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Summary

PART |I. RADIOACTIVE WASTE DISPOSAL
1. Fate of Radionuclides in Terrestrial
Environment

Field plots were installed and tagged with '*’Cs
and 3*Cs in a design which allowed locating the
source of runoif and erosion losses. These plots
also served as replicates of earlier '37Cs plots.
Results obtained thus far confirm seasonal varia-
tion and the basic soil-cesium-loss relationship
derived earlier.

Greenhouse studies of radiocesium uptake by
plants using a split-root technique have been
initiated. The technique allows control of soil
moisture at predetermined tensions and permits an
evaluation of the role of soil moisture in radio-
cesium uptake. Laboratory studies of cobalt sorp-
tion reactions point to the conclusion that small
amounts of sesquioxides of iron and aluminum in-
fluence the reaction of the element in tracer con-
centrations.

2. Disposal by Hydraulic Fracturing

Two injections of medium-levei waste concen-
trate were made during the past year. In the first,
on December 12 and 13, 1966, a total of 96,000
gal of slurry, containing 20,000 curies of cesium,
was pumped into a slot at a depth of 872 ft, which
already contained 215,000 gal of grout from previous
experimental injections. In the second, on April
20 and 24, 1967, 230,400 gal of slurry, containing
principally 60,000 curies of cesium, was injected
into a new slot at 862 ft. The injection plant
operated without incident, and the slurry composi-
tion that was used appeared to be satisfactory.
Measurements in the gamma-ray and rock-cover
monitoring wells show that better instrumentation
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is now required, but every indication is that the
operation is well within the limits of safety.

The oil-field technique of hydraulic fracturing
has been proposed as a method for measuring the
state of stress in the earth’s crust. Hydraulic
fracturing would have several distinct advantages
over existing methods, because the stress itself
can be measured rather than the strain of elastic
rocks, which is then reduced to stress by use of
Hooke’s law. The research and development
proposed will extend the present limited appli-
cability of earth-stress measurement by hydraulic
fracturing and enable the method to become a
standard tool for fundamental studies of earth-
quakes and other geophysical processes, and for
gathering design information for underground
structures. '

3. Disposal in Natural Salt Formations

The second and third sets of Engineering Test
Reactor fuel assemblies have been installed in the
arrays in the mine at Lyons, Kansas. The first
set was returned to Idaho in October 1966. Both
the second and third sets contained about 1.5 mil-
lion curies at the time they were installed. Radia-
tion doses to personnel were low, and no serious
problems were encountered.

Doses to the sait exceeded the minimum goal of
5 x 108 rads, and the last two sets of fuel were
returned to Idaho in June 1967, Peak array tem-
peratures reached about 200°C after a power boost
in January 1967.

The first two objectives of Project Salt Vault —
the demonstration of the feasibility and safety and
the demonstration of handling equipment and tech-
niques — have been achieved.

Salt flows (thermal expansion and plastic flow)
resulted in increased separation (sag) rates of the
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2-ft-thick salt layer in the roof. The installation
of roof bolts in the entire experimental area elimi-
nated any possible hazard from this source due to
startup of the heated pillar test. The heated pil-
lar test was started November 14, 1966, with a
power input of 33 kw and is proceeding in expected
fashion:; that is, greatly increased transverse ex-
pansion rates of the pillar produce pillar spalling
and large vertical thermal expansion of the floor

in the adjoining rooms.

Small quantities of water trapped in negative
crystal cavities in the salt have been found to
migrate toward a heat source. The water inflow
rate. in the main and electrical arrays appears to be
between 0.3 and 3 ml day™! hole™!. In the old
mine floor array the water inflow rate is about 40
to 90 ml day~! hole™! due to the presence of
water in the embedded shale.

The array in the old mine floor is behaving
similarly to the other arrays, except for slightly
higher temperature rises, more water inflow, and
no roof separation (due to a thicker roof beam).

A detailed stratigraphic study has been com-
pleted of the salt section extending from 30 ft
below the floor of the oid mine workings to 10 ft
above the ceiling in the demonstration site, a
total thickness of 75 ft. Halite is by far the pre-
dominant mineral.

Additional laboratory tests on pillar models have
indicated the importance of simulation of roof and
floor in quasi-plastic rocks like salt.

Calculations of the gross salt mine space for the
projected United States nuclear power economy to
the year 2065 indicate that by 2065 an area about
7 miles square (49 square miles, a very small
portion of the available area) will have been com-
mitted for waste disposal. Only about a third of
that will have actually been used at that time,

assuming 30 years’ interim storage before disposal.

4. Application of Mineral Exchange to
Reactor Technology

The behavior of sulfur hexafluoride (SFG) and
methyl iodide (CHal) in an Idaho soil was studied.
The SF, showed little, if any, interaction with
the soil material. Methyl iodide was retained to
the extent that its movement was about 0.6 that
of air.

Curium solutions of various pH levels were
passed through columns of hydrobiotite. Instead
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of normal chromatographic breakthroughs, a con-
stant leakage of curium occurred. The distribution
of the curium along the column indicates that a
radiocolloid is formed and that the hydrobiotite
column acts as a filter,

Several adsorbents have been compared with
attapulgite (presently in use) as cleanup agents
for organic reactor coolants. Bentonite, activated
bauxite, and spent cracking catalyst .appear to be
superior to attapulgite. Evaluation is based on
color, melting point, and molecular weight of the
etfluent coolant,

5. Engineering, Economic, and Safety Evaluations

Investigation has continued on the degree of
safety associated with present methods of radio-
active waste management. Studies of 3°Kr and *H
have been concerned with acceptable rates of re-
lease from a hypothetical fuel-reprocessing plant
located in Oak Ridge. A general procedure was
developed for estimating permissible atmospheric
releases on the basis of average annual meteor-
ological conditions that influence a continuously
operating plant. The procedure considers cloud
depletion of 83Kr and *H by washout, fallout, and
adsorption on particulate matter in the atmosphere,
and buildup of contaminants on the ground surface.

Continuous disposal of 35Kr to suitable geologic
formations may be one possible means of reducing
or avoiding atmospheric release. Although the
apparent advantages of underground disposal are
its relative simplicity and its effectiveness, one
severe requirement imposed on any disposal forma-
tion is that it must be essentially free of vertical
channels. The mechanisms considered by which
85Kr may be retained underground include contain-
ment and adsorption. In the absence of vertical
convective transport, movement is influenced only
by molecular diffusion. These mechanisms have
been evaluated theoretically for quantities of 3°Kr
and volumes of off-gas assumed to be produced at
a 10 metric ton/day reprocessing plant. Measure-
ments were made of krypton and xenon adsorption
by various soil materials.

As a part of the long-range waste management
study, projections were made of the nuclear power
requirements by regions and of the reactor mix
that may accommodate these requirements.

Evaluation of tank safety has been extended to
thermal considerations in the event of a leak of



high-level wastes. Preliminary calculations were
made for leaks of various sizes using a spherical
shell geometry. Transient temperatures are being
estimated for various source geometries and heat
sinks by use of the computer program TOSS
(Transient or Steady State).

6. Earthquakes and Reactor Design

Specific information on earthquake characteristics
as they influence site selection, site evaluation,
design of nuclear installations, and design of
seismic shutdown systems is provided in a state-
of-the-art paper on earthquakes and reactor design.

7. Dose-Estimation Studies Related to Proposed
Construction of an Atlantic-Pacific nteroceanic
Canal with Nuclear Explosives

The phase [ dose-estimation studies related to
the radiological-safety feasibility of excavating
an Atlantic-Pacific interoceanic canal are sum-
marized. Information developed includes methods
for estimating external and internal dose equiva-
lents, quantifying the transfer of radionuclides
through critical exposure pathways, and identify-
ing the radionuclides likely to be critical, and
criteria for evaluating the radiological safety of
the operation.

8. Related Cooperative Projects

Representatives of other agencies continued to
participate in the Radioactive Waste Disposal
Section’s studies. Three alien guests were in
residence during the year. Members of the section
participated in the ASCE Committee on Sanitary
Engineering Aspects of Nuclear Energy and in the
American Standards Association.

One member served as assistant news editor for
the United States for Health Physics and as an
assistant editor of Nuclear Safety. Two members
of the section taught courses at the University of
Tennessee. Two members of the section partici-
pated part time at the Nuclear Safety Information
Center. '

147756

X1

+ PART Il. RADIATION ECOLOGY
9. Responses of Animal Populations
to lonizing Radiation

Time-related responses in peripheral blood of
four species of indigenous mammals were followed
after whole-body irradiation. Total leukocvte
number in all irradiated groups dropped sharply by
one day postirradiation. Decreases in number of
lymphocytes primarily accounted for the decrease
in total number of leukocytes. By day 20, re-
covery in leukocyte number was evident for all
species (49 to 82% of original values). Erythrocvte
count and associated values (hemoglobin concen-
trations and hematocrits) decreased by day 20 in
the rice rat, but these values were not significantly
lower in the other species. These studies suggest
that the greater radiosensitivity of the rice rat may
be attributable to the radiosensitivity of the
hematopoietic system of this species. .

Loss rates of >?Fe at 25°C were determined in
seven species of native rodents in an effort to
establish a suitable index to radiation damage in
erythropoietic tissues and hemoglobin synthesis
in free-ranging animals. Animals were injected
peritoneally, and whole body counted until 114
days postinjection. Excretion rates were low for
all animals tested. Irradiation (whole body) re-
sulted in decreases in A, ranging from 1.9 to 4.4%
by day S5 except in M. musculus, in which no change
occurred. It appears that radiation effects on iron
metabolism cannot be detected with this technique,
on a short-term basis at least, in animals irradiated
at relatively low levels.

The postirradiation survival of brown crickets.
in a grassland habitat was compared with that in
laboratory experiments. Irradiated crickets were
released into a field pen and then recaptured
nightly in traps. In the laboratory similarly ir-
radiated crickets were maintained at optimum rear-
ing temperatures. Recaptures of crickets suggested
a 50% survival time of about 11 days in the meadow
environment compared with 21 days in the lab-
oratory. The decreased survival time in the pens
indicates that additional mortality factors were
operating there; a possibility is predation by wolf
spiders, which were observed feeding on these
crickets. Further studies were completed on life
history stage responses of evergreen bagworms to

gamma radiation. For a single end point, LD .



day mortality, sensitivities between egg and larval
stages varied by a factor of nearly 35.
Fecundity of the mosquito fish, Gambusia affinis

K11

affinis, which live in White Oak Lake was evaluated.

These fish receive approximately 130 rads/year
from internal emitters and may receive as much as
10 rads,day from bottom sediments in certain parts
of the lake. Fecundity, or brood size, was found
to be greater in Gambusia from White Oak Lake
.than in a control population. The average number
of viable embryos per fish from White Oak Lake
was 44.4 + 1.83; the average number from the con-
trol area was 32.1 % 1.49. Besides the brood size,
percent of dead embryos and abnormalities were
greater in the White Oak Lake population. In-
creased brood size of the chronically irradiated
fish may reflect a population adjustment to the
increased mortality (exploitation) produced by
ionizing radiation.

