2 ¢i/cc

*The isotope corresponding to this energy could not be positively identi-
fied for an associated energy uncertainty of = 0.2% but apparently could
be positively identified for an energy uncertainty of + 0.4%.
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Table 10. Identified Gamma Ray Lines at Whitley City, Ky., Site

Probabie

Ev(keV) Ci/ec of Y [iotope.  Y/DECAY  Ci/cc of Soil
235.9  2.64 +0.47 x 10718 2, -
241.3  1.61 +0.24 x 10713 2% 00370  4.35 + 0.65 x 10712
200.7  8.41:1.60 x 1000 %, 0.1000  4.43 5 0.84 x 10713
338.2 5.9 +2.12x 1001 28y 01500 3.79 + 1.41 x 10710
352.1  2.31+0.20 x 10713 2%y o300  6.42 + 0.56 x 10717
510.8% 7.17 + 1.47 x 10014 20851 00940 7.63 £ 2.63 x 1073
584.5 1.47 x 0.29 x 1073 281y 93100  4.74 +0.94 x 10713
610.2  3.97 2 0.30 x 1073 21%5 04700  8.45 + 0.64 x 10713
723.2¢  1.25 + 0.41 x 10713 2% 00070  1.79 = 0.50 x 1071
767.6  1.71+0.38 x 10°1%  2%i  0.0500  3.42 £ 0.68 x 10712
836.5 7.41 x+0.72 x 10713 “l%;  g.0080  9.26 + 0.90 x 10711
911.0 2.08 + 0.42 x 10713 21071 0300  6.93 = 1.40 x 10712
966.8  4.65 + 4.18 x 10714 228 02000  2.32 + 2.09 x 10713
1002.4  1.05 + 0.07 x 10712 23y g.0060  1.75 + 0.12 x 10710
1120.2  1.44 + 0,47 x 10713 2i  o.1700  8.47 + 2.76 x 10713
1441.5%  1.36 £ 0.46 x 1071 2% 0.0020  6.80 £ 2,30 x 1071
1262.8  9.07+0.79 x 1078 g 01100 8.25 2 0.72 x 10712
2611.7  2.15 + 0,22 x 1071° 2081y 9 3600  5.97 + 0.61 x 10713

(Cont?d.i
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Table 10. (Cont'd)

Summary

234Mpa .75 + 0.12 x 10710 Ci/cc

204, 5,81 + 0.92 x 10713 Ci/ce

214 1

Bi  8.73 % 7.21 x 10713 ¢i/ce

210v1 .93 + 1.40 x 10712 gi/cc

228, 3,33 + 0.68 x 10~13 Ci/ec

228p.  4.35 + 0.65 x 10712 ¢i/ec

20811 568 + 0.67 x 10713 Ci/ce

1

By 8.25 +0.72 x 10712 ¢i/cc

I+

*The isotope corresponding to this energy could not be positively identi-
fied for an associated energy uncertainty of + 0,2% but apparently could
be positively identified for an energy uncertainty of + 0,4%,
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Table 11, Identified Gamma Ray Lines at Atlantic Beach, Fla., Site

By (keV) Ci/ce of By propanl® v/Decay  Ci/ce of Soil
473.3* 1.41 £ 0.75 x 10713 2%%ps 00008  1.76 £ 0.94 x 1071°
486.1%  7.69 + 3.27 x 10°1% 2%y 00033 2,33 = 0.99 x 10711
51,1  2.28 £ 0.46 x 10722 2981y o090 2.43 z 0.49 x 10712
581.5% 4,06 + 0.49 x 10733 2981y g.3100  1.31 = 0.16 x 10712
607.4% 7.38+0.82 x 1071 2% 0.a700 1.57 £ 0.09 x 10712
718.9  1.73 + 0.11 x 10712 2ps  o.0042  4.12 + 0.26 x 10710
733.7 1,30 £ 0,77 x 10713 3%y 00000  1.44 £ 0.8 x 10712
912.3* 2.98 + 1.32 x 1071 2101y 00300  9.93 + 4.40 x 10712
934.4 2.10 + 0.13 x 10722 2% 0.0300  7.00 + 0.43 x 1071}
969.2% 2.95 + 0.62 x 10713 228pc 02000  1.48 + 0.31 x 10712

1116.7* 3.11 :0.53 x 1072 2Mg5 91700  1.83 = 0.31 x 10712

1404.0  2.43:0.93 x 1071 2Y%i  g.0170  1.43 + 0.55 x 107!

1460.0 2.70 £ 0.15 x 1072 4O 0.1100  2.45 + 0.14 x 10711
1761.6  3.37 £ 0.38 x 1071 2M%5  0.1700  1.98 = 0.22 x 1071

.12

2616.9  7.94 + 0.45 x 10013 20817 0.3600  2.21 + 0.12 x 10

{Cont'd.)




67

Table 11, {(Cont'd.)

Summarg

234 -12

Pa 1.44 + 0.86 x 10

i+

Ci/cc

2260, 395 + 0.61 x 10~10

214

Ci/cc
Pb 2.33 = 0.99 x 10" Ci/cc

214 12

Bi 1.67 + 1.30 x 10~
-12

Ci/ce

210

T1 9.93 £ 4,40 x 10 Ci/cc

-12

228pc 1,48 + 0.31 x 10" Ci/ec

20811 1.01 + 0.44 x 10712

40

Ci/cc

K 2.45 +0.14 x 1071} Ci/cc

I+

*The isotope corresponding to this energy could not be positively identi-
fied for an associated energy uncertainty of + 0.2% but apparently could
be positively identified for an energy uncertainty of + 0.4%,
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Table 12. Identified Gamma Ray Lines at _Bartow, Fla., Site
[Second Run (Playground)]

Ev (keV) Ci/cc of By orovabl®  y/becay Ci/cc of Soil
210.1%  1.08 +0.29 x 1072 2%ha 00370  2.92 2 0.78 x 10711
293.5 2,15 +0.12 x 1072 2¥p;  g.0420 5,12 + 0.29 x 10712
351.8  3.94 +0.20 x 10712 2%y g.3600  1.09 + 0.06 x 101!
609.9  7.02 +0.25 x 10712 2% o700  1.49 + 0.05 x 1071
724.8%  3.56 + 1.28 x 10713 21231 0.0720  4.94 + 1.78 x 10712
767.8  9.15 + 1.91 x 10723 21%;  o.0500 1.83 + 0.38 x 10711
936.3 3.98 + 1.81 x 1003 2% o030  1.33 + 0.60 x 10711

1124.7 271+ 0.14 x 1002 233 g.0170  1.59 + 0.08 x 1010

1159.1*  3.35 = 1.07 x 1073 2% g.0180  1.86 + 0.59 x 1071

12400 1.27  0.11 x 1072 2M%i 0600  2.12 + 0.18 x 10711

1381.9* 7.81 2 0.76 x 1001 2% 90500  1.56 + 0.15 x 10712

1411.8  2.00 = 0.86 x 100 21019 90500  4.00 = 1.72 x 10712

1511.2  5.67 2 0.72 x 10033 2% 00200 2.84 + 0.36 x 101

1664.2  1.06 £ 0.58 x 10°7° %My 90120  8.83 + 4.83 x 10732
1730.7  6.06 * 0.55 x 1071 2% 90300  2.02 + 0.18 x 10711
1760.4  3.21 £ 0.09 x 10°1% 25y 01700  1.89 + 0.05 x 107!

1852.5% 5.25 + 0,45 x 10°1°  21%¢  g.0200  2.62 + 0.22 x 10711

2124.7¢ 2.60 + 0.26 x 10713 V%5 o.0100 2.60 £ 0.26 x 1071}

2208.3  1.04 : 0.04 x 10°12 2% 0500 2.08 + 0.08 x 10711

2850.4 2,95 + 0.39 x 10713 2%pa 050165  1.79 = 0.24 x 10711

2616.7  1.98 + 0.31 x 10°3% 208717 g.3600  5.50 + 0.86 x 10714

{Cont'd.)




69

Table 12. {Cont'd.)

Summary
2340 6.37 2 3.45 x 10~ Ci/cc
226ps 1.79 + 0.24 x 10”1 ¢i/cc
2140 1.09 + 0.06 x 107! Ci/cc
21 1,79 + 0.29 x 10" Ci/ce
21001 4,00 + 1.72 x 10712 Ciec
22802 2.92 + 0.78 x 10°M Ci/ce
2125: 4,94 + 1.78 x 1012 gi/ec
20811 550 + 0.86 x 10~1% ci/cc

*The isotope corresponding to this energy could not be positively identi-
fied for an associated energy uncertainty of * 0.2% but apparently could
be positively identified for an energy uncertainty of * 0,4%.

+This concentration assumes no contribution from the first escape line,
1120.4 keV, of bismuth-214.
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Table 13, Identified Gamma Ray Lines at Stone Mountain, Ga., Site

Evy (keV) Ci/cc of Ey ?:gigg;e v/Decay ¢i/cc of Soil
293.4  6.16 + 0.72 x 10733 %%z 0.0420  1.47 £ 0.17 x 1071
352.8%  1.58 + 0,11 x 1002 218y 03600  4.39 + 0.31 x 10712
g22.4 6.3 +1.50 x 10713 2% 00016  3.98 = 0.94 x 1071°
898.8  2.64 + 0.23 x 10712 2%, 00410  6.44 = 0.56 x 10711
936.7¢ 9.23+1.49 x 10713 2% o030  3.08 = 0.50 x 10711

1081.5% 1.69 + 1.00 x 10713 21%3;  0.0043  3.93 £ 2.33 x 1071

1112.9* 3.64 £ 0.17 x 10012 2101 g.0700  5.20 = 0.24 x 1071

1125.3  9.80 + 1.50 x 1071 23%5 00170  5.76 + 0.88 x 10711

1158.1% 3.81 + 1.46 x 10713 21%;  o.0180  2.12 + 0.81 x 107}

1381.4¢ 3.27+0.98x 1008 2%y 0.0500  6.54 + 1.96 x 10712

1463.4* 3,92 £ 0.13 x 10722 % 0.1100  3.56 = 0.12 x 1071

1510.2  1.33+0.57 x 1001 2% 00200 6.65  2.85 x 10712

1649.7 2.67 +0.80 x 10013 2100y 0200  1.34 + 0.40 x 1071

1680.6  6.20 £ 5.96 x 10724 21%5 0020  3.14 + 2.98 x 1071}

1765.3 9.3 = 0.78 x 10033 21y 0.1700  5.48 = 0.46 x 10712

2205.3  3.10 + 0.34 x 10723 21%i  0.0500  6.20 + 0.68 x 10712

2612.3  2.17 £ 0.22 x 10013 2081 g 3600 6.02 £ 0.61 x 10713

Summary
23, 2.02 + 1.52 x 107 Cisec
2140 4,39 + 0.31 x 10" gi/ec
214

.'_

Bi 5.93 + 2.56 x 10712 Ci/ce

(Cont'd.)
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Table 13. {Cont'd.)