A comparison was made of the movement of '°®Ru,

®9Co, and !37Cs in arthropod food chains on White
Oak Lake bed. Distribution of *37Cs among biota
in the bed was similar to that previously reported.
Compared with !?7Cs, more efficient food chain
movement was suggested by the data for '°5Ru and
89Co. Uptake from soil was greater for these latter
radioisotopes than for radiocesium. Transfers

from vegetation to herbivores and from herbivores
to predators also appeared more efficient for '®5Ru
and %%Co than for !37Cs. In particular, °6Ru con-
centrations in predators were almost three times
higher than those in herbivores. Consequently,

the relative abundances of the three radioisotopes
became rearranged by food chain processes.
Ruthenium-106 had twice the concentration of
137Cs in soils; in predators *°®5Ru was 20 times
more abundant than !37Cs.

10. Responses of Plants to lonizing Radiation

Responses to fast-neutron radiation in terms of
growth, morphological, or mortality criteria have
been measured for locally important tree species.
These species represent ten families of wide
taxonomic distribution. The extreme radiosensi-
tivity of the conifers (Pinus) was apparent, with
lethal doses being about 12 times less than the
average lethal dose for the deciduous species.
The most sensitive deciduous trees tested were
dogwood (Cornus florida), sassafras (Sassafras
albidum), and sweetgum (Liquidambar styraciflua).

187757

Doses required to produce lethality and severe
growth effects in these species averaged 33 and
35% lower, respectively, than those required to
oroduce these end points in the other deciduous
trees. The most resistant species tested were
mimosa (Albizzia julibrissin) and red oak (Quercus
rubra). Doses producing lethality and severe
growth effects in these species averaged 40 to 3775
higher, respectively, than those for other deciduous
species.

Nuclear criteria for genotypes of Populus deltoides
(eastern cottonwood) were investigated to establish
whether chromosome-volume differences existed
in our populations, which consist of 30 clones
representing ecotypes from six states. All clones
had the diploid (38) number of chromosomes. The
range of the interphase chromosome volumes
with their associated standard errors was 2.38 =
0.07 to 4.24 £ 0.16 u*. These two extreme values
suggest that a difference in radiosensitivity may
exist between these clones due to this 1.8 fac-
tor of increase in chromosome size. However.
the other clones tested had chromosome volumes
differing from one another only by a factor of 1.4
or less, Past work has shown that size differences
of this magnitude are not likely to correlate well
with exposure predictions for growth or mortality
end points.

11. Radionuclide Cycling in
Terrestrial Ecosystems

Five years of research, including laboratory ex-
periments on insect feeding, have clarified many
problems related to the animal food chains in the
137Cs.tagged forest. Over 2 uc/m? of foliage con-
sumption was necessary to maintain radioactivity
levels in canopy insect populations, even though
the total activity represented in them was very
small (about 0.004 uc/m? at any one time). The
contributions of insects, and probably of other
animals, to the export of radioactivity from the
forest appeared small (less than 0.1 pc/m?) by
comparison with the measured export in blowing
leaves which fell outside the plot boundaries in
autumn (5.3 pc/m? in 1963; less in later years).
Litter falling inside the plot contributed about 5
uc/m? to animal food chains (especially ground
insects and millipedes), which eventually return
radiocesium to the litter layer or underlying soil.



Equations that were used previously in mathe-
matical models for accumulations of nutrients in
soils, plants, and animals were extended to overall
analysis and prediction of radiocesium in and
around the tagged forest. The continued decreases
in radioactivity of tree foliage imply readjustment
toward lower levels of activity throughout the
animal food webs. In spite of the tendency of soil
minerals to fix cesium ions, recycling into plant
roots may lead to an almost steady state, at levels
less than 1% of the first year levels of activity,
between the fifth and tenth year of the experiment.
One model prediction indicates that continued in-
put of activity to the soil may be balanced by
radioactive decay in approximately seven years.

Studies on the distribution of three alkali metals
(cesium, potassium, and sodium) in arthropod food
chains showed that trophic processes do not re-
sult in increased concentration of '37Cs and K
between arthropod links in the food chains. Since
fallout !*7Cs often has been reported to be ac-
cumulated in vertebrate food chains, it is apparent
that the faunistic composition of environmental
pathways must be considered before the fate of
!37Cs in trophic levels of ecosystems can be
assessed.

Laboratory studies of '37W retention were per-
formed with two species of insects to determine
what magnitude of food chain transfer might be
expected in tungsten-tagged environments. The
biological half-lives for tungsten, based on the
mean retention estimates at each counting time.
were 48 hr for Acheta and 58 hr for Oncopeltus.
Percentage error was found to be about 20%.
Radiotungsten absorption and retention parameters
appear similar to those for radiocesium in these
two insects. From these measurements it is
inferred that radiotungsten movements through the
arthropod portions of food chains may approximate
movement of radiocesium.

12. Radionuclide Cycling in Aquatic Ecosystems

Several types of experiments were done to
clarify the respective roles of fish flesh and blood
in Sr uptake and turnover in bluegills (Lepomis
macrochirus Rafinesque). Specific activities or
radiostrontium-to-total-Sr ratios were used to de-
termine whether the Sr in flesh and blood was in
equilibrium with that in water. The blood in-
corporated radiostrontium rapidly, reaching about
two-thirds of the maximum activity level in 24 hr.
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The concentration factor rose from 0.124 at 1 dayv
to 0.194 at 35 days. The specific activity in the
blood did not change appreciably in the test
period, rising from 0.47 at 1 day to 0.74 at 35 davs.
The greatest rate of 2°Sr uptake by the flesh
occurred in the first 4 days. The second com-
ponent of the uptake curve was faster for flesh
than for blood, and the maximum concentration

_factor reached after 35 davs was 0.121. Extrapola-

tion of the second component indicates that ap-
proximately 72 days are necessary for bluegtll
flesh to reach a concentration factor of 1, which
may be expected from stable Sr analyses.

Uptake responses to different environmental Sr
concentrations (0.3 to 30,000 ppb stable Sr) were
carried out in bluegills. The concentration factor
for radiostrontium was virtually constant within
this range. This indicates that the readily ex-
changed Sr fraction was accumulating Sr in direct
proportion to that in the environment. Results of
the stable Sr analyses indicated that concentra-
tion factors of stable St were inversely proportional
to the Sr concentration in test waters, except at
the two highest environmental concentrations, 3000
and 30,000 ppb. The levels of stable Sr in the
flesh of the experimental fish did not change
significantly. These results showed that the
quickly exchanged fraction of Sr in bluegill flesh
was a small proportion of the total Sr in flesh.

Experiments on cesium and potassium turnover
in white crappie were performed to test a hypothesis
that Cs/K ratios will increase at succeeding
trophic levels in the food chain. The results do
not support this hypothesis. Field studies on
trophic-level increases, using White Oak Lake fish.
showed no consistent pattern of Cs content with
respect to trophic level. Comparison of Cs and
137Cs analyses from fish from the Clinch River
(ORNL), Finnish lakes, and Red Lake, Minnesota.
showed that trophic-level increases occurred only
part of the time. These differences may be the
results of different food chains in different habitats,
which in turn affect Cs concentration at succeed-
ing trophic levels. Data available at present do
not warrant the general application of trophic-level
increases to Cs in food chains.

13. Watershed Aquatic Habitat interactions

A watershed research program was initiated this
year which will unify portions of the terrestrial
and aquatic ecology research. The Walker Branch



watershed, having a total area of 241 acres and
consisting of two smaller watersheds of 95 and 146
acres, was selected for study. Two permanent
spring-fed streams drain the area. Research ob-
jectives of the project are to (1) relate water
quality and productivity of the stream to the
productivity and chemical budget of the adjacent
terrestrial ecosystem, (2) equate the net loss ot
chemical elements to the rate of mineral cycling,
(3) establish the relationship between the hydro-
logic cycle and mineral cycle, and (4) provide
benchmark information of natural terrestrial-aquatic
ecosystems for comparison with those modified by
man’s cultural practices.

A base map was prepared from an existing de-
tailed topographic map and from aerial photos
taken in October 1966 and February 1967. A four-
chain grid system was established with permanent
corner markers to facilitate positive field loca-
tion. The overstory vegetation and soil types
have been mapped. Five rain gages were installed,
and areas around them were fenced and seeded.
Access roads were constructed, and preliminary
excavations for the two weirs were completed.
Weir design, as well as the design for continucus
proportional water samplers which are to be in-
stalled at the weir site, was completed. A power
line to the weir site was designed and is being
installed.

14. Theoretical and Systems Ecology

Data on radiant energy input and productivity
were utilized to construct a preliminary model of
energy flow in Liriodendron (tulip poplar) forest.
Values for stem production were 9000 kcal m™?2
year~ !, canopy 1950 kcal m~ 2 year™!, and 1600
kcal m~ 2 year—! for roots. These values cor-
respond to 0.12, 1.6, and 0.12% of the annual (ail
wavelength) solar energy input to leaves, stems,
and roots respectively. A general instructive
model describing vertical periphyton growth was
developed on the basis of periphyton studies
carried on in White Oak Lake.

15. Forest Management
The Forest Management Program, initiated in

1965, has the responsibility for managing 20,900
forested acres adjacent to the ecology study areas
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on the AEC Oak Ridge Reservation. A self-financ-
ing commercial forest program is conducted in
harmony with the research objectives of ORNL.
Applied forestry research is conducted as needed
to solve specific land management problems.

PART 1ll. RADIATION PHYSICS

16. Theoretical Radiation Physics

The problem of double plasmon excitation by a
fast electron is considered a framework which
allows for damping of the intermediate states by
plasmon interactions together with other possible
competing processes. The value of the minimum
dipole moment required to bind an electron to a
finite permanent electric dipole has been estab-
lished rigorously to be D_. = 1.625 x 107!# esu-
cm. Approximating the polarization potential for
electron scattering from atoms of 1s%2s5%2p? con-
figuration, using a polarization potential pre-
viously calculated for oxygen and the experi-
mental dipole polarizabilities, calculations of the
total elastic scattering cross sections for these
atoms have been made; agreement with experiment
is rather good. A perturbation method has been
used to obtain equations for the dynamic distortion
of the target system when lowsenergy electrons or
positrons scatter from atomic or molecular systems.
The potential energy of the electronic cloud at
the nucleus of an atomic system is of interest in
beta decay theory; calculations of this energy for
a number of different neutral atoms have been made
using the Hartree-Fock equations for the atomic
system. Work is continuing on the effect of the
exclusion principle in intermediate states of scat-
tering of a hot electron on a free-electron gas.
Comparisons of the dose distribution’in cylindri-
cal and slab phantoms due to protons of energies
in the range 250 to 400 Mev have been carried out.
A new formulation of the dielectric constant of an
absorbing medium has been made. It is predicted
that photon absorption by a fast electron may occur
with appreciable probability through the inter-
mediary of a virtual plasmon; estimates show that
it may be feasible to obsetve this process experi-
mentally. Plasmon exchange scattering by two
colinear fast electrons of slightly different energies
appears more difficult to observe experimentally.



Consideration has been given to the process of sur-
face secondary electron emission from metal through
the Auger decay of surface plasmons created by
fast charged particles. A procedure has been for-
mulated for choosing the normal modes of motion of
auclei in a molecule so that, when subjected to a
symmetry operation of the point group of the mole-
cule, they form bases for irreducible representa-
tions of the point group. Work on the Klein method
for obtaining the potential vs internuclear distance
for diatomic molecules is continuing. Molecular
structure calculations of magnesium porphin have
been carried out; resuiting energy levels and oscil-
lator strengths correspond to two prominent strong
absorptions near the experimental values, Studies
of the passage of high-energy nucleons through
multiregion phantoms, corresponding to soft tis-
sue and bone parts, have been made for protons

and neutrons with energies up to 400 Mev.

17. Interaction of Radiation with

Liquids and Solids

Optical constants in the vacuum ultraviolet have
been determined for single crystals of MgF | and
MgO and thin films of white Sn, amorphous Se, and
K. Reflectance techniques were used, except for
K, where the critical-angle method yielded the re-
fractive index directly. For critical-angle meas-
urements an angle doubler, an apparatus for mov-
ing the detector at twice the angular velocity of
the sample, has been designed. In addition, an
ellipsometer and ultrahigh-vacuum chamber were
constructed, and optical constants of palladium at
long wavelengths were determined from analysis
of the ellipticity of light reflected from a flat
palladium surface. Photoelectric measurements
have been made on silver, palladium, and nickel,
with photoelectron energy distribution curves be-
ing obtained for various incident-photon energies.

To obtain optical constants from reflectance
data, a new method of employing the Kramers-
Kronig relations has been devised.

Both optical constants over an extended energy
range and photoelectron energy distribution curves
yield information about the energy-absorption
processes taking place when photons interact with
the material. Such information can be related to
band structure and to absorption cross sections.
For each material studied, structure in the optical
constants, in the derived energy-loss functions,
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and in the photoelectron energy distribution curves
has been interpreted in terms of excitons, inter-
band transitions, and collective, or plasma. oscil-
lations. In some cases comparison has been
made with characteristic electron energy loss
measurements published in the literature. An
attempt was made to identify photon excitation

of surface plasmons in aluminum using data ob-
tained previously. Positive identification was
not possible due to the existence of an interband
transition near the surface-plasmon energy.

18. Atomic and Molecular Radiation Physics

The minimum molecular electric dipole moment
which is necessary to bind an electron has been
calculated and found equal to 1.639 Debye units.
An analysis of electron swarm data for electrons
traveling through polar gases provided the first
experimental evidence for this value.

Investigations of low-energy electron attachment
to aromatic molecules have been extended from the
halogenated benzene derivatives to benzene itself,
naphthalene, and napthalene derivatives. Electron
capture in the diatomic molecules HX and DX (X =
halogen) revealed new electron attachment processes
and provided most interesting resuits for direct dis-
sociative electron attachment to molecules. Cap-
ture cross sections (corrected for the finite width
of the electron pulse) as a function of electron
energy have been obtained for these molecules.
Electron capture in chlorinated linear hydrocarbons
provided interesting results which will form the
basis of an attempt to relate electron capture with
the toxic action of these molecules. Further, a
new technique has been developed which allows
determination of thermal electron attachment to
molecules and thermal electron diffusion under
field-free conditions.

Nondissociative electron attachment to O, in
0,-C,H, and 0,-C H -H,O mixtures has been
studied, and the efficiencies of 0,,C,H,, and H,0
as stabilizing agents for 02"* have been investi-
gated. Electrons were found to attach to poly-
atomic molecules with high probability and for
times of the order of 10™° sec. The product of the
capture cross section and the corresponding nega-
tive ion lifetime has been found to be a strong func-
tion of the molecular electron affinity. From a
theoretical expression relating the capture cross
section, the negative ion lifetime, and the electron
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atfinity, a calculation has been made of the electron

affinity ot sulfur hexafluoride, nitrobenzene, di-
acetyl, and glyoxal. In this respect new experi-
ments have been initiated to study collisional de-
tachment of electrons from negative ions in an
etfort to measure molecular electron affinity di-
rectly.

Short-lived negative ion resonances have been
discovered in benzene, seven benzene derivatives,
and naphthalene. For benzene derivatives for
"“which dissociative attachment is possible,
autoionization and dissociation were found to be
in competition. The temporary negative ion res-
onances observed in benzene and naphthalene
gave a lower limit to the electron affinities for
these moiecuies equal to — 1.4 and 0.8 ev re-
spectively.

Excitation of hydrogen halide molecules, ben-
zene, seven benzene derivatives, and naphthalene
has been studied at the threshold of excitation
processes using SF6 as a scavenger of low-energy
electrons. Important results have been obtained,
especially with respect to temporary negative ion
resonances and triplet state excitation of mole-
cules. The emission from organic liquids excited
by electron impact has been found to be completely
due to excimers. The characteristic monomer
emission observed under ultraviolet and x-ray ex-
citation was completely absent under intense
electron bombardment. lon recombination is be-
lieved to be the origin of the excimer emission,
while strong ionization quenching of excited
monomer molecules is believed to be responsible
for the absence of monomer emission. A nano-
second pulsed electron source for scintillation
decay time measurements has been developed and
will aid our luminescence studies of polyatomic
molecules.

Finaily, studies have been made of sensitized
ionization of molecules, molecular decomposition,
and the yields of resolved transitions in gases.

19. Graduate Education and
Yocational Training

In the Graduate Education and Vocational Train-
ing Program, eight AEC Health Physics Fellows
from Vanderbilt University, four from the University
of Tennessee. and one from the University of
Rochester came to ORNL for summer trairiing in
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applied health physics and research. Finai writ-
ing and editing were complieted on the book
“‘Principles of Radiation Protection: A Textbook
in Health Physics.’”’ Page proof was recetved and
publication is expected in time for use during the
academic year 1967-68. Nineteen colleges and
universities were visited, and heaith physics
research and career opportunities were discussed.
Twenty-two graduate students conducted thesis
research in the Health Physics Division for the
M.S. or Ph.D. during the year. A total of 56 uni-
versity personnel ranging from undergraduates to
professors spent last summer in the Health Physics
Division. Several of our staff assisted the UT
Physics Department in writing three research
proposals to government agencies. A new under-
graduate curriculum in health physics was set up
at UT with our help. The Division cooperated
with Oak Ridge Associated Universities in screen-
ing of applicants for USAEC Fellowships; par-
ticipation in the conference on ‘‘Principles of
Radiation Protection,’’ which attracted approxi-
mately 100 faculty members; and presentation of
courses of up to ten weeks duration in health
physics for 32 state persoanel. Lectures were
given at four Medical Radioisotopes Courses,
attended by 60 physicians. The Division assisted
in the presentation of an eight-week course in
health physics for college and university staff
members who have responsibility for campus radia-
tion safety. At ORNL, Division personnei parti-
cipated in the presentation of a two-week course
in Radiation Safety for Laboratory staff.

20. Physics of Tissue Damage

In the Physics of Tissue Damage Program,
studies of electron transport through tin metallic
layers were extended with a new ultrahigh vacuum
system and a new electron gun capable of supply-
ing electrons of as little as 1 ev at an arbitrary
angle to the layer. An enhancement of surface-
plasmon excitation was noted as the electron beam
impinged at glancing (as opposed to normal) angles,
whereas the absorption due to L-shell ionization
decreased. The former behavior was in qualita-
tive accord with theoretical expectations, whereas
the latter was not and is not understood. In
measurements on amino acid films, electrical
characteristics were noted as follows: band gap,
2.7 ev; resistivity, 10'® ohm-cm; field strength at



breakdown, 10° v cm. An electron irradiation sys-
tem was constructed which prevented light from
the electron gun from shining on the amino acid
rarget. Optical measurements of the ratio of
phosphorescence to fluorescence for tryptophan
and tyrosine films showed that the ratio is inde-
pendent of electron energy from 30 ev to 100 kev,
implying that optical excitation is determined
entirely by low-energy secondary electrons. The
reflectivity of liquid water was measured at angles
of 20, 45, and 70° to the normal and in the wave-
length region between 1000 and 3000 A, Peaks

in reflectivity at 2100, 1700, and 1000 A are at-
tributed tentatively to triplet excitations, singlet
excitations, and ionization in the liquid respec-
tively. A peak at 1250 A is unidentified.

Eleven scintillator solutes were studied in the
solvent 2-ethylnaphthalene, with emphasis on
emission intensities, quenching effects, and pulse
heights. This solvent, which emits from excimer
formation, was found to be highly efficient and to
resist quenching to a much greater extent than
other scintillating materials. A preliminary study
of light emission from silver irradiated by 200-ev
electrons showed a peak at 3900 A, in contrast
to the peak at 3300 A found from high-energy
(>10-kev) irradiation. Further study is required
in order to decide whether this peak arises from
surface-plasmon decay or bremsstrahlung. Elec-
tron slowing-down spectra from beta-ray sources
in aluminum were used to calculate the number of
K ionizations (~3), L ionizations (™~ 300), and
plasmon excitations (™~ 18,000) which arise as an
Mev beta rav slows down in aluminum. Virtually
all beta-rav energy ultimately goes to plasmon
formation.

PART 1V. RADIATION DOSIMETRY
21. lchiban Studies

The major emphasis of the program during fiscal
year 1967 was on shielding studies associated
with the survivors who were exposed in reinforced
concrete or other massive structures, liaison,
depth-dose calculations, and dosimetry related to
Operation HENRE. The caliculation of the shield-
ing provided by large structures requires a knowl-
edge of (1) the geometry of exposure (from ABCC
records), (2) the energy and angular distribution
of the neutrons and gamma rays (from previous
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dosimetry studies), and (3) the attenuation and
buildup factors tor the building materials for the
exposure geometry. The latter subject was studied
extensively both in the laboratory and during
Operation HENRE. Two liaison trips to Japan
made it possible for ORNL and ABCC to work ef-
ficiently on a joint basis. Calculations ot depth-
dose distributions for various neutron energies

and irradiation geometries were continued (see
‘““Dosimetry Applications,’”’ Sect, 23).

22. Spectrometry and Dosimetry Research

Spectrometry research for both directly ionizing
particles and indirectly ionizing particles and
quanta continued to be an important part of the
dosimetry program. Silicon diodes were the pri-
mary tools for directly ionizing radiations. Neutron
spectrometry research was directed to magnetic
analyzing devices for elastically scattered protons
and to °Lil scintillation systems. A new detector
system for nuclear accidents is based on the use
of thodium. Much of the overall effort was di-
rected to spectrometry for Operation HENRE (see
“Dosimetry Applications,’’ Sect. 23). For these
studies, the °Lil spectrometer was most useful
because of its great sensitivity compared with
other systems.

23. Dosimetry Applications
Development of integrating or ‘‘passive’’ sys-
tems of dosimetry for personnel and nuclear ac-
cidents was continued, primarily with solid-state
devices; these include metaphosphate glass for
gamma radiation and fission-foil—solid-state
(glass, plastic, etc.) detectors for neutrons.

Intensive intercomparisons’ of dosimetry systems
were completed; both domestic and foreign groups
used the HPRR in joint evaluations of a wide
variety of systems. These studies are important
both as a basis for evaluating the dosimetry sys-
tems and as a forum for information exchange.
Depth-dose studies were continued for a tissue
medium for an assortment of sizes and geometries,
and calculations of radiation dose to many varieties
of seeds irradiated at the HPRR were made. Meas-
urements of neutron fluence and dose distributions
near thick targets of copper and carbon bombarded
by 60- and 80-Mev alpha particles were made at
the Oak Ridge Isochronous Cyclotron. A more
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sensitive Geiger-Mueller tube was adapted to the
““Phil’’ system by designing appropriate shields
for eliminating thermal-neutron response and for
flattening the response vs photon energy to match
the tissue dose curve. A series of measurements
were made to determine the exchangeable and total
sodium in the human body by isotopic dilution and
neutron activation techniques; the study was con-
ducted because a British group reported experi-
mental values which were sufficiently lower than

any previous values to require changes in previous
ORNL data.