Summary

210 1.70 x 1071 Ci/ee

Tl 4.18

1+

212p: 3. 93

I+

2.33 x 10~ ¢i/ee

2081 .02 + 0.61 x 10713 ciec

40

¢ 3.56 £ 0.12 x 107 Ci/ce

I+

*The isotope corresponding to this energy could not be positively identi-
fied for an associated energy uncertainty of + 0.2% but apparently could
be positively identified for an energy uncertainty of = 0.4%.
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CHAPTER IT1

EMANATION OF RADON FROM CONCRETE

Theory

Radon-222, formed in the decay of uranium-238 (see
Chapter 1), can escape into the atmosphere from the earth's
crust and from various building materials. Once 1in the
atmosphere the radon-222 will decay into the heavy metal
elements; radium-A (polonium-218) with a 3.05 minute half-
life, radium-B (lead-214) with a 26.8 minute half-1ife,
radium-C (bismuth-214) with a 19.7 minute half-1ife, and
radium-C' (polonium-214) with a 150 microsecond half-1life.
These short half-1ife atoms, when present in sufficient
concentrations, represent an dinhalation hazard to man,
These concentrations can be estimated by measuring the alpha
particle activity from air drawn through a dust particle
membrane filter. 1In developing the equations descriptive of
the time dependence of the collection and assay of the alpha
particle activity of the dust on the membrane filter, the
7.69 MeV alpha particle emitted by decay of RaC' is included
in the decay of RaC. ODBecause of the short half-life of
RaC' (150 microseconds), cornpared to the 19,7 minute half-

1ife of its precursor, RaC, this alpha particle activity can

he attributed to RaC for mathematical convenience though it
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will be shown in the data as RaC'. If the dust sample is
assayed within a few minutes after termination of the
collection of the sample, the 6.0 MeV alpha particles
produced from decay of RaA will also be observed, This
activity 1s characteristic of the 3.05 minute half-1ife of
the RaA.

From the well-known characteristics of radicactivity
decay (Rutherford 1904 ), the number of decays (d"i) of a
particular radionuclide is equal to the number of nuclei
(ni), times the decay constant (11) which characterizes the
instability of the nucleus according to the fractional decay

per unit time, multiplied by the differential time interval

{(dt), i,e.,

dni(t) = —Ani(t)dt R (16)

and the time rate of radioactive decay can then be expressed

in the form of

dni(t)
—gr— = it (17)

The decay constant is equal to 0.693/T,i where Ti
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is the half-1ife of the particular radionuclide of interest.

In this study it is desirable to know the number of
radon daughter atoms of a specific type collected on a
membrane filter having a flow rate of v liters per unit time
if q is the air concentration of the radon 1in atoms per
liter. Assume that the decay chain has the form A + B 4 C
where A, B, and C represent the radon daughters formed
successively in the uranium decay chain, Then, the number

of atoms of RaA collected on the filter is

dny(t) = apevedt — xpnp(t)dt , (18)

where qA + ¥ «» dt is the number of atoms collected from the
air in time dt and AA nAdt is the number of atoms of RaA
decaying to RaB daughter in the time dt assuming 100 percent

collection efficiency. The time rate of collection is

dnA(t)
__dt_.=qA-v—AAnA(t) . (19)
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Likewise, the observed number of atoms of RaB is the number
which the membrane collects from the air (qB . vV . dt), plus
those produced by the decay of RaA, (AAnAdt). minus the
number decaying to RaC in elapsed time dt (qg ng dt), while

the sample 1s being collected, f.e.,

dng(t) = Qgevdt + apna(t)dt — apng(t)dt (20)

and the time rate of decay is

dnB(t)
—gr— = gV + Agnat) — agng(t) . (21)

This technique can be extended to the (th atom in the

decay chain and the corresponding time rate of decay is

dni(t)
g T %Y AN (B —oyng(t)

(22)
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which 1s a linear differential equation of the first order,

1.8.'

X + ay = f(x) , (23)

and has a general solution of the form
= X
y=e? [Yg +ﬁ(><)e“"dx} . (24)

Boundary conditions are established by assuming that no

nuclei are collected if the sample time is zero, i.e., n

0 if t = 0.

The solution of Equation (22) according to Equation(24)

for the first three radon daughters yields
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=, t
l1—e A
RaA na(t) = qpv X ’ (25)
(26)
a B % "8 g = *p QY "8 ’
(27)
-t
and RaC nc(t) =g,V e + e~ g + UB — AA) UC = lB)
Xt —t
A C
?\Be ABe
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A physical interpretation of Equation (25) can be
ohtained if one considers qvt to be the number of atoms
caught by the collection membrane if the nuclide does not
undergo radioactive decay. The survival probability of a

number of radiocactive atoms n_, over a time t can be written

)
as

n _ —t
n—' =@ (28)

where n is the number of undecayed radioactive nuclei after
elapsed time ¢t. It must be emphasized that n must be
sufficiently large to insure small statistical deviations,
These statistical deviations are due to the random nature of
spontaneous decay. If this survival probability is averaged
over the entire time the sample is beihg collected (t)}, then

the mean survival probability is

r(1-e?h (29)




79

and {it 1is easily seen that Equation (25) is simply the
product of the number of radicoactive atoms collected by the
membrane ({qvt) and the mean survival probability of the
collected radioactive atoms.

The set of equations described by Equation (22) can be

written in matrix notation as

N = vLQ (30
or
na(t) 2aa(t) 2pp(t) 2p0(t) ap
ng(t) | = v | gpa(t) tgp(t) 250(t) dg (31)

ne(t) ealt) 2ep(t)  2en(t) qe




teplt) =

and zcc(t) =
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The matrix equation can be inverted to give the radon
daughter concentration in air in terms of the radon daughter

atoms collected on the membrane filter, 1.e.,

L 1N . (33)

< |

Q:

The number of radon daughter atoms collected on the
filter can be obtained from counts of the activity of the
radon daughters taken as a function of time after the
sampling of the air was terminated. Assume that the RaA,
RaB, and RaC atoms have been ¢ollected on the membrane for
a sampling time t. MNow the collection has ceased, but the
radioactive decay processes continue throughout the period
the sample is counted, The number of RaA atoms collected
Wwas n,, but some of these nuclei will decay between the time
of collection and the time of counting. Let a time
parameter now be defined so that + = 0 at the end of the
sample collection and the elapsed time 1t is the time
interval between collection and counting. The number of

radon parents, A, at counting time t is NA where

dny(t) = apnple)de . (34)
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Integration of Equation (34) yields

ny(c) =Be A, (35)

and evaluation according to the boundary condition nA(t)s

nA(t) when ¢ = 0 yields

—%AT
nA(T) = nA(t)e . (36)

The number of B daughters at counting time can be found

according to

dnB(r) = AAnA(r)dr —-ABnB(T)dT . (37)
or
dnB(T)
=g * Agnglt) = ample) (38)
but
d (T) =X T
T8 4 agngle) = agmpltie A, (39)

and the solution is
AT f# —ApT ~ApT —ApT
nB(r) = g Bfe B [AAnA(t)e A }dr +oe B . (40)

or

—AaT

A
- lAnA(t)e N ue—)\BT . (41)

nB(T)
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From the boundary condition nB(T) a nB(t) when ¢ =

0, o in Equation (41) is evaluated and

In a similar manner, 1t is found that

—-A AT - BT
. e _ e (43)
A"B IKB —-AA) (AC —-AA) (mc — Ap) (AB —-AA)

nC(T) = nA(t)

—J\cr

A ~—ALT —A AT

e B B c

+ — — + [ng(t) (e —e )
(AC AA) (AC AB) B Ac ™ *p

+ nc(t) (e——ACT) .

Equations (36), (42}, and (43) have been incorporated

into two methods of calculating the radon daughter

concentrations 1in afir from count rates of alpha particle
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activity collected on a membrane filter (Tsivoglou et al,
1963 and Martz et af. 1969). Both of these methods have been
formulated into matrix relationships suitable for use with
Equation (33). In the following discussions of these
methods, the one given by Martz et af. is referred to as
the spectrometry method because the alpha particle activity
from RaA and RaC is measured separately, The method given
by Tsivoglou et al, measures count rates of the combined
alpha particle activity from RaA and RaC. Results from both
methods were in good agreement, but the spectrometry method
yialds smaller uncertainties in the calculated radon
daughter concentrations. A discussion on the uncertainties
in the radon daughter concentrations computed by the two
methods of taking count rates is given by Hart2z
et al. (1969).

Tsivoglou Method

This method uses the count rates of total alpha

particle activity from RaA and RaC at three times (rl, Ty,
and 1) after the termination of the sampling. The combined
count rate, Cy> from RaA and RaC at any time, Ty is given

by the relation

ci(Ti) = g[;"AnA(T-l) + AC"C(H)] ’ (44)
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where g is the geometry factor of the detector used to assay
the sample. Substitution of the equations for n,(t). ng(t)

and nc(r} in this equation gives the relation

W ApAph —ApTs —A~Ts
- LA AB"C ( AE C1) 4%

Aadgh —hATe —ApTa
A'B C ( i B 1)]
t g TRy O g ¢

ApA —A Tz —X AT —ApTa
B"C ci Ci Ci
oyt | (e )] e )|

e ley) = 9 [miA(ri)nA(t) + mog(e; Ing(t) + hic(ri)nc(t)] . (46)

malty)  mglegd myelry)

mapltp)  myglzy)  mye(r,)

Mapltg)  maplry)  ge(rg)
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or

C= g . (48)

This relationship can be inverted to give

N = é Wic | (49)

which when substituted into Equation (33) yields

0= L Iv e . (50)

Thus the concentrations of RaA,RaB, and RaC can be ohtained
by computer calculation of the inverse matrix elements of L
and M given in previous equations. The use of a matrix for
counting rates and matrix multiplication gives the
concentrations 95> g and g as matrix elements of Q. The

computer program {Racon I) used in this method of analysis

is available upon request.
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Spectrometry Method

This method uses count rates from RaA (CA) at v, and
from RaC {cc) at 15 and 13 {1,<v3) after the termination of
the air sampling, The times 1, and 1, may be equal as in
the discussion of this method by Martz et al. (1969). In

this method the three counting rate equations are

(RaA at ;)
¢ {ry) = gagnpley) (51)
—AnT
= gnA(t)[kAe A 1} . (52)
(RaC at t,)
4 C2<T2) = glcnc('fz) (53)

ApAn A —h,T —ApT
A'B"C A2 B 2)
=9 l nalta) [(AB =R ) g —-aij'<; —e

(54)
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and

{RaC at T3)
c3(t3) = Gaenglrs) (55)

AaBAe ( ~ApT3 ‘*373)
g ’ nylt) [0 =34 Og = \° -

Aghph ApTy  —AgT
v -ﬁﬁ§ —x)@ C3_e83ﬂ
B A c B
Ap A —ApT —ApTa
B"C B'3 €3
+ nglt) [EAC = 7g) (e - e )]

+ ne(t) (xce_“cT3) i . (56)

Summarizing Equations (37), (39), and (41} 4into matrix

notation, the result is

¢ = gMN (57)
¢ty maly) mpley) o myley) na(t)
colrg) | =9 | mplrp)  mpplrp)  maclcp) ng(t) | (58)