24. HPRR and DLEA Operations

The Health Physics Research Reactor continued
to serve as the radiation source for a large frac-
tion of the world’s dosimetry research. An increas-
ing percentage of the reactor operations is in the
pulsed mode. The DOSAR Low-Energy Accelerator
has proved to be a versatile and highly reliable
source of low-energy charged particles and 3- and
14-Mev neutrons.

PART V. INTERNAL DOSIMETRY

25. {nternal Dose Estimation

Calculation of the average beta-particle energy
in beta decay has been computerized, and graphs
of the ratio of average energy to end-point energy
are presented for allowed, first-forbidden unique,
and second-forbidden unique transitions. Com-
puter codes have been developed which calculate
the percentages per decay and respective energies
of x rays, gamma rays, internal conversion elec-
trons, and Auger electrons for electron capture de-
cay and gamma-ray internal conversion. Illustra-
tive computer outputs are presented.

When a gamma emitter is present in an organ of
the body, one needs to know what fraction of the
energy released is absorbed in various tissues of
the body in order to estimate dose to those tissues.
Many oversimplified methods have been used in
the past to estimate these ‘‘absorbed fractions”
as they are often termed, for example, a single
interaction calculation, a ‘‘straight-ahead’’ model
of scattering, or the use of an ‘‘effective radius.’’
This paper defines a mathematical model of the
human body and 23 organs, each having épproxi-
mately the correct size and shape, and a computer
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code estimates dose to each of these organs from
a sowce uniformly distributed in any one of them.
The principal limitation is that the phantom is
homogeneous, and effarts are under way to remedy
this. However. for energies above 0.2 Mev, the
mass absorption coefficients of bone and soft tissue
are not very different, and so only sources at or
above 0.2 Mev have been used thus far. In gen-
eral, the ‘‘absorbed fractions ™’ obtained by these
more exact, multicollision-type estimates are
lower than values obtained by the use of an ‘‘ef-
fective radius’’ as defined by the ICRP and NCRP,
the new values being generally about half those
estimated by that procedure.

A Monte-Carlo-type code has been developed at
ORNL which permits one to estimate dose in tissue
phantoms for a wide variety of exposure situations.
This is a report on dose in an anthropomorphic
tissue phantom which has approximately the di-
mensions and masses of ‘‘Standard Man.”” The
incident photons emanate from an external point
source which is positioned at various distances
up to 2 m from the phantom and at several heights.
The phantom is divided into 160 subregions. The
volume elements nearest the surface of the trunk
section have a thickness of 1 cm, and the dose in
these volume elements may be expected to approxi-
mate the reading of a dosimeter exposed on that
portion of the surface of the body. Thus the varia-
tion of dosimeter readings when the dosimeter is
worn in different positions on the body surfaces
can be estimated and compared with the distribu-
tion of dose within the body. Each point source
is monoenergetic, and the energy of the photons is
varied from 0.07 to 1 Mev. The dose at a specified
site within the phantom may differ as much as an
order of magnitude from the dose indicated by a
dosimeter worn at certain locations on the surface
of the phantom, the difference depending on the
energy of the source and its position in relation
to the phantom and the position of the dosimeter.

After an intake of cesium, this element is elimi-
nated over a period of time. It has been found by
Richmond et al. that a one- or two-exponential
retention function is usually sufficient to fit the
observed data. This retention model is valid for
adults and children, but the elimination rates are
different in each case. In this report a mathe-
matical compartment model is proposed which
allows compartment size or growth to be included
naturally. This model is applied to the retention
of '37Cs by humans from birth through adulthood.

1



The biological half-times predicted with this
model compare favorably with experimental values,
although there is still much variation of the ob-
served half-times within an age group. The im-
plications of this model in regard to dose from
single and continuous intakes are examined.

Detailed estimates are provided of dose within
the body from administration of Neohvdrin labeled
with '?7Hg or “°3Hg. Such estimates are of in-
terest in deciding the relative merits of the two
compounds for extensive clinical use. Dose esti-
mates to (1) cortex of kidney, (2) medulla of kidney,
(3) bladder, and (4) ovaries are provided per milli-
curie-hour of residence of the source in blood
(early phase), in cortex, in medulla, and in the
bladder (excretory phase). The dose from photons
is estimated using the Moate Carlo technique.
These estimates are used with available data on
residence times to obtain a dose estimate for a
typical case. However, they can be easily ad-
justed in other proportions appropriate for the
elimination rates of a particular patient.

The accuracy of computer codes based on ex-
cretion data following a single intake to blood for
estimating a systemic body burden of plutonium 1s
considered (1) by fitting power functions to data
of individuals resulting from a single intake to
blood and comparing these functions to determine
individual differences, (2) by analyzing day-to-day
fluctuations to determine confidence bands about
the power functions which include a preassigned
percentage of the data, (3) by using computer
methods to predict intake or body burdens for
known cases where the predictions can be checked,
and (4) by using only portions of the excretion data
to reveal inaccuracies due to inavailability of all
the excretion data. The use of these data on
fluctuations of day-to-day excretion and on indi-
vidual differences to estimate body burdens by
computer methods is being explored.

26. Stable Element Metabolism

Long-Term Study of Intake and Excretion
of Stable Elements

Statistical studies of the daily elemental dietary
intake and urinary and fecal excretion of two men
on ad libitum diets over a period of four months
indicate the influence of the time of intake, of
intake of other elements, and of other factors on
the excretion of an element. Equations relating
these factors have been developed.
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Tissue Analysis Laboratory

In the tissue analysis program, attention has
been directed to the detection of trace elements
in bone. The overall sensitivity has been im-
proved bv developing a chemical preconcentration
procedure.

PART VI, HEALTH PHYSICS TECHNOLOGY

27. Aerosol Physics

Studies of the adhesion of solid particles to
other particles and to solid surfaces have been
extended to provide a better understanding of the
basic physical mechanisms. Results of earlier
ad hoc studies have confirmed the importance of
capillarv and electrostatic forces; thus, the major
emphasis of the present work has been directed.
toward capillary and electrical phenomena. A
theoretical treatment of the capiilary force between
two spheres of equal radii has shown that there
is a maximum size capillary that can exist between
two contacting spheres of radius R and that the
maximum adhesion force is 5.329Ry_, where y_is
the average surface free energy of the solid. A
new analog method was developed for determining
the charge area density on a conductive particle
in contact with a charged conductive surface. The
apparatus is described as a coulometric electro-
lytic tank and employs electrodeposition of metals
onto models of the particle shapes under study.
The surface mass density of deposited metal is
determined by removing known segments of the
deposit and weighing them on an ordinary laboratory
balance; the distribution of mass per unit area on
the model is analogous to the distribution of
charge per unit area in the electrostatic case.

The interfering effect of ionic diffusion is reduced
by proper selection of the plating bath parameters
and by control of the maximum current density.

The validity of the method is demonstrated by
comparing the analog solution for a hemisphere

on a plane with the classical solution for a charged
plane having a hemispherical boss. Obviouslv.
departure from the known solution for a hemisphere.
resulting from diffusion effects, could be treated
as a calibration, providing correction factors use-
ful for other geometries; however, the degree of
error is seen to be small, and one may determine
the surface charge density of rather complex



particle shapes to within less than about 10%
error by this method.

The exploding-wire aerosol generator. described
in previous reports. has been redesigned. resuit-
ing 1n a more compact, versatile, and portable de-
vice. A commercially available 2800-j capacitor
and trigger unit form the central core of the ex-
ploding-wire device. Various control citcuits are
included in the new design to improve the safety
features developed in operations of the earlier
model.

Aerosols generated by the exploding-wire de-
vice are being used in a study of the interaction
of aitborne vapors with particulates. The rate of
disappearance of free iodine vapor from a cylindri-
cal tank is about nine times that of sulfur dioxide
vapor from the same aerosol chamber in the ab-
sence of significant concentrations of condensa-
tion nuclei. When nuclei of platinum for iodine
and either platinum or ferrosoferric oxide (Fe304)
for sulfur dioxide are added to the chamber, the
rate of equilibration of the vapor with the air-
borne nuclei is about ten times faster in the case
of sulfur dioxide. As an adjunct to this study a
screening test is being carried out by passing the
vapor through a deposit of exploding-wire particu-
lates collected on a membrane filter. Initial
studies have been done using 2 different concen-
trations of sulfur dioxide and 17 different particu-
late compositions. The preliminary work shows a
variety of interactions, some being proportional
to concentration and others more related to time
of contact.

Investigations of the retention times of particles
adhering to the skin have been extended to in-
clude estimates of initial retention after impaction
at approximately the terminal velocity of the par-
ticle in air. All particles less than about 180 u
in diameter were retained, whereas none larger
than about 700 u were retained when the removal
force was equal to the force of gravity.

Particle retention time data were combined with
measurements of the dose rate in tissue produced
by a neutron-irradiated reactor fuel particle to
provide an estimate of dose to the skin as a resulit
of ‘‘hot” particles being deposited on the skin.
The particles were irradiated for 20 min, simulat-
ing a short operating time, and, because of the
rapid decay of the contained fission products, the
expected dose from a given particle depends on the
time, after shutdown of the reactor, at which first
contact is made with the skin and upon the time
of retention. The results are given in terms of
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the expected dose averaged over an area of 1 cm”
at a depth of 7.6 mg/cm*, and the upper and
lower limits on the dose are indicated for one
standard deviation of the estimate.

28. Applied Internal Dosimetry

During the period June 1, 1966, through May 31,
1967, a total of 896 whole-body counts were made
involving 744 persons. Only 10.2% of the persons
counted showed detectable amounts of radionuclides
other than normal levels of *°K and '37Cs (6 to
9 nc of 1*7Cs in 1966). Two employees, whose
exposure by inhalation of ??SrTiO | particles in
January 1964 has been described in earlier re-
ports, have been recounted at approximately monthly
intervals for 1260 days; the half-time for lung
clearance at the end of the report period appears
to be in excess of 1800 days.

The elimination of 2°3Hg from the body was ob-
served by whole-body counting using a 6-ft arc
geometry during the period from 30 to 190 days
after injection for medical purposes. In this
period the body burden changed by more than two
orders of magnitude, and the indicated effective
half-life was 25.1 days; based on this, the bio-
logical half-life is caiculated to be 54 days. Ef-
fective half-lives were observed to be 24 days
for retention in the liver and 53 days in the kidney
region.

The attenuation of x rays from a **®Pu0, micro-
sphere was observed as a function of depth in
various absorbers simulating tissue as well as in
polyvinyl chloride. Because of the presence of
chlorine atoms, attenuation is significantly greater
in polyviny! chloride, for which the half-value
layer is 120 mg/cm? as compared with 680 mg/cm?
for the other materials. Calibration of a wound
probe using the microsphere source indicates that
the least detectable amount of *3°Pu in a wound
varies from 0.01 nc at a depth of 1 mm to 2.4 nc
at 33 mm, based on three standard deviations of
the background.

A new procedure has been developed to analyze
environmental samples for radioactive strontium.
The radioisotopes of strontium, barium, and radium
are removed from the dissolved sample by reten-
tion on a cation exchange resin, and separation
of these elements is effected by elution at con-
trolled pH. The recovery of 85Sr tracer in grass,
milk, leaves, feces, and bone samples was ob-
served to be greater than 99%.
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CALCULATING THE EFFECTIVE ENERGY
PER RADIOACTIVE DECAY FOR USE
IN INTERNAL DOSE CALCULATIONS

L. T. Dillman'

In making internal dose calculations, it is nec-
essary to determine the effective energy de-
posited in the organ of reference per radioactive
decay. This requires detailed knowledge con-
cerning the decay scheme of the radionuclide in-
volved. Even when decay schemes are well
established, considerable tedious work may be
involved in computing the effective energy per
disintegration. This is particularly true when
significant gamma-ray intemal conversion or
electron-capture processes occur. These
processes give rise to x rays and Auger electrons
of varying intensities, and the calculation of these
intensities is tedious.