¢3(13) maplry)  maplrg)  myeley) ne(t) | >
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where

=\ 5T (59

myglry) =0
Myelrgd = 0
=\ AT A NT =k AT —ARpT
" () - wWele [ K2_oC2 02 7B
2AN 2 Ag — Ap AB —-lA AC —-lB
ApA —ApT - T
B™C B'2 c'2
Myp(T,) = — (e —e )
2B 2 AC AB
A2

Myelrs) = Ace

Map(ta) = +
Ap A Ay T —AaT
B"C B3 €3
m (1 ) = — (E — e )
3B* 3 AC AB
T3

m3c(13] = Ace
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The elements of M can be calculated from the set of
equatfons given in Equation (59) and the inverse matrix M-l
for use in Equation (50). The matrix M and the matrix C are
different from those used 1in the Tsivoglou Method. The
matrices L and L! are the same for both methods, assuming
the sampling times were equal., In other words, the same
count rate spectral data can be analyzed by both methods.
A second computer program (Racon II) using this method of
analysis 1s also available on request,

Method of Error Analysis

The method of error analysis is simplified by the use

of matrix Equation (50) in the form

KC (60)

where

k=Lt - (61)
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Because of the small wuncertainties in the decay constants,
the sampling time, and the counting times involved in the
calculations of the matrix elements of L and M, the

uncertainty of ay is

(se;) 2 2
(9% Y e || | g ] (a2

¢, g v

where 49, = the variance in q,, where i = A, B, and ¢C, acj
= the uncertainty in the count rate cj,&g = the uncertainty
in the geometry factor q, and av = the uncertainty in the
sampling flow rate v.

Instrumentation

A four stage cascade impactor followed by a millipore
filter holder (see Figure 9) was used for air sampling for
radon daughters carried'by particulates; the design and use
of this equipment has been given by May (1947). The physics
of impaction sampling is well presented by Fuchs (1964).

A silicon surface-barrier diode detector was used for
measurements of alpha spectra, since the available
resolution of 20 keV allows accurate determinations of the

aipha energies. In order to obtain the highest efficiency

and best resolution, a nearly monomolecular layer of the
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nucltide of interest was placed as near the detector surface
as possible, and an evacuated counting chamber was used.
This technique is quite satisfactory when the nuclide being
studied has a Tong half-life. However in cases where short
half-1ife nuclides are to be counted, this typé of counter
is inconvenient. Further, because the diodes should not be
biased in the pressure range near 0.1 torr due to the danger
of breakdown, a counter ﬁhich has a convenient air lock for
admitting the samples quickly 1is needed so that the slow
lTowering and vraising of the bias voltage will be
unnecessary,

A solution is a counting setup that operates at
atmospheric pressure with the source, which is a dust sample
on a filter in this case, placed a minimum distance from the
detector, Although the technique allows rapid measurement
of the samples and averts the other problems of measurement
in a vacuum, it leads to energy loss of the alpha particles
in the air between the source and the detector, The
distance cannot be decreased much below 0.5 centimeters due
to the geometry of the diode. A 6.4 MeV alpha particle
traversing air at 760 torr and 20°C along the minimum
distance between the detector and source will lose above 270
keV of energy. The energy response of the system is
nonlinear, i.e., a less energetic alpha particle will 1lose

a greater amount of energy and a more energetic alpha
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4-STAGE CASCADE IMPACTOR

AIR SAMPLING SYSTEM

Fig. 9. Air Sampling Apparatus used in Field and Close-up
of the Cascade Impactor.
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particle will lose a smaller amount of energy in traversing
this distance,

To Jmprove upon this situation, an existing gas flow
proportional counter was modified to hold the diode
detector. A source-to-detector distance of 0,525
centimeters was the minimum that could be obtained with this
arrangement, By flowing helium through the chamber, the
energy loss hy a 6.4 MeV alpha particle was reduced to about
80 keV, 1In fact, alpha energy loss is the lowest in heljum
of any gas, hydrogen being higher due to 1its diatomic
nature, Exploded disassembled and assembled views of the
counter are shown in Fiqures 10 and 11, Figure 12 compares
a measurement of a plutonium-239 source made in a vacuum, in
air, and in helium. By using helium, a counter operating at
atmospheric pressure can be wused with Tittle 1loss in
resolution and considerable gain in sample«~handling
simpiicity. The use of helium also reduced the nonlinearity
in the energy response of the system caused by the variation
of stopping power with alpha particle energy. An energy
calibration can be obtained with a thorium-228 source which
emits alpha particles having six energies between 5.35 and
8.78 MeV, The ability to leave the high voltage on the
diode not only minimized the <calibration problem but
prevented problems in reapplying the high voltage,

Commercially avai]ab}e electronics systems, similar to those
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. PHOTO 2910-72

Fig.10. Exploded View of Alpha Counter Showing Position
of the Surface Barrier Diode Detector.
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Fig.44. The Assembled Alpha Counter.
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used with the ogamma-ray spectrometer were used also with
this detector,

Other problems that are due to the nature of the
source itself are encountered when measuring alpha particles
from air samples, A sample taken in a dusty envirbnment ¢an
exhibit poor alpha resolution due to self-absorption in the
source, The same fJs5 true for samples collected on a
standard paper filter for which the collected particles are
trapped at various depths in the filter, In this study,
good alpha particle resolution was obtained with a millipore
filter having an average pore size of 0,45 microns,
Examples of typical alpha particle spectrum from a dust
sampie collected for 10 minutes at an air flow of 17 liters
per minute and assayed at 4 to 5, 14 to 15, and 29 to 30
minutes after the termination of the sampling is shown in
Figure 13. The alpha particle pulse spectrum was recorded
using a 512 channel anaiyzer.

Alternate methods of obtaining data would be simply
to replace the multichannel analyzer with a single channel
analyzer and a scaler or to vreplace the multichannel
analyzer by two single-channel analyzers and +two scalers.
In the first case, the number of counts in the RaA and RaC
peaks would be measured together as a function of time, and
in the second case, the total number of counts in the RaA
and RaC peaks would be measured separate]y'as a function of

time,
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Results wusing all three of these methods were good
when the count rates from multichannel data were calculated

as follows

Counts

colt)) = Fve Time (63)

where live time was that recorded during a clock time

interval from t, to t, and

1 (64)

where ty is the midpoint of the «c¢lock time counting
interval, The counting rates were sufficiently low that the
dead time <corrections for the other two counting methods
using single channel analyzers or scalers were negligible.
The multichannel data were preferred because the spectrun

could be recorded for future reference. Although the real

count rate 1{s changing din a nonlinear fashion during the
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counting interval, the count rate averaged over an interval
of counting time is a good approximation to the
instantaneous or real count rate provided the counting time
used in the decay equations is from the termination of air
sampling to the midpoint time of the counting interval,
Consider the real counting rate, c¢{t}), over a counting
interval as shown in Fiqure 14,

Ltet c(tm) be the real count rate at the midpoint time
tm of the counting interval at = t, = t;. The average count

rate <c> over the interval is

<E = ek (65)

and the ratio of the average count rate over the interval to

the real count rate at the midpoint time of the interval 1is

t - {t—t.)
-I;Z cﬁﬁ)e tmd’c
<C> 1 (66)

elt.y 3 '
m c(tm) _/;12 dt




ORNL-DWG 72-13019

L
=
A (F=Fpp)

® , c(t)=clt,) e i
2 |
5 :
Z |
= |
S |

< At g

! l |

f' ’m 75

TIME

Fig.14. Diagram of Segment of Radon
Daughter Decay Curve and Relations
Used in Determining Average Count
Rates as a Function of Time.

<01




103

or
<C> e—l(tl ) tm) e e_l(tz - tm)
c(t,) At =] (67)
_ oMt/2 a2 (68)
At
- 2.sinh_(at/2) (69)
bt

For RaA with 3.05 minute (183 second) half-life the above

relation yields:

at o serle(ty)
20 seconds 1.000
30 1.001
60 1.0n2
90 1.004
129 1.004%
150 1.914
130 1.919

183 1.029
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Hence, the count rate averaged over one half-life of 183
seconds 1is in error by only 2 percent, if it is used as the
real count rate at the midpoint time tm of the counting
interval, For RaC with a longer half-life of 19.7 minutes,
the approximation yields even closer results when the
counting intervals are one to two minutes. In this study,
counting intervals of this 1length were adequate for the
activity collected on the sampling membranes.

A geometry factor, g, defined as the ratio of the
number of alpha particles <¢ounted by the system to the
number emitted by a circular source coaxial with the
detector is shown by the solid curve in Fiqure 15. As shown
in the figure, the geometry factor varies with the radius of
the circular plane source. Equations given by Jaffey (1954)
were used in calculating the theoretical values of g shown
by the solid curve in the figure. These theoretical values
were based on a separation distance of 0.525 centimeters
betwean the detector and source, and a sensitive area of
four square centimeters specified by the supplier of the
detector. Experimental measurements of the geometry factor
of the system using calibrated americium-241 and thorium-2330
sources having an active surf&ce area with a radius of 0.4
centimeters are also shown in the figure, The error bars on
the experimental points indicate the uncertainties in the
calibration of the sources by the supp]ier at the 99.7

percent confidence 1level, Dashed curves are used to
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indicate a 0.025-centimeter error in the experimental
measurements in locating the source at the 0.525-centimeter
separation distance between the membrane filter holder and
the diode detector.

The g value used for the membrane filters which
collect dust over an area with a radius of 0,925-centimeters
can be seen from Figure 15 to be approximately 0.240, Based
on the above comparison between the theoretical and
experimental values of the geometry factor, the uncertainty
in this 9 value wused for analyzing the radon daughter
concentrations in air from counts of activity on the
membrane filter was estimated to be 5 percent or less.

Experiment

Experimental studies of the emanation of radon from
concrete were conducted with a type of concrete chosen
because of Jts similarity to that used in forming concrete
from shales, cinders, and other Tow density aggregates. In
order to provide sufficiently high radon yield without
unmanageably large surfaces, some preliminary studies were
made with commercially available building blocks and with
samples of uranium ore. The size and configuration of the
concrete elements constructed for use were three-foot square
slabs of six-inch thickness. The agogregate was a
commercially available shale preparation (Shalite) to which

uranium ore was added., The uranium ore was carnotite from

the Grand Junction area of Western Colorado and assayed
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approximately 0.2 percent uranium by weight., The densities
of the finished blocks were 90-95 pounds per cubic foot.
The total weight of each block was approximately 400 pounds
of which either 50 or 100 pounds were due to the wuranium
ore. Both the density and appearance of the blocks closely
approximated that of shale or cinder blocks.

The commercial shale preparation was used as
aggregate to insure a relatively high porosity. In this
application, porosity is defined as the ratio of the void
volume to the total volume of the medium, Porosity
measurements were madé with a mercury porosimeter by the
Standards Laboratory Group of the Y-12 Plant, and a porosity
value of approximately 0.26 was obtained, The experiments
were conducted in a relatively airtight enclosure as shown
in Fiqgure 16, The walls of the enclosure were polyethylene
(0.004 inches) supported on a wooden frame. The Ge(L1)
detector described 1in Chapter II was nmnounted so as to
measure the gamma spectrum from outside the plastic wall.
The enclosure was chosen to provide a stable temperature,
humidity, and dust distribution, These quantities as well
as the barometric pressure were measured as the temperature
of the blocks were varied in the course of the experiment,.

The blocks were cast with 0.5-inch 0.0, copper tubing
woven through the midplane parallel to the large faces as

shown in Figure 17. A water heating and pumping system was

provided for heating the blocks uniformly by means of the
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copper tubing, Temperatures were recorded by five
thermocouptes tocated as shown in Fiqure 17, A sixth
thermocouple was used for measuring the air temperature
inside the enclosure, Air sampling for the enclosure was
accomplished by a closed loop sampling system; the air was
withdrawn through the four-stage cascade impactor, a
miltipore filter, a flow-rate meter, and returned to the
enclosure. A flow rate of 17 liters per minute (0.6 cubic
feet) was used throughout the experiment, As the 1longest
ajir sampling time required was 10 minutes, the volume of the
air in the enclosure which was withdrawn, filtered, and
returned was less than 5 percent of the total, However, to
help ensure a constant dust particle distribution in the
enclosure a vibrator was placed on the floor and the return
air stream was also directed at the floor.

The experiment was conducted in the following
sequence: (1) Set up a block in enclosure; (2) Measure
gamma ray spectrum; (3) MHeasure radon concentrations and
particulate size distributions and concentrations, at room
temperature (maintained at 23°C) and a fixed humidity, as a
function of time; (4) Vary temperature or humidity and
remeasure Step 3, repeating until temperature and humidity
range were covered insofar as practical; (5) Remove block,
coat with a sealant chosen to be of practical interest and
repeat Steps 2 and 3, including measurements of the gamma

spectrum as a function of time. From the spectral data it
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was possible to assess the buildup of the specific radon
daughters in the concrete behind the sealant.

The radon activity was determined by using the
silicon diode detector system described in the preceding
section, Dust particle size distributions on the various
impactor stages were measured, principally, with the aid of
electron micrographs from the scanning electron microscope
(SEM). A typical electron micrograph is shown in Figure 18,
The sfze range of particles on the fourth stage of the
cascade 1impactor was l-5 micrometers mean linear dimension
with a monotonic decrease in the particle count with
increasing dimension. There were a few larger particles, up
to about 10 micrometers. A Royco particle counter was also
used as a check on the SEM determinations, Variations in
size distributions throughouf the experiment were small and
do not appear to be significant. As expected, from previous
studies, the greatest activity was on the particles having
a mean linear dimension of 0.3 micrometers. Generally, less
than 10 percent of the activity was on particles having a
mean Jlinear dimension equal to or greater than 3
micrometers, Mean 1linear dimension is used to denote the
average dimension in a given direction relative to the
micrograph for the randomly oriented and irregularly shaped
particles. From these data and the work of Harley (1971)
and George et af. (1970), it appears that an effective

particle dimension for lung exposure of 0,1-0,3 micrometers




Fig.18. Typical Electron Micrograph
for Stage 4 of Cascade Impactor
(Magnification 1000x).
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is representative of the atmosphere, generally. The
sealants were chosen on the basis of their widespread
utilization in home construction. Blocks were sealed by
stuccoing with cement plaster, the stucco sealant evaluated
as outlined above, and then heavily painted with epoxy
paint, A second sealant type was the commercially available
asphalt used to cement asphalt or vinyl floor tiles 1in
place.

Results and Analysis

Results of studies on the effect of temperature on
radon emanation from concrete are shown in Figure 19, The
experimental points in the figure show the concentration of
radon daughters 1in air versus the temperature of the
concrete for two block conditions designated as (a) high
moisture content and (b) 1low moisture content. For the
condition of high moisture content, the relative humidity in
the air of the enclosure varied from 84 percent at a block
temperature of 23°C to 86 percent at a block temperature of
43°C, Because these humidity factors were larger than those
normally encountered in buildings, the block was dried by
heating. During the drying process, the enclosure was open
to room air which had a low relative humidity. For low
moisture in the block, the relative humidities of the air in
the enclosure varied from 58 percent at a block temperature

of 23°C to 72 percent at a block temperature at 43°C. 1In

the case of a relative humidity of 80 percent at a block
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temperature of 23°C, the humidity was artificially increased
by placing trays of water in the enclosure. In all other
cases, the humidity of the air was allowed to come into a
natural equilibrium with the moist concrete blocks.

Because of the large size of the concrete blocks, it
was difficult to ascertain their moisture content, In
these studies, small samples of the moist concrete were
weighed before and after drying in a vacuum oven at 1509 ¢
for 24 hours. The differences in the weights of the samples
were used to establish the approximate moisture content of
the concrete. In this manner, the 1low moisture condition
was estimated to be 2 to 4 percent by weiqght and the high
moisture condition was estimated to be 6 to 8 percent by
weight. The uncertainties in these estimates are large
because of the limited space in the available wvacuum oven.

Results of these studies indicate a negligible
temperature effect on the emanation of radon from concrete,
between 23°C and 43°C, and a relatively strong dependence of
radon emanatfon on the moisture content of the concrete.
Without the measurements of the concentration of vradon
daughters 1in air at a block temperature of 23°C and a
relative humidity of 80 percent, the results might be
interpreted to 1dindicate a temperature effect on radon
emanation from concrete, However, a decrease in the radon

concentration' in air with an increase in temperature of the

concrete would be contrary to the temperature effect
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reported by Gabrysh and Davis (1955) from studies using
crushed samples of uranium bearing rocks.

In the measurements of radon emanation from low
moisture concrete, the concentration of radon daughters in
air has an apparent correlation with the relative humidity
of the air in the enclosure as shown in Fiqure 20. This
apparent correlation is shown in the fiqure by the straight
lines whose equations were obtained by a least squares fit
to the experimental data. The effects of the humidity on
radon emanation from a highly moist block could not be
ascertained due to the small range of relative humidities.
However, the data in Figure 19 also show a decrease in the
concentration of radon daughters for the equilibrium state
at the highest relative humidity in the ambient air.

If the concentration of raden daughters in the air of
the enclosure for the low moisture state of concrete are
normalized to the same relative humidity using the equations
given {in Figure 20, the 1lack of dependence of radon
emanation on the temperature of the concrete is obvious.
The dependence of radon emanation on the moisture content of
the concrete is emphasized by normatizing the concentration
of radon daughters in air from a low mofsture block to a
retative humidity of 80 percent,

In experimental measurements of the ratio of radon

concentration to iJts daughter concentration in the air of

the enclosure with blocks of 100 and 50 pounds of
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carnotite, vrespectively, a value of 1.60:0.11 was obtained,
the block containing 100 pounds of carnotite yielding the
larger concentrations of radon daughters,

A value of 1,61 * 0.05 was also obtained for the
ratio of the radium concentration in the blocks of different
uranium content using gamma-ray emission spectra. This
average value was obtained by weighing according to the
uncertainties in the ratios of the counts in peaks of the
emissijon spectra from the 186, 839, and 2448 keV gamma rays
of radium-226. Data on the gamma-ray spectra from these
blocks are given in Table 14.

'The concentration of polonium-218, or radium-A, which
is in secular equilibrium with the radon-222 in the air of
the enclosure, is related to the total radium=-226. The
radon-222 in the air of the enclosure is related to that in

the concrete by the following expression

qv = f+A; = f*(Ac + AX) | (70)

where q = the concentration of RaA in air of enclosure 1in

microcuries per Tliter, ¥V = volume of the enclosure in

liters, f = the escaping fraction of radon from the




Table 14,

Gamma Ray Emission from Bare Concrete Blocks

Energy
Experi- of
menta) Photon
Energy from
of Radon Abun-
Photo- Pre- Radon dance Counts/Sec from Counts/Sec from
peak cursors Pre- (frac- Block with 50 1bs Block with 100 1bs Ratio of
(keV) (keV) cursors tional) of Carnotite of Carnotite Count Rates
186.1 185.9 234Pa 0.0170 (3.65 + 0.10) x 10"1 (5.89 + 0.14) x 10'1 1.61 + 0,06
186.1 226p5  0.0410
226 -3 -2
839.0 839.0 Ra 0.0060 (5.66 + 1,91) x 10 (1.37 £ 0.24) x 10 2.42 £ 0,92
226 -3 -2
2447.6 2447.6 Ra 0.0165 (8.96 + 0.43) x 10 (1.44 + 0.06) x 10 1.61 + 0.10
Average Weighted by Uncertainty in Ratio 1.61 + 0,05

611
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concrete, AT = the total activity of radium-226 or uranium-

238 in the concrete block in microcuries.ﬂc = the activity
of radium-226 or uranium-238 in the carnotite of the block
in microcuries, andAx = the activity of radium-226 or
uranium-238 in  the other materials of the block in
microcuries. By use of this equation, we have from the

experimental measurement,

2
2
g’T=f:E‘=16, (71)
A
so that,
A2+Ax 0L + A,
Ao TCTEA (72)

A + A

where the superscripts 1 and 2 are used to specify

quantities reltated to the blocks containing 50 and 100
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pounds of carnotite, respectively. The value of Ax » the
activity of uranium-238 or radium-226 of the block materials
other than the carnotite, was found by solution of the above
gquation to be 10 microcuries. Hence, the total activity of
uranium-238 or the activity of radium-226 produced in the
block containing 100 pounds of carnotite is 40 microcuries.

In order to estimate the fraction of the radon
escaping from the concrete, the value of 80 picocuries per
liter in the air of the enclosure from the block containing
100 pounds of carnotite was used. This was the value
measured for low moisture concrete at a block temperature of
23°C and a relative humidity of 58 percent in the air of the
enclosure as shown in Fiqures 19 and 20, For these
conditions, the fraction escaping from the concrete was
calculated to be approximately 1 percent. The following
retationship, obtained from Egquation (70} was wused to

calculate this value

= (73)

where V is equal to 3960 cubic Viters (140 cubic feet).At
is equal to 40 microcuries, and q is equal to 80 picocuries
per liter,

In studies on the effects of sealants, ne reduction

in the concenfration of radon daughters in the air of the

enclosure and no increase in gamma-ray emission from radon
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~daughters in the concrete was observed from blocks that were
either stuccoed with cement plaster or coated with asphalt.
For a similar stuccoed block coated heavily with epoxy
paint, both a reduction in the radon daughter concentration
in air and an dncrease in gamma-ray emission for radon
daughters in the concrete was observed,

The concentration of radon daughters in the air of
the enclosure before and after the stuccoed block was
painted are gfven in Table 15. The data show that radon
escaping from the painted block is less by a factor of four,

Data from the gamma-ray emission spectra before and
after the stuccoed block was painted are given in Table 16,
After a buildup of 15 to 16 days, which 1s approximately
equal to four half.lives of radon, a 25 percent increase was
observed in the gamma-ray emission from radon daughter
radionuciides. Buildup in gamma emission from vradon
daughters due to a sealing of the ground by appreciable
precipitation, freezing, or snow cover 1is discussed by
Tanner {1964). The observed buildup of 25 percent 1in this
study 1is reasonable, although 1less than 1 percent of the
radon escapes from the <concrete, because probability of
escape from the block is highest for radon produced near the
surface, and attenuation of gamma rays by the concrete is
less for radonr daughters near the surface of the block.