This paper describes three computer programs
which have been devised as aids to the calcula-
tion of the energy of the particles released for
each of the following three processes: (1) elec-
tron or positron emission, (2) electron capture,
and (3) internal conversion of gamma rays. The
ultimate goal is a computer code which uses nu-
clear decay data as input information and calcu-
lates the effective energy per decay for the
particular organ or organs of interest. The
present programs are initial steps towaid this
goal.

1Research participant and consultant to ORNL f{rom
Ohio Wesleyan University.

2U.S. Public Health Service.

3F’hysics Department, University of Tennessee.
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Electron or Positron Emission

For 8 " or 3~ decay, one needs the ratio of the
average energy of the particle to the end-point
energy for each transition under consideration. .
James et al. * have computed this ratio for
allowed, first-forbidden unique, and second-
forbidden unique {3~ transitions and have presented
their results in graphical form. Their graphs give
this ratio as a function of energy for six values
of atomic number. Loevinger® gives graphs of
this ratio as a function of energy for allowed S~
transitions. A computer code has been written
which extends these previous compilations in
several ways.

First of all the computer code may be used for
any atomic number and for any end-point energy
and thus obviates the necessity of graphical
interpolation. Second, the code includes first-
forbidden unique and second-forbidden unique 3 *
transitions. Third, the code calculates the frac-
tion of the emissions in which the initial energy
of the 87 or B~ particle is below a fixed value
of energy, for example, 0.03 Mev. This is done
because beta radiation of low energy is generally
weighted with a quality factor, QF, in estimating
dose equivalent; QF is the symbol used for the
linear-energy-transfer-dependent factor by which
absorbed doses are to be multiplied to obtain, for
purposes of radiation protection, a quantity that
expresses the dose equivalent delivered to tissue
on a common scale for all ionizing radiations. In

*M. F. James, B. G. Steel, and J. S. Storey, Average
Electron Energy in Beta Decay, AERE-M 640 (1960).

SR. Loevinger, Phys. Med. Biol. 1, 330 (1957).



addition, the absorbed dose may be further multi-
plied by modifying factors, MF, to take account

ot other factors that are necessary for calculation
ot the dose equivalent. For example, ICRP and
NCRP assign a QF of 1.7 for beta particles ot
end-point energy below 0.03 Mev, whereas those
above 0.03 Mev are assigned a QF of 1.0. It
would seem logical that all electrons or beta-like
particles emitted with an initial energy above
.0.03 Mev should be assigned a QF of 1.7 for the
energy absorbed after they have been degraded to
energies below 0.03 Mev; provision is made for
evaluating such a part of the energy so this
weighting can be used if desired. The discon-
tinuous change in QF at 0.03 Mev is based on
quite limited experimental evidence. It may be
desirable in the future to use a QF which is a
continuous function of energy or which is discon-
tinuous at an energy value different from 0.03

Mev. The code is so written as to make incorpo-
ration of either of these a relatively simple matter.

Unlike the work of James et al.,* the present

procedure incorporates a screening correction due
to the atomic electrons, and the complicated math-
ematical functions needed for first- and second-
forbidden unique transitions and for the Fermi
function are computed from the fundamental
equations rather than by using the tables of Rose
et al.® These functions are somewhat dependent
on mass number for a given atomic number, and
the tables of Rose et al.® use an average value
for the mass number associated with a given
atomic number. Use of the fundamental equations
leads to greater precision. The ratio of average
{3~ energy to the end-point energy is quite in-
sensitive to the screening correction, but the ratio
of average 3 * energy to the end-point energy is
appreciably affected by the screening correction
at low values of the end-point energy. Loevinger
et al.> made a screening correction for positrons
which was based on the work of Reitz.” Reitz’s
screening correction has been seriously questioned
in more recent work by Durand® and Brown.® A
screening correction of the form widely used before
the work of Reitz’ and which is in agreement with

6.\/1. E. Rose, C. L. Perry, and N. M. Dismuke, Tables
for the Analysis of Allowed and Forbidden Beta Transi-
tions, ORNL-1459 (1953).

’J. R. Reitz, Phys. Rev. 77, 10 (1950).
8. Durand III, Phys. Rev. 135B, 310 (1964).
L. S. Brown, Phys. Rev. 135B, 314 (1964).
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the work of Durand® has been used in the present
work.

Figures 25.1 through 25.6 give the ratios of
average {3~ energy to end-point energy and of
average (3 * energy to end-point energy as deter-
mined by this code for allowed, first-forbidden
unique, and second-forbidden unique transitions.
These ratios are plotted vs energy for ten values
of the atomic number of the daughter nuclide. The

equations used by the code are given in Appendix
A.

Electron Capture

When electron capture occurs, x rays and Auger
electrons are generated. Smith et al.'° have de-
veloped equations for the calculation of the total
‘‘beta-type’’ energy deposition for cases that are
extensions of earlier work by Loevinger et al.'!
For electron capture, ‘‘beta-type’’ radiation in-
cludes Auger electrons and all x rays of energy
less than 0.0113 Mev. This division at 0.0113
Mev is based on the fact that at this energy 95%
of the electromagnetic radiation is absorbed in
10 mm of water. This distance is comparable with
the ranges of many 3~ particles in water. In the
general case, ‘‘beta-type’’ radiation also includes
internal conversion electrons and gamma rays of
energy less than 0.0113 Mev.

We have developed a quite general computer
program which analyzes the amounts of radiation
of various types that are produced when electron
capture occurs. The output of the program lists
all x rays of energy sufficiently great that they
are not ‘‘beta type’’ and gives the numbers of
these x rays per disintegration and their respective
energies. The output of the program also lists
the number per disintegration and associated
average energy of all ‘‘beta-type’’ radiation ex-
cept Auger electrons of energy less than 0.030
Mev. The number per decay and associated aver-
age energy of all Auger electrons with energy less
than 0.030 Mev is printed separately since these
electrons are assigned a QF of 1.7 rather than
1.0, as for other ‘‘beta-type’’ radiation.

mE. M. Smith, C. C. Harris, and R. H. Rohrer, J. Nucl.
Med. 1, 2331 (1965).

MR, Loevinger, J. G. Holt, and G. J. Hine, ‘‘Internally
Administered Radioisotopes,’”’ p. 801 in Radiation Dosim-
etry (ed. by G. J. Hine and G. L. Brownell), Academic,
New York, 1958.
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This program extends the work of Smith et al. '°
in several ways besides computerization. First
ot all. their work is limited to atomic numbers less
than 32, where the L and ¥ x rays have energies
less than 0.0113 Mev. and hence may be con-
sidered to be ‘‘beta type’’ and locallv absorbed.
This limitation is removed in the present work.
Second. and most importantly, they state that the
fractions I'K, fL, and f‘w, vhich are the respective
. fractions of disintegrations that occur by K. L.
and M capture, may be determined from K.'L '\
capture ratios and electron capture branching
ratios given in Nuclear Data Sheets. However,

K 'L .'M capture ratios are often not given in the
Nuclear Data Sheets, particularly for the weaker
branches. The K /L /M capture ratios as deter-
mined from theory are in good agreement with ex-
perimental results, but the electron capture
branching ratios can be estimated only to orders
of magnitude from theory. Hence, the present
program uses theoretically computed values of
K./L .M capture ratios in conjunction with capture
branching ratios given in the Nuclear Data Sheets.

The detailed equations involved in the computer
program are discussed in Appendix B. The fol-
lowing data for ' %31 is a typical computer output
for electron capture. This example does not in-
clude the x rays and electrons which are present
as a result of the internal conversion of the
0.0353-Mev gamma ray in !2°Te which follows
the electron-capture process. X rays and elec-
trons arising from internal conversion are in-
cluded in the example at the end of the following
section.

Internal Conversion

When internal conversion occurs, one is again
faced with the problem of computing the fraction
per decay of primary vacancies made in the K, L,
and i sheils, that is, {, f, , and {, respectively.
Once these fractions are established, the calcu-
lations are exactly the same as outlined in the
latter part of Appendix B. These tractions may
be determined from experimental information con-
cerning the fraction of unconverted gamma tran-
sitions per decay, ir, and experimental informa-
tion concerning internal conversion coefficients
Ape s Xy, Ty, OF Ap and K /L /M conversion coef-
ficient ratios. Unfortunately, experimental infor-
mation concerning internal conversion coefficient
parameters is found in many different forms or
may be unmeasured. The present computer program
does two things in regard to this problem.

First of all, if experimental information is
available, the computer will accept a wide variety
of forms of the data. The following forms of in-
put data, all of which are sufficient to determine

fy, f; , and f, , are accepted by the computer:
Loag, ap;
2. ap,K/L;

3. ag,K/L,K/M;
4 ag, KAL+M) ;
5. ap, K/L,K/L+¥) .

For forms 1, 2, and 4, the empirical fact that con-
version in the M shell is nearly always about one-

125 | 53 ECA
K-ALPHA X-RAYS
K-ALPHA2 X-RAYS
K-BETA1 X-RAYS
K-BETA2 X-RAYS

AbLL X-RAYS LESS THAN .0113 MEV + ALL
AUGER ELECTRONS GREATER THAN .030 MEV
ALL AUGER ELECTRONS LESS THAN .030 MEV

FRACTION  ENERGY
PER DECAY (MEV)
.36905 .02747
.18933 .02720
.09964 .03099
.02067 .03182
12913 .00483
2.79170 .00233

The computer output illustrated above is mostly
self-explanatory. 1251 53 means that we are
dealing with !%%1 which has an atomic number of
53; ECA is a mnemonic notation indicating that
electron capture is the process under investigation.

FTYT71

third of the converéion in the L shell is used. For
example, for form 1 of the input data, we have

[K: fraK s



and

1,
[.w ! [L :

Forms 3 and 5 ot the input data are sufficient to

determine fre. £y . and f,; uniquely. For example,
we have for form 3 of the input data

tK:[faK'

[L = fK J(K /L),
and

fy = L /K /M)

Second, the computer program accepts the theo-
retically computed values of the internal conver-
sion coefficients. We have an entirely separate
computer program which computes theoretical
internal conversion coefficients by interpolation
(cubic equation least-squares fit to the four
nearest tabulated values) of the tables compiled
by Sliv and Band.'? This program is a modifi-
cation of a similar one obtained from the Nuclear
Data Group at ORNL. The difficulity with using
theoretically computed internal conversion coef-
ficients is that many transitions are admixtures

of two different multipolarities, and at the present

time it is usually impossible to determine from
theory the relative amounts of components of the

admixture. A common admixture is magnetic dipole

and electric quadrupole radiation. We shall illus-
trate how the computer program deals with this
problem by considering such an admixture.

A quantity called the mixing ratio, 52, which is
the ratio of intensity of E2 (electric quadrupole)

'21. A. Sliv and I. M. Band, issued in U.S.A. as Re-
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port 57ICC K1, Physics Department, University of Illinois

(K shell). The L shell results appear in Report 58ICC
L1.

125 | 53 GEC
GAMMA RAY
K-ALPHA1 X-RAY
K-ALPHA2 X-RAY
K-BETAI1 X-RAY
K-BETA2 X-RAY

radiation to M1 (magnetic dipoie) radiation, is
often experimentally measured and available in
the literature. From this the internal conversion
coefficients 4y and a; may be determined by

. 2 (M1 + 52 2 (E2)
K 1+8? '

and

e (M1) + 52 ap (E2)
1+6°2

’,I,L_

The computer uses the value of 5 and theo-
retically evaluated intemal conversion coef-
ficients in the K and L shells to determine Ay
ay, and ay. If ap or K/L or other experimental
quantities concerning internal conversion are
available in addition to 52, the computer uses
theoretically evaluated internal conversion coef-
ficients only to supplement the experimental in-
formation and make possible a unique determina-
tion of Cpy Ay, and Ly

If no quantities concerning internal conversion
parameters have been measured, the computer as-
sumes no mixing of multipolarities (e.g., it would
assume 100% M1 where M1 and E2 are a possible
mixture) and uses theoretically determined values
of ay, a,, and a,,. This can, of course, some-
times lead to significant errors, but for most
cases it represents the best estimate available in
the complete absence of measured data.

The final output of the program is similar to
that for electron capture, and since the electron
capture decay of 1251 which was illustrated
above, results in an internally converted 0.0353-
Mev gamma ray, the kind of output obtained is
illustrated below:

ALL X-RAYS AND/OR GAMMA RAYS LESS THAN

L0113 MEV + ALL AUGER AND/OR INTERNAL

CONVERSION ELECTRONS GREATER THAN .0300 MEV
ALL AUGER AND/OR INTERNAL CONVERSION

ELECTRONS LESS THAN .030 MEV

1411172

FRACTION ENERGY
PER DECAY (MEV)
.07020 .03530
.37207 02747
.19087 .02720
.10045 .03099
.02083 .03182
.26822 .01951
3.44394 .00263



The letters GEC are a mnemonic notation to in-
dicate we are dealing with a gamma ray following
electron capture. The computer output for the
electron capture decay of !23] may be added to
this computer output to give the total distribution
of radiations emitted in the case of !?°] decav.
This gives the following results:

Radiations Present in | 251 Decay

GAMMA RAY

K-ALPHAI X-RAY
K-ALPHA2 X-RAY
K-BETAI X-RAY
K-BETA2 X-RAY

ALL X-RAYS AND/OR GAMMA RAYS LESS THAN
0113 MEV -~ ALL AUGER AND/OR INTERNAL

CONVERSION ELECTRONS GREATER THAN .0300 MEV

ALL AUGER AND/OR INTERNAL CONVERSION
ELECTRONS LESS THAN .030 MEV

The last two rows of information are sufficient to
determine the total ‘‘beta-type’’ radiation emitted
by !*31 and give 21.4 kev/disintegration. This
compares quite favorably with the value of 20.8
kev/disintegration computed by Smith et al.'®

A number of extensions and improvements in
these programs are possible, and further work is
in progress. These programs are written in
FORTRAN IV and are available from the author.

Appendix A: Beta Decay

The following notations are used:

V, = screening potential due to atomic

electrons (mc? units)

WO

4

end-point total energy (mc? units)

total energy of negatron or positron
(mc* units)

p = momentum of negatron or positron
(mc units)

Z = atomic number of daughter nucleus;
Z must be taken positive for negatron
emission and negative for positron

emission

F(Z. W) = Fermi function

L=

fine structure constant = 1/137

FTY1173

R = nuclear radius
A = mass number
E = average kinetic energy of the negatron
or positron {mc- units)
E = end-point kinetic energy (mc* units)
FRACTION ENERGY
PER DECAY IMEV)
.07020 .03530
74112 .02747
.38020 .02720
.20009 .03099
.04150 .03182 -
.39738 .01474
6.23564 .00250

The units used throughout the following equa-
tions are those in which m (electron mass), ¢
(velocity of light in vacuo), and # (Planck’s con-
stant divided by 27) are assigned values equal
to 1. Inthese units E=W — L and p? = W% ~ 1.

Neglecting screening corrections, the ratio
E’"Eo in allowed beta decay is given by

= (1
EO Eo
where
W
f O W N(W) dW
W= ' (2)
w
[0 von aw
1
and
NW) = F(Z. W) pW(W —W)? (3)
with
F(Z, W) =21+ v,) QR =1 e
! . 2
[_F}V_Y”} @
M2y, -1
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In this equation for F(Z, W), y = (1 -(azy*iv?,
R=1 = Al andy = aZW/ip.

When screening is taken into account. Eq. (3)
becomes

NW) = F(Z, W=V (w-vHr-1]117
«xW-V)W, -m2 (5)

where V_ is the screening potential in mc” units.
The screening potential used in the present work
is

1.131Z (473

2
&

(6)

0

where V must be taken positive for electrons and
negative for positrons. When Eq. (5) is substi-
tuted into Eq. (2), it can be shown that the result
is equivalent to

Functions f and g are detemmined from

fn=(w—l)l/2 Qn

b
« {imaginary part[S_ | F (a b z)]} {12)

and

g ~W-1'2Q

< {real part[Sn Fla b z)]} . (13)

where

(2pR) 'n

noowinzgp

TYy/2

Uiy, ~w):
@y, -0 '
S, = e RNy wiv),

n

a=y, +1+1y,

W -V
[rom oWV ) F(Z W) WeH, — W~ V) dW

- -V
W0 S

w_ - V0 N

f o FCZ, W) WoW, =W = ¥,) " dW

1 - Vo
Equation (7) in combination with Eq. (1) was used b=2y +1,
to determine E/E , for allowed transitions.

z = 2ipR ,

For first-forbidden unique transitions, Eq. (3) is
modified by a shape function a,, namely,

NW) =F(Z, W) a pW(W, - W) 2, (8)
where
a =W, —-W) L +9L , €

and for second-forbidden unique transitions, there
is a similar modification by a shape function a
where

2

a, = (W, — W)L, +30 (W, - W)L, +225L,. (10)

The complicated functions L , L
termined from

v and L2 are de-

1
Lu: 2 2V
20°F(Z, V)R

@, +f,) . (D

The subscript v may have the value 0, 1, or 2.

L1474

yn - (n2 - aZZZ)l/Z ,

. —n+iy/W
e2177 -

’

Yo+ 1Y

and F (a, b; 2) is the confluent hypergeometric
function, which can be represented by

r(y) IN'a+m) z™
T'(a) m=o ['(b+m) m'

1Fl(a, b; z) =

The subscript n in the functions f_ and £ takes
on the values -3, =2, -1, +1, +2, and +3 for the
various calculations necessary to compute Lo,

L i and L .

When screening is taken into consideration and
one integrates from 1 ~ ¥V to W, —~V, as in Eq.
(7), the shape factors represented by Egs. (9)
and (10) become, respectively,

a =W, =W~V L +9L, (14)



and

4, =

w 3
W, -Ww-v)*L,

-30(W, -W -V )L -225L. (15
Thus. finally, for first-forbidden unique tran-
sitions. one has

F.iY
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the contributions due to still higher shells are
nearly alwavs negligible. For the present work
these small contributions may be included with
the W-shell contribution.

The K 'L .M capture ratios have been studied on

the basis of theory by Brvsk and Rose’? and by

WO - VO R
| (W V) F(Z, W) Wpa (W, W — v )2 dW
T_V

W -V
f 0" O B(Z W) Woa (W, ~W_ —V )EdW
LV . 1 Q 0 Q

where a, is given by Eq. (14). Equation (16) . in
conjunction with Eq. (2), was used to determine
E/'EO for first-forbidden unique transitions.

For second-forbidden unique transitions, a, as
given by Eq. (15) is used in Eq. (16) in plac~e of
a, and the calculations otherwise proceed in a
similar fashion.

Appendix B: Electron Capture

When orbital electron capture occurs, vacancies
are created in the various electronic shells. The
probability is highest for vacancies to be made in
the K shell, if energetically possible. However,
a significant number of primarv vacancies often
are made in the L and M shells. As we shall see,

Table 25.1.

, (16)

Bahcail.'* A number of the results of Brysk and
Rose are contained in Nuclear Spectroscopy
Tables, by Wapstra et al.,'® on pages 59-61.
Table 25.1 gives the notations which will be used
in the remaining parts of Appendix B.

In Table 25.1, items 4 through 9 are functions
of the atomic number and have been tabulated in
the literature. Items 4 to 7 may be found in Nu-
clear Spectroscopy Tables,!’ and items 8 and 9
may be extracted from graphs in Chap. XXV,
Part A, of Alpha, Beta and Gamma-Ray Spec-

13y, Brysk and M. E. Rose, Rev. Mod. Phys. 30, 1169
(1958).

'41. N. Bahcall, Phys. Rev. 132, 362 (1963).

'SA. H. Wapstra, G. J. Nijgh, and R. Van Lieshout,
Nuclear Spectroscopy Tables, p. 61, Interscience, New
York, 1959.

Notations Used in Appendix B

, € +/€L = the ratios of electron captures in the various shells or subshells; €
v

+
M

» Ey = the binding energies in the various shells; E" is an average over the subshells

K[fl' and K52 X rays to K:11 x rays respectively

= ratios of numbers of KLX and KXY Auger electrons to KLL Auger electrons

1. En = energy difference of the nuclear levels involved in the nth electron capture branch
2. Nn = the fraction of times the parent nucleus decays via electron capture to the nth branch
3.6, /€, E, JE, ,E JE
Ly "B "Ly Ly Ly L
means electron capture in the M and all higher shells
4. LLI/ LK' LLXI/ LLI, gL“I/LLI = the ratios of certain needed atomic wave function parameters
S. (‘)K and Wy = the K and L shell fluorescent yields respectively
6. E_,E, ,E, ,E
K LI LII LIII
7. K o/ Kgy Ky /Ky Kpy/K,, = ratios of numbers of K,
, i .
8- appx/agpp and agxyiagry
respectively
9- R11' Ryg Roge Ry Ryg

KL_,L3 Auger electrons respectively

= ratios of numbers of KLILI' KL:L:, KL..LZ, DL1L3. and KL3L3 Auger electrons to

FT4T7735



trometry, edited by K. Siegbahn. These parame-
ters for each value of Z have been punched onto
IBM cards and are used as input data for the
computer code.

Electron capture transitions, like other beta
transitions, are classed into allowed, first-
forbidden, first-forbidden unique, etc., types de-
pending upon spin and parity changes between
the nuclear levels involved in the transition. The
K /L /M capture ratios are about the same for
first-forbidden and allowed transitions; they are
also about the same for first-forbidden unique and
second-forbidden transitions. Hence we shall
consider K /L /M ratios for three cases: allowed,
first-forbidden unique, and second-forbidden unique
transitions.

Allowed Transitions. — The ratio of capture in
the L | shell to that in the K shell is given by

2.81 13.76 75.2
><1+Z+ZZ+23 , (D

where the polynomial in inverse powers of Z (atomic
number) is a correction to the theory of Brysk and
Rose'? which takes into account the effects of
electron exchange and imperfect atomic overlap.
This correction was developed by Bahcall,'* who
shows that Eq. (1) agrees with experiment within
experimental error.

The ratio of electron capture in the L, subsheil
to that in the L subshell is

- _ o))

Electron capture in the Lm subshell does not occur
in allowed transitions.