Absorbed dose rate measurements with a Phil dosimeter

(Jagner and Hurst 1961) having a large shielded Geiger tube




123

Table 15. The Effects of Epoxy Paint on the Escape
of Radon from a Stuccoed Concrete Block

Radon Concentration in Air in pCi/liter

Daughter Ratio
Nuclide Before Painting After Painting

RaA 47.5 + 1.9 12,1 £ 2.0 3.93 £ 0,66
RaB 3.6 +2.8 8.1 £ 1.7 3.90 £ 0,79
RaC 29.9 + 0.7 7.3 £ 0.8 4,10 + 0.46

Total 113.0 + 4.6 28.6 + 3.3 3.95 + (.48

I+




Table 16.

Gamma Ray Emission from a Stuccoed Concrete Block Before and After Application of Epoxy Paint

Counts/Sec from

Counts/Sec from Stuccoed and Painted Block with 50 1bs of Carnotite

Radon Radon  Energy of o, 0 oed Block with Ratich
Precursors Daughters Photon 50 1bs of Carnotite 1 to 2 days 6 to 7 days 15 to 16 days
after painting after painting after painting
234, 185.9 (2.93 £ 0,11) x 10} (2.93:0.12) x 1071 (2.94 : 0.11) x 070 (2,97 £ 0.13) x 107! 1.014 £ 0.058
226q, 186.1
214y, 352.0 {7.92 £ 0.07) x 107! (8.52 £ 0.08) x 10°1 (1,04 £ 0.01) (9.95 + 0.07) x 107} 1.256 + 0.014
214y 609.3 (6.52 + 0.04) x 107 {(7.13 £ 0,05) x 1071 (8.39 £ 0.05) x 10"} (8.2 2 0.05) x 107} 1.261 ¢ 0.011
Mg 1120.8 (1.42 + 0.02) x 107} (1.58 £ 0,03) x 16" (1.82 £ 0.03) x 10"} (1.78 £ 0.03) x 107} 1,254 + 0,028
214g;  1238.3 (5.37 £ 0.18) x 10°% (5.59 £ 0.23) x 1072 (6.92 £ 0.23) x 1072 (6.65 £ 0.21) x 1072 1.238 : 0.087
2Mg; 764,85 (1.08 * 0.02) x 107} (.17 2 0,02) x 1070 (1.38 £0.02) x 1071 (1.3 £ 0.02) x 107 1.222 + 0.029
¢ z204.1 (2.88 £ 0.09) x 1072 (3.28 £ 0.11) x 1072 (3,70 £ 0,10} x 1072 (3.51 2 0.10) x 1072 1.219 + 0.052
210, 910.0 (5.35 + 2.26) x 107 (4.91 £ 2,63) x 1073 (6.97 £ 1.98) x 10°3 (473 + 2.25) x 1077 0.884 2 0.562
Average Weighted by Uncertainty in Ratio 1.247 + 0.008

* Ratio of gasma emission from block taken 15 to 16 days

after painting to that before painting with epoxy paint.

rel
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at 0,5 meters from both the stuccoed block containing 50
pounds of carnotite and the stuccoed and painted block were
the same within uncertainties based on counting statistics.
These absorbed dose rates were approximately efight
microrads/hour and the uncertainty in the ratio of the two
dose measurements was approximately 5 percent. Hence, the
increase 1n the external dose to an individual from sealed
concrete due to a buildup in gamma-ray emission from radon
daughter products is not significant.

In order to estimate the maximum radon concentrations
from concrete walls or floor that could be encountered in
homes or buildings, the radon flux has been estimated from
the data of this study in terms of the uranium activity per
unft volume of concrete., The concentration of radon in the
air of the enclosure, q(Rn-222), is related to the radon

flux from the block, J{Rn-222), by the relation

J(Rn-222)+S = q(Rn-222)-V (74)

where S §s the surface area of the block and V is the volume
of air contained in the enclosure, and the radon flux in
terms of the activity of uranium-238 per unit volume of the

block, C{U=238), is

J§R2-222! = gcinj-g%.!éV . (75)
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If the same data are used in this calculation that were used
in estimating the escape of radon from the block containing
the 100 pounds of carnotite, the value of J(Rn-222}/C(U~238)
is estimated to be 4.5 x 10'4 uCi/mz of radon-222 per uCi/m3
of U-238 in a wall or floor, For a wall or floor with a
shalite aggregate, the radon flux is estimated to be 0,035
uCi/mz. This estimate is based on the 10 uCi of uranium-238
determined to be asscciated with the shalite and other
materizls of the blocks used in this study. Of course, the
radon flux from a wall or floor would vary, as found in this

study, with the moisture content of the concrete and with

the type of sealant used on the c¢oncrete,
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CHAPTER IV
DISCUSSION AND CONCLUSIONS

The most significant conclusions to be drawn are: (1)
A Ge{Li) spectrometer having a sensitive volume of 50 cubic
centimeters has sufficient sensitivity and resolution to
permit an accurate and convenient analysis in the field of
potassium-40 and the naturally occurring radionuclides in
the uranium and thorium series; (2) The Ge(lLi) spectrometer
also provides sufficient sensitivity and resolution to
permit Jdentification of radionuclides from nuclear plants
at the present low limits of five millirems/year near the
plants; (3) The most important parameter in radon emanation
from building materials for a given radium concentration is
moisture content; (4) The dose to sections of the human
bronchi due to radon c¢oncentrations in some relatively
common structures equals or exceeds that from the external
penetrating gamma rays from wuranium and thorium and all
their daughters contained in the materials of the structure.

The relative abundances of the gamma emitting
isotopes of the uranium and thorium series and of potassium-
40 can be inferred from the spectrum as measured with the
Ge{Li) spectrometer. A laboratory chemical analysis of soi}

samples taken at the field measurement sites gives the same

relative values as the field spectrometer, except for the
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effects of diseauilibrium in the uranium chain. At some
sites, notably Bartow, Florida, the uranium content inferred
from gamma spectrometry was high by about a factor of two
compared to a determination based upon neutron induced
fission activity. The relatively high Tleachability of
uranium compared to radtium appears to be the explanation,
Whether or not it is feasible to measure fissfon product
contamination of soil at levels producing 1-5 millirems/year
depends upon the energy and half-11fe of the specific
radfonuclide and, of course, on the time after deposition at
which measurements are commenced, However, the cesium-137
(from fallout from weapons testing) with a half-life of
about 30 vears provides a rather severe test, fJ.e., it
delivers a dose rate which decreases f{insignificantly
throughout the year, hence requires the greatest sensftivity
for measurement. The dose-rate due to the cesium has been
evaluated many times in various ways (UNSCEAR 1962 and 19364,
FRC 1963 and 1965, Beck 1966, Bennett 197Q, EPA 1972, and
several others). The estimates for the external dose from
cesium=137 in the Eastern United States range from less than
1 to more than 2 millirem/year for the year 1970. Comparing
spectra from other work with that presented here and
correcting for experimental differences, it appears that the
maximum dose-rate due to cesium=137 in the “clean"

measurement areas used in this study is not more than about

1 millirem/year. As this was readily detectable, dose rates
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of 1 millirem/year of gamma rays could be measured if there
were no complicating factors, The most obvious such factor,
that of a spectral Tine lying on or very close to one in the
natural radfation environment, is not 1ikely due to the high
resolving power of the spectrometer, The importance of
spectrometry in identifying gamma-emitting radionucliides is
demonstrated by the results of this study. Clearly, a
“dose-rate" study is not feasible, regardless of the
accuracy and precision of the instruments chosen, because
the normal vartation in the natural radiation "“dose-rate" is
aqreater than the valuye (1-5 mrad/yr) of the contamination to
be measured. Thus spectrometry appears to be the only tool
available for surveying the environment at such low levels
as 1-5 mrad/yr. However, this subject needs extensive
investigation in order to delineate the 1limits of
uncertainty and the problems of applicability.

As discussed in Chapter I, the external gamma ray
dose rate to man averages approximately 75 mrad/yr. Dose-
rate measurements made in this study were associated with
the spectrometry experiments or were of the survey type,
i.e., made with a portable scintillation detector, The
dose-rates measured gave good correlation with the total
photopeak counts of the nuclides of potassium-40 or of the
uranijum and thorium series except in those areas

contaminated by radionuclides put into the environs by man.

From these studies plus data from several sources, notably
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Lowder et af.(1971), Oakley (1971), and Spiers et af.(1964),
it appears that the external gamma dose rate for human
exposures inside buildings constructed of granite or of the
low-density concretes incorporating expanded Chattanooga
shale both average approximately 200 mrad/year. The dose
rate range 1in both cases appears to be 100-500 mrad/yr.
This external gamma ray dose is nearly independent of the
dose rate due to cosmic radiations or the internal dose due
to potassium-40,. The 1internal exposures due to radon
daughters discussed below 1s related most directly to the
radium-226 concentrations in the building materials and the
radium-226 and 224 concentrations determine most strongly
the gamma ray dose rate inside structures built of granite
or concrete. In buildings in which the daughters of radium-
224 are the chief sources of gamma rays, the total dose to
man would be very nearly the average doses given in Chapter
1 plus the increase 1in the gamma ray dose due to the thorium
series, especially from radium-224 to lead-208 because of
the short half-life of radon-220 compared to radon-222.
However, if the gamma dose rate 1s elevated due to increased
concentrations of uranium, or more directly, of radium-226,
the additional internal exposures due to radon=-222 and 1its
daughters would be expected unless the building materials
were sealed in such a way as to prevent radon-222 emanation.

If the materials are sealed, the external uncollided fluence

would 1increase 1n the typical granite or shale-aggregate
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concrete structure by 25 percent. fHowever, this increase in
uncollided photons from the radon daughters provides, 1in
general, a small to negligible part of the total gamma ray
fluence. Therefore, sealing the interior surfaces to
prevent or decrease radon emanation is generally desirable,
especially i{if good ventilation is feasible. Stmilar
reasoning applies to uranium mines except that sealing
exposed mine surfaces appears to be inpractical if not
impossible at present due to the extended fissures, water
seepage, and large areas generally existing in mines.

Radon emanation {s controlled strongly by the
moisture content of the radium bearing material, There are
Timited data from other sources which support the findings
here (Hahn 1936, Kirikov 1932, Baranov and Novitskaya 1960,
and Starik and Melikova 1957}, but only Tanner (1964)
provides a review of the transport and diffusion theory for
radon and it s not clear that any existing theory can
predict the behavior of radon in a complex part crystalline,
part non-crystalline, porous, and inhomogeneocus solid.
However, of the two mechanisms for explaining the
enhancement due to moisture in the material, it appears to
this author that the relatively high solubility of radon and
its subsequent diffusion, through water containing pores, to
the surface is the most likely, but this cannot be put on a

guantitative basis at present. The fafilure of a fine~

grained stucco of 0,25-inch thickness to Tower the emanation
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significantly lends credence to this hypothesis. The fact
that an adhesive layer of asphalt cement was also
ineffective in decreasing the emanation significantly is
most probably due to the general diffusability of the noble
gases through hydrogenous materials., It is clear from the
data on radon emanation from concrete (specifically the low
density concrete used in this experiment but with evidence
that finer porosity concrete does not significantly affect
the emanation) that a home constructed of concrete
contafning only shale aggregate could have radon levels that
reach several tens of picocuries per liter under equilibrium
conditions. Considering that homes are generally only
partially constructed of concrete and that equilibrium
conditions are seldom met in occupied structures due to some
minimal ventilation, 1t 1is still evident that a few
picocuries per liter would not be wunusual in the East
Tennessee area, as an example. Actually, 1in a limited
survey (Lowder et af. 1971}, values of the order of 1
picocurie per 1Titer were obtained in East Tennessee homes
under ventilation conditions; the air exchange rates were
not measured. For 1low ventilation rates such as might be
found in cold climates it is reasonable to assume that 10
picocuries per liter would not be uncommon; this

corresponds, by the calculational procedure used in Chapter

I, to 1-2 rads/year to the bronchi of an adult for an eight-
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hour day, and up to 6 rads/year for full-time occupancy.
This 1level of occupancy is frequently approached by young
children, In a more extensive study involving 841
measurements, Toth (1972) found average concentrations in
living rooms of houses in Hungary of 3.05, 2.64, and 2.49
picocuries of RaA, RaB, and Ral, respectively. These
measurements were made in 14 different towns in Hungary in
houses which had not, 1in general, been ventilated for at
least eight hours., However, the average is not of as great
interest here as the distributions; Toth found that the
concentration of RaA exceeded 10 picocuries per liter in 6
percent of all measurements. Further, he shows that his
values are not atypical of other areas of the world having
“radioactivity not higher than normal."” In structures of in-
terest here there are above average concentrations of urani-
um in the building materials; considering that all occupied
structures have some ventilation, the commonly observed
levels of up to 10 picocuries/liter in granite and low
density concrete structures appear in good accord with the
emanation observed here, It is clear then, that it is not
unlikely that the overall dose to the bronchi of people
occupying homes built of uranium bearing materials over a
50-year period at an average of 15 hours/day would approach

that at which the incidence of lung cancer in uranium miners

is doubled. If a sensitivity factor for children is
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allowed, the effective doses would, of course, be increased,
Contrarily, 1f a repair mechanism is assumed due to the 1low
dose rates and 1long exposure times, which would appear
unlikely for alpha particles due to their high linear energy
transfer (LET) an increased incidence would not be expected,

Analysis of the air samples taken inside the
enclosure for radon emanation studies showed that radon
levels reached a constant level in about three days at which
time the daughters were in equilibrium. However, for
samples taken 1in dwellings, the ratio of RaC'to RaA ranged
from 0,25 to 0,83, indicating that equilibrium is seldom if
ever reached in dwellings.

It should be noted that the internal exposure values
for the bronchi discussed in the preceding paragraph are
from the same order to an order of magnitude higher than the
external whole body dose from gamma rays from the natural
radiation environment, Because such internal and external
doses are so comparable with those of the uranium miners at
which some increased incidence of cancer 1s observed,
epidemiological studies in high radiation areas of the world

should show, wultimately, increased somatic effects of
radiation; such effects have not yet been observed and/or

published in the literature.
As evidenced by extensive literature, the natural

radiation environment is both fascinating and frustratingly

complex for the many scientists who have studied it. Some
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of the unanswered questions concerning man's exposure to the
natural radiation environment were the basis for this
research and there remain many other unanswered questions
beyond the scope of this research, Some answers were found
and a better wunderstanding of the natural radiation
environment has been made possible, Stilt, extensive
follow-up research needs to be conducted. Because of the
breadth of the studies attempted, & more comprehensive study
of many facets of the work appears desirable and necessary.
For example, the exact mechanism by which moisture in
concrete enhances radon emanation should be determined; that
alone would make a good dissertation study. The correlation
of fluence and spectral measurements from aircraft with
similar mcasuraments on the ground and with sotl
concentrations of radium (both 220 and 222} would also make

an excellent research project,

Throughout this thesis, much of the discussions of
standard laboratory techniques, basic statistical analyses,
and detailed descriptions of equipment have been severely
shortened compared to the usual theses; in some cases they
have been deleted entirely. This is taken to be justified,
for this thesis, in order to maintain a manageable 1length
and because the author has used such techniques over many

years and has several publications concerning such

discussions of laboratory and analysis techniques,
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APPENDIX I

DISTRIBUTIONS OF DOSE FROM NATURAL SOURCES IN "NORMAL" AREAS

Based on surveys in areas of "normal" levels of the
natural radiation environment, the United MNations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR 1966}
concluded that the values shown 1in Table 17 represent
average distributions of dose to man from the natural
environment, An earlier report of this same committee
listed the cosmic ray dose dose to man (average whole body
dose) as a function of altitude above sea level for regions
near the equator and near 50 degrees geomagnetic latitude
given in Table 18. As the dose rates vary slowly with
latitude, the values for 50 degrees geomagnetic latitude can
be applied to the 48 contiguous states of the U.S. within an

accuracy of about 10 percent except for periods of unusual

solar activity.
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Table 17. Dose Rates Due to External and Internal
Irradiation from Natural Sources in
"Normal" Areas*

Dose Rates (mrad/yr)

Source of Irradiation Cells Lining Bone
Gonads Bone Surfaces** Marrow

External irradiation

Cosmic rays
lonizing component 28 28 28
Neutrons 0.7 0.7 0.7

Terrestrial radiation
(including air) 50 50 50

Intermal Irradiation

40

K 20 16 15
87pp 0.3 0.3 0.3
l4e 0.7 16 1.6

226p, — 0.6 0.03
228pa _— 0.7 0.03
210p,, 0.3 2.1 0.3
222p, 0.3 0.3 0.3

———— — QU

Total** 100 99 96

* UNSCEAR 1966.

** The dose rates under this heading were actually calculated for the
Haversian canals of bone. Doses to cells Tining bone surfaces may be
somewhat lower that those quoted here.

*+*Totals have been rounded off to two significant figures.
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Table 18. Cosmic Ray Intensities and Dose Rates*

Intensity Dose Rate

ion pairs/em3 - sec mrad/year
Altitude At 50° Near At 50° Near

m Latitude Equator Latitude Equator

0 2.8 2.4 41 35
1500 4.5 3.0 66 44
3050 8.8 6.1 128 89
4580 18 12 263 175
6100 34 23 500 340

* UNSCEAR 1958.
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APPENDIX 11

GENETICALLY SIGNIFICANT DOSE

The United Nations Scientific Committee has defined
the term "Genetically Significant Dose™ as "the dose which,
if received by every member of the population, would be
expected to produce the same total genetic injury to the
population as do the actual doses received by the various
individuals" (UNSCEAR 1958). It is 1intended to relate
linearly to the potential mutagenic effect of radiation,
i.e., to serve as an 1index of radiation damage to the
genetic pool, In general, an observed radiation field,
frequently expressed 1in roentgens, is operated upon by an
expression which 1{includes that for the depth dose
distribution 1in the body for the particular radiation, to
obtain the average absorbed dose in the gonadal tissues,
expressed in rads. This absorbed dose is then used in the

mathematical expression:

tD; Ny P,
S0 = P

(76}
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where D 1is the average gonadal dose to individuals of age
i recelving the radfation, N {1s the number of persons in
the population of age i who receive the radiation, P 1is the
expected future number of offspring for an individual of aqge
i. This operation eliminates from the GSD that portion of
the total absorbed dose that goes to the gonads of persons
beyond the childbearing age. Morgan (1971) estimated that
the GSD so obtained is approximately half of the absorbed
dose for the special case of diagnostic radiology, but it
appears that the estimate should be appropriate for the
natural radiation environment to within the accuracy
intended., 9f course, P must remain an estimate because the
average mortality rate as a function of age may change with

time, and the number of offspring per person of childbearing

age may change,
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APPENDIX III
THE MAXIMUM PERMISSIBLE CONCENTRATION VS, THE WORKING LEVEL

The presently used maximum permissible concentration
(MPC) of radon and 1{ts daughters was established by the
Internal Dose Committees of the International Commission on
Radiological Protection and the Mational Council on
Radifation Protection and Measurements (ICRP 1959, IHHCRP
1959), This concentration of radon, 30 picocuries/liter,
was i1ntended to apply to all occupationally exposed persons.
The "occupational worker" levels were not applicable to
persons under 18 years of age. The level was based on the
concept of the maximum permissible dose to most organs being
set at 15 rems/year and was obtained by calculating the dose
to the basal cells of the bronchfal epithelium from radon in
equilibrium with its short-lived daughters, RaA, RaC, and
RaC'. Based 1largely on the work of Chamberlain and Dyson
(1956) and Shapiro (1956}, the Internal Dose Committees
agreed on an "unattached" fraction (f) of 10 percent for RaA
jons or atoms where actual measurements could not be made;
this refers to the fraction of the RaA which is not attached
to particulates in the air, However, they made provision

for more accurate estimates based on experimental

determination of f by providing the relation,
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_ 3
MPC_T+_1W}_‘F (77)

or, for f = 0.1 and 100 percent equilibrium, MPC = 30
picocuries of radon-22 per liter, There were several other
considerations and assumptions which do not bear directly on
the comparison of MPC and the working level (WL) and will
not be given here, but which are given in the committee
reports (ICRP 1959, NCRP 1959} and discussed at 1length by
Morgan (1967).

In 1957 the U, S, Pubiic Health Service introduced
the WL, In the introduction of a report by Holaday,
(1967) the authors state, "It has therefore been necessary
to establish a working level which appears to be safe, yet
not unnecessarily restrictfve to industrial operations.,”
The ultimate definition given of the WL was that it 1is any
combination of the short-lived decay products of radon in
one liter of air which will result in the emission of 130
GEY of alpha ray energy. This corresponds, numerically, to
the alpha energy released by 100 picocuries/liter of radon
in equilibrium with the short-1ived daughters. The unit was
chosen with consideration for sampling techniques then in
use in the mines (drawing a one liter sample of mnmine air
into a bottle for analysis in the Taboratory).

From the above, 1t is clear that the ratio between

MPC and WL may vary from unity by a large factor depending
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upon f and the var{fance of radon and its daughters from the
equilibrium state. Morgan (1967) calculated this ratio for
several states of equilibrium and values of f, and his

results are reproduced here, Other assumptions are included

in the footnote to Table 19,




Table 19. Comparative Values of WL and the MPC as Given by ICRP and NCRP
uCizee (1071 ¢if1) of

for an Atmosphere of 107

7

222Rn

% Equilibrium % Equilibrium

%Unattachment Actual No.