We shall designate the ratio of electron capture
in M and higher shells to electron capture in the L

shell by € _/ € and, as indicated above, this

M

has been tabulated as a function of Z.
Designating the total electron capture by =, one

may easily show that

F141170

Hence the number of vacancies made in the K sheil

per decay, fK , is given by

S
_ K
fK_;Nn o

L
= E N 1 +
n <
n “K
€ / g -1
Ly u*
< | 1+ 1+ (4
EL ":'L

[ \

The number of primary vacancies made in the L
shell per decay, fL, is

(5

The number of primary vacancies made in the ¥
and higher shells per decay, fM+, is

fw+=Z(Nn—fK—iL). (6)

In Egs. (4) to (6) the summation over n is nec-
essary if there is more than one electron capture
branch in the decay.

First-Forbidden Unique Transitions. — For first-
forbidden unique transitions, the following equa-
tions apply:

—_— (7
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and
: 9L \ E -E, °
o L ( n L )
- = 0.511" —; (8
it y 1 &
:Ln —:LI and E.VI . =y are the same as t(?r allowed
transitions. It follows that the number of vacancies

-made in the K shell per decay is

LI
fre = ZNn L —
n “K
= S = -1
LII 111 W+
1o — - — . 9
Ly L, L
Lo/ L. "L
i 11 I11
fr = Z fx I T - - (10
n 7 K “L L

and f _ is given by Eq. (6).

Second-Forbidden Unique Transitions. — For
second-forbidden unique transitions, the following
equations apply:

< L E —-E 6
LI LI n LI
—_—= (11
g Ly E - Ep
N
and
& ‘E -£E, \*
Lin 10 ( a Lin
=—. 0.5112 5 (12)
L 3 (En - FL
1 \ I
SRS and € *'/EL are the same as for allowed
11 [ M

transitions. Uéing these results, Egs. (6), (9),
and (10) then apply to give fy, f,, and f .

Once fy, f; ,and {  are found by the above

o
equations, we use the results to determine the
relative numbers of various x rays and Auger elec-
trons which will be produced. This proceeds as
follows:

First of all, it is a simple matter to program the
computer, using the information listed in item 7 of

L1711

Table 25.1 as input, to compute the relative yields
of K, ,, K., K, ,and K,, x rays arising from
vacancies in the K shell. Let us call these
relative yields, normalized to 1, N,“ , le , N 3

Y ., respectuively. Similarly, one may use the in-
formation listed in item 6 of the table to determine
the respective energies of these x rays.

Second, the computer uses the information listed
in item 8 of Table 25.1 to determine the relative
intensities of the KLL, KLX, and KXY Auger elec-
trons. Let us call these relative intensities, nor-
malized to 1, NKLL' NKLX’ and NKXY respectively.
Similarly one may use the information listed in
items 6 and 9 to determine a weighted average en-
ergy associated with each of these Auger electron
groups.

Then the fractions of K‘11 , Kau’ KEx , and KSz
x rays per decay and the fractions of KLL, KLX,
and KXY Auger electrons per decay, which may be

represented by fal , [az' !31 , f,@‘z B [KLL' fKLX'
and foy, respectively, are
far = lgwgNay (13)
oy =fgwgNa, 14
fg =fgog¥s . (15)
tpy = fgwgNs, (16)
ferr =g —0d)WNgp, an
fRLx = (1 = )Ny y (18)
fexy =gl —og)Ngyy - (19)

Then the total vacancies per decay made in the L
shell, n, , are given by

R Y

a1 " faa koL *ixkLx (20)

and the fraction per decay of L x rays, f; y, is

fx =L wp (1)

whereas the fraction per decay of LXY Auger elec-
trons, f; vy, is

fryy=n(l=wp) . (22)

We make the approximation in this code that for
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both x-ray and Auger processes, only M-shell elec-
trons are involved in the transitions which result
from vacancies in the L shell.

The total vacancies per decay made in the
shell, Ny, is

Ay =y v fay = e x + 2Upxy
+ {LX + 2[LXY . (23)

The very low-energy x rays and Auger electrons
which result from these vacancies in the ¥ shell
will be completely absorbed locally, and we assign
an energy equal to the average binding energy in
the ¥ shell to these processes.

DISTRIBUTION OF DOSE IN THE BODY
FROM A SOURCE OF GAMMA RAYS
DISTRIBUTED UNIFORMLY IN
AN ORGAN

H. L. Fisher, Jr.!® W. S. Snyder

When a gamma emitter is present in an organ
of the body, only a fraction of the emitted gamma
energy is absorbed in that organ. Many evalua-
tions of the absorbed fraction have been published,
mostly for highly idealized and perhaps oversimpli-
fied cases. The use of an effective radius and a
spherical geometry is one instance of such drastic
simplification. Although an exact theory of gamma
photon interaction with matter is known in detail,
application of this theory is usually difficult since
an enormous amount of mathematical computation
is involved. However, by use of a high-speed
digital computer these calculations become feasi-
ble. A Monte-Carlo-type calculation has been used
to estimate the dose in 22 organs and 100 sub-
regions of an adult human phantom for four initial
gamma energies. This report is divided into three
parts: a description of the phantom, details of
the Monte Carlo method used (described previ-
ously!7), and the dose estimates from a gamma
source distributed uniformly in the total body and
in the skeleton.

16y7.5. Public Health Service.
1Ty L. Fisher, Jr., and W. S. Snyder, Health Phys.

Div. Ann. Progr. Rept. July 31, 1966, ORNL-4007, p. 221.
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The Phantom

Figure 25.7 shows the phantom and the sub-
regions in which dose was determined. The di-
mensions of the phantom were chosen after con-
sideration of the average size and weight of
humans'®~2% and the phantoms designed by Haves
and Brucer. In order to describe the various
regions, a coordinate system is needed. As shown
in the figure, the origin of the rectangular co-
ordinate system is located at the center of the
base of the trunk. The positive z axis extends
vertically through the head, the left side of the
phantom is taken along the positive x axis. and
the rear is taken along the positive y axis. All
units of length are in centimeters.

By use of the coordinate system in Fig. 25.7,
the body of the phantom may be described as

follows. The trunk is an elliptical cylinder given
by

21

The head is also an ellipitical cylinder:

X 2 2
N\, z.) <
7 10

70 < 2z S 94 .

The legs are considered together to be a truncated
elliptical cone:

< x j 2 y \ 2 < (100 + z 2
—— [ —— = | —_— ,
20 10 * 100

\ /

—80%z<0.

18p. L. Altman and D. S. Dittmer, Growth Including
Reproduction and Morphological Deveilopment, Biological
Handbook, Fed. Am. Soc. Exptl. Biol., Washington, 1962.

lgW. M. Krogman, “‘Growth of Man,*’’ pp. 712—-15 in
Tabulae Biologicae, vol. XX, ed. by H. Denzer et al.,
Den Haag, 1941.

20“Report of ICRP Task Group on the Revision of
Standard Man,’’ in preparation.

21R. L. Hayes and M. Brucer, Intern. J. Appl. Radia-
tion Isotopes 9, 111 (1960).
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Fig. 25.7. The Aduit Human Phantom.

It is now a simple matter for the computer to take
any point (x, y, z), substitute it into these
inequalities, note whether the inequalities are
satisfied, and thereby determine whether this
point is inside or outside the phantom and whether
it is in the head, trunk, or legs. Except for the
head, this phantom is convex. Account has been
taken of the photons which transverse the void
between the trunk and the head.

The arbitrary subregions into which the phantom
was sectioned and in which dose was determined
are outlined in Fig. 25.7. The legs were cut into
four layers by equidistant horizontal planes; the

F1y1119
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trunk was divided into five layers by equidistant
horizontal planes. Two vertical planes, intersecting
at right angles along the central axis of the trunk
and having an angle of 45° from either the x or y
axis, cut these layers. The final volume element
is obtained bv four vertical concentric elliptical
cutting cylinders. The major axes of these ellip-
tical cylinders are 4, 8, 12, and 16 cm, and the
minor axes are 2, 4, 6, and 8 cm. The innermost
elliptical cylinder was not cut by the vertical
planes. The head was sectioned into two layers
equal in thickness and was cut by the same two
vertical planes that cut the trunk. Although dose
was determined in these arbitrary regions, the
results are not presented in this report since the
principal purpose is to give organ doses. How-
ever, results from the arbitrary regions permit an
approximation of the variation of dose throughout
the phantom. In particular, if an organ is very
small (e.g., ovary, thyroid, pituitary, etc.), the
dose estimate may be statistically unreliable on
a given calculation, and one may use instead an
average dose over one of these layer regions.

Mathematical descriptions of the organs were
formulated after consideration of the descriptive
and schematic material from several general
anatomy references.??'23 The scaled cross sec-
tions of the human body by Eycleshymer and
Schoemaker?* were helpful in locating the posi-
tions at which to place the organs as well as an
aid in the construction of the organs. The repre-
sentations of the organs by the mathematical
equations given herein are only approximate, and
many other geometrically simple approximations
might be used. The goal in constructing these
mathematical organs was to obtain the approxi-
mate size and shape of an average organ through
the use of a few simple mathematical equations.
If the size and shape approximate those of the
real organ, the dose estimate should be corre-
spondingly accurate. To minimize running time
and, therefore, cost, the formulas used should be
as simple as possible. ‘

The composition of the phantom is tissue?> of
density 1 g/cm®. There is no low-density area for

22I—l. Gray, Anatomy of the Human Body, Lea and
Febiger, Philadelphia, 1942.

23W. J. Hamilton, Textbook of Human Anatomy, Mac-
millan, London, 1957.

24A. C. Eycleshymer and D. M. Schoemaker, A Cross-
Section Anatomy, D. Appleton-Century, New York, 1911.

25“Protection Against Neutron Radiation up to 30
Million Electron Volts,’” NBS Handbook 63, U.S. Dept.
of Commerce, 1957.



the lung nor is there a high-density region with
modified mass absorption coefficient for bone.
However, for gamma energies between 0.2 and 4
Mev, the mass absorption coeificienis for bone
and soft tissue are essentially the same within
several percent. Below 0.2 Mev the photoelectric
cross section for bone rises much more rapidly
than that for soft tissue. This is one of the major
limitations of the present approach. The volume
in cubic centimeters of most mathematical organs
will be equal to the weight of an average organ in
grams. This is not true for the lungs or for regions
of bone. The linear dimensions of all organs, in-
cluding lungs and bones, have been used as the
primary basis for developing the mathematical
equations.

Figure 25.8 shows an anterior view of some of
the larger organs and their positions in the phan-
tom. In the following account, a brief description
of each mathematical organ will be given, followed
by the mathematical inequalities which must be
satisfied for the point (x, y, z) in the coordinate

ARM BONE—

RIBS <

LIVER —]

UPPER LARGE—1
INTESTINE

BLADDER —

_gnY
"N
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system of Fig. 25.7 to be in the organ. The
volumes given were determined by integration.

The volumes of the head, trunk, legs, and total
body are 5278, 43,582, 20,776, and 70,036 cm*
respectively. When there are left and right organs.
the equations for only one. the left, will be given.
The equations for the other may be obtained by
replacing x by —x in the inequalities.

Adrenals. — Each adrenal is half an ellipsoid
sitting atop a kidney. The left adrenal is given by

x—4.5>2 y-6.5>2 (2—38 :
+ ) Z1.
1.5 0.5 5

N

>
z = 38
The volume of both adrenals is 15.71 cm?.