Number of WL Assuming 100% Equilibrium of

RaA, RaB and RaC at Time of

of RaA of RaB and RaC of RaA of MPC Collection of Sample
for t =0 for t =1 hour for t = 4 hours
100 100 100 30 1(30) *[1]** 1(30) 1{30)
100 10 100 30 0.55(55)[0.35]** 0.18(170) 0.2(150)
100 100 3 1 1(1)[1] 1(1}) 1(1)
100 10 3 1 0.55(1.8}[0.35] 0.18(5.7) 0.2(5)
10 100 100 3 0.55(5.5)[1.6] 0.91(3.3) 0.9(3.3)
10 10 100 3 0.1(30)[1] 0.1{30)} 0.1(30) 55
10 100 3 0.1 0.55(0.18}[1.6] 0.91(0.11) 0.9(0.11)
10 10 3 0.1 0.1(1)[1] 0.1(1) 0.1(1)
Note: In Table 15, it is assumed the MPC is measured correctly. The WL is measured at time t after

the collection, but it is assumed in extrapolating the WL back to t = 0 that 100% equilibrium

of RaA, RaB and RaC at time of collection was used.

It is further assumed the WL is deter-

mined only by counting the a-disintegrations at time t and no energy resolution is used in
the counting. A1l the usual corrections are made for background, absorption, etc.

* A11 values in parenthesis indicate the ratio of MPC to WL, i.e., for (30) the MPC is 30 times the
WL as measured by the above method.

**Yalues in brackets are the ratios of the MeV of the a-radiation of the actual isotopic mixture
integrated from time t = 0 to « divided by the MeV of the o-~radiation for 100% equilibrium mixture
of RaA, RaB and RaC integrated from zero to infinity and divided by the estimated WL at time zero.
In other words, it is the ratio of the fraction of equilibrium MeV from t = 0 to = to the esti-
mated WL,
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APPENDIX 1V

GAMMA SPECTRAL DATA FROM THE FIELD

Because of the variety of soil compositions for which
measurements were made with the Ge(Li) spectrometer, a range
of relative contributions of the various radionuclides was
observed, The observed photopeaks, their relative
abundances, and the radionuclides to which they vere
attributed are given 1n the following table. HNo similar
data are known to exist, and these have proved to be wuseful
to this study. The data from the multichannel analyzer were
fed 1into the computer using the programs developed in this
study, and the table was printed by the computer with no
reprinting or editing; this indicates the degree to which
the data were handled by the computer., The headings refer
to the experiment as follows:

BG--Background count

EGCR--Experimental Gas Cooled Reactor Site - A "clean
area.,"

Shalite Blocks=--Standard Commercial Building blocks

expanded Shale aggrenate, f.e., lightweight

material of approximately 90 pounds/cubic foot;

detector protruding into five sided box built of

these blocks.
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Concrete Slab EGCR--A clean concrete slab of regqular
concrete one foot thick covered by a thin metal
building.

Ke25 Burial Ground-- area formerly used to store
heavily contaminated equipment, the primary
contaminant being uranfum,

Whitley City, Ky.--Extensive coal slag heap in southern
Ky., See Chapter II,.

Manchester, Ky.--0On a drive-in theatre near a coal
treatment plant.

Atlantic Beach, Fla.--0Open beach area, typical of area.

Bartow, Fla; First Run--Municipal center at Bartow, Fla.

Second Run--Playqround area at municipal center,
Bartow, Fla,

Stone Mountain, Ga.=--Stone Quarry area at east side

of park area.




ENERGY
FOUND
(KEV)
161.2
222.9
330.2
352.3
60%9.5

66143

787.4

95646

997.4
1137.2
1348.4
1461.0
18306.4
1994.9
2l142.3

KNOWN
ENERGIES
W/IN 0.2 %

330.6
35240
6093
609.4
661.0
661+6
662.2
T85.9
787.1.
955.0
998.2
1139.0

1460.0
1806, 0
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BG EGCR

ABUNDANCE

t.01080
0.3660
0.4700
0.1700
0.0000
t.8600
t.0026
0.008¢6
0.0120
0.0130
0.0200
0.0200

0.1100
0.0015

SQURCE 1S0TOPES

234PA

214PB*

214B1*
214BI*-1ST~-ESC.
214B1

4R | 3705
226RA-DEC-2ND~ESC
214PB*

21481
232TH-DEC-1ST=ESC
214B1%-]1ST-ESC.
210TL~1ST~ESCe.

40K
212B1*




ENERGY
FOUND
(KEV)
133.0
146.5
1515
197.1
2i6.1

236.5
273.0
293.9
337.8
352.2
360.7
368.6
402.8
510.1
537.1
54645
58345
609.9

755.9
787.3

911.2
954f2

P69.6
995.3
1121.3
1137.9

1187.3
1240.1
1354.7
1462.2
1525.7
1766.3

1808.6
1997.3
2144.6
2616.9
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SHALELITE BLOCKS

KNOWN
ENERGIES
W/IN 0.2 %

215.9
2163

273.2
293¢5
338.0
352.0
36040
369+ 3

5107

S583.2
609.3
609.4

785.9
7871
910.0
95340
955. 0

995+ 10
1120.4
1139.0
1140.0

123€.3
1354.0
146016

1764.5

1769.0
1806.0

261445

ABUNDANCE

8.0031
0.06600

0.0530
D.0420
01500
0.3600
¢.0400
0.0400

06.0940

0.3100
0.4700
6.1700

0.0086
0.0120
0.0300
0.0032
0.0130

0.0007
01700
0.0200
0.0000

0.0600
6.0210
0.1100

t.1700

040300
0.0015

0.3600

SOURCE ISOTOPES

228 TH*
214BI*-2ND~ESC.

2148l
234PA
228ACH
214PB*
210TL
234PA

208TL*

208 TL*
214B1*
214BI1*~15T-ESC.

214PB*

21481

210TL

212B1*
232TH=-DEC-iST=ESC

214B1=2ND-ESC.
214B1*

210TL-1ST=-ESC.
2148BI-2ND-ESC.

214B1*
234Pa
40K

214BI%*

21C¢TL-18ST-ESC.
212B1*

208TL
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CONCRETE SLAB EGCR

ENERGY KNOWN
FOUND ENERGIES ABUNDANCE SOURCE [SOTOPES
(KEV) W/IN 0.2 %
146241 1460, 0 0.1100 40K
CESIUM FIELD
ENERGY KNOWN
FOUND INERGIES ABUNDANCE SOURCE ISOTOPES
(KEV) W/IN 0.2 %
168.8
237.2
328.0 328.0 0.0530 226ACH*
328.6 0.0018 212+
351.9 as2.0 0.3600 214pPB*
412.0
510.9 510.7 0.0940 208TL*
583.7 583.2 0.3100 208TL*
609.7 609.3 0.4700 214B1*
' 609.4 0.1700 214BI*~1ST-ESC,
66145 661.0 0.0000 214BI
' 661.6 0.83600 #E|JTCSHN
662.2 G.00206 226RA«DEC~2ND-ESC
786.2 785+ 4 00097 212Bl1+
78549 0.0C86 214PB*
871 t.0120 2i4Bl1
910.3 910.0 0.,9300 210TL
954.9 953.10 0.0032 212Bl*
95S5. 0 0.0:30 232TH=-DEC~1 ST-ESC
1141.4 1140.0 0.0000 214Bl~2ND=ESC.
119141 ' ) '
1461.1 1460.0 0.1100 40K
1798.7
1999.7

2143.7




150

K-25 STORAGE AREA

ENERGY KNOWN
FOUND ENERGIES ABUNDANCE SOURCE 1SOTOPES
(KEW) W/IN 0.2 %
238.1 '
293.4 293.5 0.0420 234PA
339.3
352.1 352.0 0.3600 214PR*
510.3 $10.7 0.09490 208 TL
583.7 583.2 0.310¢8 208TL*
609.7 689+ 3 6.4700 214B1*
609.4 D.1700 214BI*~15T-ESC.
661.4 661.0 0.0000 214B1
661+6 t.8600 W ]3ITCS
662.2 0.0026 226RA-DEC-2ND-ESC
727.2 727.2 0.0720 212B1*
' 7273 0.0600 214BI*=]ST-ESC.
911.2 210.0 0.0300 2107TL
978.9
1124.5 1125. 0 0.0320 232TH=DEC~=15T~ESC
1240.4 1238.3 0.0600 214B1%
1462.0 1460.0 0.1100 40K
17674 176445 0.1708 214B1*
17690 D.0300 210TL~15T-ESC.

2617.5 26!4i5 0{3600 208TL




ENERGY
FOUND
{KEV)
145. 4
290.8
323.1
351.6
3734
385.6
554.2
S570.6
587.4
613+5
724.2
T762.2

773.3
789.6

906.4

943.1
9617
2983.4
1109.2

1134.6
115%.5
1253.2
1326+6

1384.8

1483.5
1557.9
174540
17775
1812.8
1930.5
19717
1994.9
2181.9
2298.8
2318.9
2326+5
2781.0

KNOWN
ENERGIE
W/IN 0.2

3524 0
386. 0
5695
6140

762. 0
763.3

790.0
7990.0
905.0
905.2
208.0

960.0

1109.8
1118.0
1133.8
1155.4
1253.5
1325.0
1327.3
1383. 0
1385.3
1386+ 0

1748.9

1968.0

2162490
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CHATTANOOGA SHALE

S ABUNDANCE
%

043600
0.0250
0+1300
040320

0.0300
6.0072

0.000G0
0.0400
0.0000
g-011¢0
t.2500

8.0050

0.0179
0.06700
0.0025
" 0.8180
041700
0.0030
0.0041
0.0020
0.0885
0.0030

0.0004

0.0004
9.0000

SQURCE ISOTOPES

214PB*
214BI*~-2ND-ESC.
234Pa
232TH-DEC-2ND-ESC

2148l ~-2ND-ESC.
208 TL*

234PA-M

22BAC*
214Bl~1ST-ESC.
234PA

228AC*

214B1

212B1*~=]15T=-ESCa.
210TL
226RA-DEC
214Bl*
214BI*«]|5T=ESC.
214Bl1«1S5T=ESC.
226RA*-]ST-ESC.
214B1-2ND-ESC.
226RA*
214BI*~-1ST-ESC.

214B1~2ND-ESC.

QlaBI-QND-ESC:

21481
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SHINPAUGH HQUSE

ENERGY KNOWN

FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES
{KEV) W/IN 0.2 %

236.6 '

351.7 352.0 0.3600 214PB*

St0.5 5107 0.0940 208 TL*

583.6 S83.2 0.3100 208 TL®

609.6 6093 0.4700 2)14B1*%

' 609. 4 0.1700 214BI*=]ST~ESC.

9210.7 910.10 0.0300 210TL

958.8 960.0 0.005¢C 21481

999.5 998.2 ¢6.0200 214B1%~ | ST=-ESC.

1801.0 0.0060 234Pa-M

1143.3 ' '

13513 1354.0 d.0210 234PA

l46142 146040 0.1100 40K

1801.5 '

197047 1968 .0 0.0004 214BI-2ND~ESC.
2140.4 '

2298.5

2615.9 2614.5 0.3600 208TL




ENERGY
FOUND
(KEV)
136.0
235.9
241.3
294.7
338.2
35241
359.0
509.5
512.5
575.1
584.5
610.2

723.2
75844
76?{6

B36.5
911.0
966.8
1002.4

10437
1120.2
ll69€?

1254.6
1441.5
1462.8
196445
217943
2611.7

KNOWN
ENERGIES
W/IN §.2 %

236.0
241.0
295.2
338.0
352.0

609.3
609.4

768.0
768.7
837.0
910.0
96640
1001.0
100241
104340
1120. 4
1168.5
1170.0
1253.5

14609
1963{0

2614f5
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VHITLEY CITY.KY
ABUNDANCE

0.0000
t.0370
0.1900
0+-1509
0.3600

C.4700
0.1700

0.00840
8.050¢0
0.0080
0.030¢0
0.2000
0.0060
6.0036
0.7000
0.1700
0.0008
6.0020
t.1700

0.1100
0.0004

0.3600

SQURCE ISOTOPES

234PA-M
224RA%
214PB¥*
228ACH
214PB*

214BL*
214BI*=-15T-ESC.

214BI-2ND-ESC.
214B1* '
214B1

210TL

228ACH*

234PA-M
212BI*=15T-ESC.
S0V-] ST-ESC.
214B1*% '
212B1=-1ST=E5C.
214Bl-1ST-ESC.
214BI*-]1ST-ESC.

40K
214B1-2ND-ESC.

208 TL




ENERGY
FOUND
(KEV)
2367
34647
35446
51246
537.8
58347
61141
666, 1
915.4
97149
1125.7

1332.2
146344
1598.9

176S.7

2104.9
2618.8

KNOWN
ENERGIES
W/IN 012 4

538.7
S83.2

665f4

1125.0
1126.8

146640
1590.0
1592.5
1764.5
17690
2103.5
2614.5
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MANCHESTER, KY

ABUNDANCE

0+0001
83100

0.0200

0.0320
0.0170

0.0130
0.06200
0.3600
0.1700
0.0300
0.3600
0.3600

SOURCE [SOTOPES

214PB
208TL*

214B1+

232TH-DEC-15T-ESC
234PA '

232TH-DEC
210TL*
208TL~2ND=ESC.
214BI¥*
210TL~15T-ESC,
208TL=-1ST-ESC.
208 TL '
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ATLANTIC BEACH,FLA

ENERGY KNOWN

FOUND ENERGIES ABUNDANCE SQURCE 1SOTOPES
( KEV) w/in 0.2 2

1401 '

192.10

23444

291.8

335.7

407.2 408.0 0.7000 1 3BLA-2ND-ESC.
430.0 o - ’
438.2 438.10 0.1100 40K-2ND=-ESC.
47343 ’ ‘

48641

51141 510.7 00940 208 TL*

S81.5 S81.0 0.002% 208TL#-]15T~ESC.
6074 o ’ '
68642

67346 673.0 0.0180 . 234PA~2ND=-ESC.
T18.9 719.8 0.0042 226RA¥%* ' i
7337 732.9 0.0900 234PA

912.3 ' i

93444 G34.8 0.0300 214BI*

951.8 253. 0 . 0.00232 212B1#*

96%9.2 ' '

G733

11167

114649

1173.2 1173.2 0.002% 226RA~DEC-I ST=ESC
1198.90 ) ’ '
1404.D 1401. 4 6.0170 214B1%

1460.0 1460.0 d.1100 40K

1686.5 1684.2 0.00256 226RA~DEC
176146 1764+5 0.1700 214Bl*

195440 ' i

2178.4

2616.9 2614+5 0.3600 208TL




ENERGY
FOUND
(KEV)
131.9
14040
182.4
189.8
207.2
238.8
29246
305.6

351.8
355.5
381.9
395.3
406.5
432.5
44748
455.5
4678
484.9
531.3
536+ 0
5637
S68.4

5795
58449
§97.2
608.7

612.7
648.2
66440
682.9
698.6

70404
7693

778.4

787+5
793.8

806.9
822.6

156

BARTOW,FLA FIRST RUN

KNOWN
ENERGIES ABUNDANCE
W/IN 0.2 3
13240 0.0020
238.6 044700
305.4 0.0030
30640 0.9500
35240 03600
355.6 0.0500
395.0 0.0120
405.9 0.0017
454.8 0.0033
46840 0.0200
53240 0.70800
568 0 0.6200
5681 870043
56945 0.1300
58043 0.0036
609.3 0.4700
6094 01700
64940 040150
69940 0.0430
69940 051760
703.2 0.6080
76840 0.0080
76847 00500
77043 00170
77940 0+0140
78741 00120
79208 040014
79540 150000
80643 80150
82149 0.0016

SOURCE ISOTOPES

228 TH#*

212pPB#*

214FPB
176LU
2l 4Pp*
214B1*=-2ND-ESC.

2148l
226RA%

226RA*
21 0TL-2ND~ESC.

50vV-2ND-ESC.

210TL*~2ND-ESC.
212BI¥*-15T-ESC.
234PA '
214PB*

214B1*
214BI*~15T-ESCe.

234PA~2ND~ESC.

234PA
210TL~1ST~ESC.
214B1¥ '
214BI-2ND-ESC.,
214B1* '
214BI*-15T-ESC.
228AC* '
214Bl1
226RA-DEC-]15T~ESC
210TL

214B1l*

214B1*




835.9
233.5
992.6
1628.6
1025.2
1040.2
106040
1068.8

1073.2

1082.7
1123.7
1156.4
1219.7
124640
1269.8
1274.2
1279.9

1284.9
1295.9
1329.0
1379.2
1401.6
1408.0

1472.4
151148

1552.3
1563.3
1739.6
1757.6
17790.9
177443
178343

1803.8
1823.8
1853.6
199041
2019.3
204243
2122.6
2203.9
2261.5
2300.7
2615.3

g824.9
837.10
934.8

1060.8
1068.0
107040
1072.1
1073.0
1083.9
11259
1155.4
121846

1271.2
127349
1279.8
1281.3

1295.0
1327.3
1377.6
1401.4
1408.98
1408.0
1410.0

1509.2
1513.1
1554.0

1769.0
1782.2
1784.0
1806-1

2017.8
2118.5
22044}
2259.0

2614.5
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0.0100
0.0080
0. 0300

0.1200
0.90500
0.0027
00090
0.0072
0.0034
00320
0.0180
0.0380

B.0040
0.030¢0
0.,0089
8.0178

8.0015
0.0041
6.0500
6.017¢0
0.0250
0.0900
8.0500
0.0200
0.0036
0.7000

0.5300

0.0040
00300
0.,0015

0.0007
0.0100
0.0580
0.0004

0.3600

234PA
214B1
214B1*

2107TL
210TL=-2ND-ESCe
228RA-DEC '
214Bl¥ -1 ST-ESC.
212B1 ' )
226RA~DEC~1ST-ESC
232TH-DEC~1ST~ESC
214BI% '
214Bl*~1ST=-ESC.

214BI*~2ND-ESC.
214B1~-1ST-ESC.
214B1«1ST-ESC.
214BI* '

212B1%*~|ST=-ESC.
226RA* =) ST~ESC.
214B1* ' )
214BI*

214BI%
210TL~2ND-ESC.
210TL '

214B1*

212Bl1*
50V

210TL-1ST=ESC.
214B1#~)ST=ESC.

214Bl
212Bl#*

2148l

214BI*

214B1*
214BI-15T~ESC,

208TL
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BARTOV,FLA SECOND RUN

ENERGY KNOWN
FOUND ENERGIES ABIUNDANCE SQURCE ISOTOPES
(KEV) W/IN 0.2 %
184.3 184.0 6.0001 228 TH
o 184.0 0.0170 228ACH*
240.1 ' '
27643
283.1
293.5 293.5 0.0429 234PA
351.8 35240 0.3600 214pPp*
609.9 60943 0.4700 214B1%
’ 609.4 0.1700 214BI*-15T-ESC,
724.8 ) ‘
7678 7680 0.0080 214B1=-2ND-ESC.
B 76847 0.0500 214B1* ’
936.3 93448 00300 214BI%
112447 1125.0 0.0320 232TH-DEC~1ST-ESC
’ 1126.8 0.0170 234PA
1159.1 116049 0.0150 234PA~1ST-ESC.
1240.0 123843 0.0600 214B1% ' )
1381.9 1383.0 0.0020 214BL1~2ND-ESC.
1405.8 1408.0 0.0250 214B1% ' ’
o 1408.8 0.0908 210TL-2ND-ESC.
14118 14100 0.0500 210TL ' '
iIs11.2 _ 1509.2 0.0200 214B1*
- 151341 0.0036 212Bl1*
1664+.2 1661.2 040120 214BI*
1730.7 1729.6 0.0300 214B1*
176444 1764.5 0.1700 214B1*
1852.5 1849.0 $.0800 210TL~1ST~ESCo.
2124.7 ‘ ' ' N
2208.3 2204.1 0.0500 214B1*%
2450.2 2447.6 0.0165 226RA

261647 2614{5 0.3600 203 TL




1592

STONE MOUNTAIN,GA

ENERGY KNOWN
FOUND ENERGIES ABUNDANCE SOURCE IS5CTOPES
(KEV) W/IN 0.2 %
13445 '
182.6
293.4 293.5 0.0420 234PA
352.8 o’ ’
al3+45
490.9 491. 1 0.0036 212BI#*#=-2ND-ESC.
612,41 ) h '
632.3
64875 649.0 0.0150 234PA-2ND-ESC.
576.8 : T o : '
682.7
g22.4 821.0 0.0018 214BI%*
o 324.0 0.0100 234PA
865.4 B66.6 0., 0500 214BI*-158T=-E5C.
8866 a ’ - ' '
898.8 899.0 0.0500 210TL-15T=-ESC.
o 99,3 0.04149 234Pa ’
9367 ” i
1G81.5
1112.9
1125+3 1125.0 0.0320 232TH-DEC-15T-ESC
- ' 1128.8 0.0170 234PA
1158.1 116040 0.0150 234PA-15T-ESC,
1368.5 1366.0 0.,0020 214BI1%-1ST-ESC.
138144 1383, 0 g.002¢ 214BI-2ND=-ESC.
1428.3 142546 0.D165 226RA=2ND-ESC.
i 14300 0.70080 138LA ' -
1463+ 4 1466.0 0.,0130 232TH-DEC
1510.2 1509.2 0.0260 214BI%
i 15131 . 0.0036 212BI*
15649.7 1650.0 0.0200 210TL
N 1651.0 6.0000 2148Bl-1S5T-ES5C.
1680.6 1678.0 2.0004 214Bl-2ND=-ESC.
o 167945 0.0008 212B1 o i
1568140 0.0020 214B1
1765.3 176445 0.5700 214B1*
1860.0 ’ .
1919.3 1919.0 C.02040 210TL=-1S5T=-ESC.
2108.6 - ’ - N
2138.2
220543 2204.] D.0500 214BI*

261273 2614.5 0{3600 208TL
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