Bladder (Urinary) . — The bladder plus contents
when moderately full is an ellipsoid given by

‘x \ 2 y+4.5>2 z—-8\?%
<? “\ 45 4.5

and the volume is 508.9 cm?®.

fin
—

ORNL-DWG 66-8212A
ORGANS NOT SHOWN
ADRENALS
STOMACH
MARROW
PANCREAS

SKIN
SPLEEN
OVARIES
TESTES
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THYROID
UTERUS
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Fig. 25.8. Anterior View of the Principal Organs in the Head and Trunk of the Phantom.
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Brain. — The brain is an ellipsoid given by

e\ 2
) -

)’ (___\ iy

/ 6.3 /

\O[<‘

and the volume is 1470 cm”.

Gastrointestinal Tract. — The form of the gastro-
intestinal (GI) tract given here represents the mass
of the tract itself plus the 24-hr average mass of
" contents. This is a particularly difficult organ to
fix since its volume and location are subject to
change between individuals as well as in the
same individual. The intestines are taken to be
in the somewhat-idealized standard positions.

The stomach is the most difficult to represent
since its volume will change by nearly an order

of magnitude several times in 24 hr. The constant-
sized and fixed-position stomach given here is,
therefore, not very realistic but should suffice for
estimating an approximate dose in that region.

The stomach is an ellipsoid,

)5 ()

and has a volume of 402.1 cm?.

The small intestine has not been constructed in
detail. Instead the volume occupied by the coils
of the small intestine is used. This volume,
which lies in the pelvic region, is a section of a

- circular cylinder given by

X e (y -+ 3.8)25(11.3) ¢ |

—
~1
i
N

=27 .

Exclude the portion of the large intestine lying
in this volume. The volume is 1696 cm?.

The upper large intestine is simulated by two
cylinders, one with its axis vertical representing
the ascending colon and the other an elliptical
cylinder with its axis horizontal representing the
transverse colon. The upper large intestine is the
region satisfying (subregion 1)

(x +83) 2+ (y+45)2 2 (25?2,

15.4 = z = 24

or {subregion 2)

114778 |

Its volume is 416.3 cm?.

The lower large intestine is composed of an
elliptical cylinder and an S-shaped figure formed
from half of a torus. It is the region satisfying
(subregion 1)

<x—9.5k>2 y+4,3>2(1
1.6 N2 ) T

-

13.4 £ 2z 2 24

or (subregion 2)

022213.4.

, 4
(fEh (2 =67 +67m)? —6.7)2*F2§(1.6)3 ,

\

where

E =(x —4.75) 0.7090 - (y — 0.4252) 0.7053 ,

F = (x — 4.75) 0.7053 + (y — 0.4252) 0.7090 ,
m=1ifE 20,
m=-1if E<O.

It has a volume of 275.8 cm*®.

Heart. — The heart is half an ellipsoid capped
by a hemisphere which is cut by a plane. A
rotation and translation are then effected. The
heart,

x, =0.6943 (x + 1)
—0.3237 (y + 3) ~0.6428 (z — 51) |

y, =0.4226 (x + 1) +0.9063 (y + 3) ,

z, = 0.5826 (x + 1)
- 0.2717 (v - 3) - 0.7660 (z — 51)



*

—3— =

z
+ -1ifx - 0,
5 1

has a volume of 603.1 cm?>.

Kidneys. — Each kidney is an ellipsoid cut by a
plane. The left kidney is given by
2 -
/

(=) (=)

The volume of both kidneys is 288.0 cm*.

x—-6
4.5

y—-56

1.5

z - 32.5
5.5

v

Liver. — The region of the liver is defined by
an elliptical cylinder cut by a plane as follows:

&)

/

K__

X

16.5

Its volume is 1614 cm?.

Lungs. — Each lung is half an ellipsoid with a
section in front removed. The defining inequalities
for the left lung are
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y \? R z =37\
15 Y 3 -
x20,

z237ifx>3.

It has a volume of 61.07 cm?.

Skeleton. — The skeleton consists of six parts ~
the leg bones, the arm bones, the pelvis, the spine.
the skull, and the ribs. Each piece will be de-
scribed separately. Each arm bone is the frustum
of an elliptical cone. The left one is defined by

| )

(1.4/138) (z - 69) + (x — 18.4)
1.4

‘ y 2 < 138 + (z - 69) | ?
“\27 - 138 ’
052569,

The volume of both arm bones is 956.0 cm?.

The pelvis is a volume between two noncon-
centric circular cylinders described by

2+ AD 2,

x2+(y+3.8)2211.3)7,

y+320,
2 / 2 \ 2 .
x—8.5> . v . z—-43.5> <1, 02522,
5 7.5 24 )
y$5if z 514 .
>
z = 43.5 | Its volume is 606.1 cm?®.
x—25\? 2 z—-435\7
: + _y__> | — 211f}’<0
5 7.5 24

The volume of both lungs is 3378 cm’.
Ovary. — Each ovary is an ellipsoid. The left

ovary is given by
2
(x —6)2% + < > +< y
/

The volume of both ovaries is 8.378 cm>.

z—15
2

2
¥y <

0.5

Pancreas. — The pancreas is half an ellipsoid
with a section removed. It is defined by

1147182

The spine is an elliptical cylinder given by

2 sy _55\2
SR S A N
2 2.5
2522785,

and has a volume of 887.5 cm?.
The rib volume is that region between two con-
centric right vertical elliptical cylinders. This



region is sliced by a series of equispaced hori-
zontal planes into slabs. every other slice being a
rib. - The statements that must be satisfied are

X\J (y>2
— [ —=— =1,
17/ . 9.8

2 y*:\'
(__> s
. 9.3
35.1 = 2 = 67.3 .

(z - 35.1> _
— 18 even .

\ 1.4

(
(x

16.5

Integer

The total rib volume is 694.0 cm?.

Each leg bone is the frustum of a circular cone.
The left one is

The volume of both is 2799 cm?.
The skull is the volume between two noncon-
centric ellipsoids defined by

/x>2 <y>2 z-86.5\7

—_ + | = + | — =1,
(6, 'y ( 6.5

( X >2 (y 2 z — 85.5 2<1
68/ \98) "\ 83 )

and has a volume of 846.6 cm?.

Dose to the entire skeleton is determined by
adding together the energies deposited in each
part of the skeleton and dividing by the volume of
the skeleton, as follows. Let E, be the energy

(in Mev) deposited in region i having a volume V.

Then the dose in rads to n such regions is

147783
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The proportion of marrow in each bone of the
skeleton has been given by Mechanik.2® Using
average values for this proportion, f,, and as-
suming that the marrow in each region receives
the average dose received by that region, the
marrow dose 18

The proportions, f,, are skull 0.2, spine 0.5, leg
bones 0.4, arm bones 0.3, rib 0.4, and pelvis
0.45.

Skin. — The so-called skin of the phantom was
constructed to give the dose at the surface. This
region is a layer about 0.2 cm thick just inside
the surface of the phantom. For a point to be
located in skin, it must be in one of the following
six subregions:

1. z 2 93.8 ;
2. 70 < z < 93.8 ,
N\ _y_>2;1.
6.8 9.8 ’
3. z269.8 ,
/ x 2 y 2 2 1 .
6.8 “\o9g /) '
4. 0< z< 69.8 ,
2 2
. > + ...}_,__ 2 1,
19.8 9.8
5. 25 -79.8 ;
6. -79.8<z350,
x \2+ y 22(98.485+z
19.796 / 9.799 /)  \ 98.485

)2.

The total volume of skin is 2677 cm?.

26N. Mechanik, ‘‘Untersuchungen uber des Gewicht
des Knochenmarkes des Menschen,'* Z. Anat. Entwick-
lungsgeschichte 79(1), 58-99 (1926).



Spleen. — The spleen is defined by the ellipsoid

fx = 11\? 'y —3)\? z — 37\?
( ) N Ak B (i
Vo35 L2 o6 )
and has a volume of 175.9 cm”.
Testes. — The left testis, an ellipsoid, is given
by
x=1.3\2 y+2.2\° ‘z+23\7% .
XTRCN . ( b S1.
1.3 . L5 | . 2.3

The volume of both testes is 37.57 cm?.

Thymus. — The thymus is formed by the ellipsoid
2 2/
) G) - ()

and has a volume of 25.13 cm?.
Thyreid. — The lobes of the thyroid lie between
two concentric cylinders and are formed by a

cutting surface. The inequalities for this organ
are

z — 60.5
4

x+2

3

y+6
0.5

2
<1

A

x?+(y+6)?2 2.2,

1NV

2+ (y+6y% 2 (1),

A
(=]

y+6

[7aN

75 .,

[(y «6) =1 x1]2 2 2[x2+(y+6)21T2%,
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vy = =45 .
It has a volume of 66.27 cm”.

A computer code has been written which takes a
point (x, y. z) and applies the tests for each organ
sequentially. For points distributed uniformly in
the entire phantom, a CDC 1604 computer using
this code can classifv the points as to their organ
location at an average rate of about 10,000 per
minute.

Gamma Dose to Organs

Whole-Body Source. — A source of gamma photons
uniformly distributed in the phantom was programmed
for the computer. The first objective was to esti-
mate the fraction of the emitted energy that would
be absorbed in the phantom. Determination of dose
to individual organs will be given later. Photons
were given an initial energy £ , and the energy
they imparted in the phantom was recorded. This
procedure was followed for seven different initial
energies — 0.02, 0.05, 0.2, 0.5, 1.0, 2.0, and 4.0
Mev. There were 1000 photons generated at each
energy.

The fractional energy absorption by the total
body, which is defined as the ratio of the energy
emitted per photon to the average energy absorbed
by the total body per photon, was determined from
the Monte Carlo data. These results are given in
Fig. 25.9. One standard deviation for our data
points is less than 1.6% of the mean. An inter-
polating curve passing through the data points
permits the estimation of the fractional energy
absorption at other energies. A large number of
gamma-emitting radionuclides produce gamma

where
202 -2) 5
=—\‘/_”"—(2—70) +1for 0= 2—70§7{'
2(2-v2) 2V2 1 5
=‘_‘_‘\’/— (z-70) + v for—< z —
15 4

The volume is 19.89 cm?.

Uterus. — The uterus is an ellipsoid cut by a

plane and is given by
2 2
) (5)

(F) -

\

X

2.5

y+ 2
5

z-14
1.5

$1,

1477814

I

70

photons with energies in the range 0.1 to 1 Mev,
and for such photons the total-body fraction
absorption is about 35%. At higher energies the
mean free path is larger, permitting a larger per-
centage of such photons to escape from the phan-
tom and resuliing in a lower fractional absorption.
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Toward lower photon energies, the photoelectric
cross section rises steeply, producing an in-
creasing fractional absorption which reaches about
90% at 0.02 Mev.

Also shown in Fig. 25.9 are the Monte Carlo re-
sults of Ellett, Callahan, and Brownell®’ for a
source uniformly distributed in an ellipsoid.
Although their phantom was an ellipsoid, its mass
was nearly the same as the mass of the phantom
used here, and the fractional absorptions are very
similar to those predicted in this paper. The
upper curve in Fig. 25.9 gives the fractional en-
ergy absorption predicted from the ICRP first-
collision formula. In deriving this formula, three
major assumptions were made. First, the organ
or body is assumed to be spherical. Second, the

entire organ or body burden is located at the center

of the sphere. Third, a first-collision-dose calcu-
lation is then effected to obtain the formuia giving
the fractional energy absorption:

— (=T r
(4= 7)

AF =1-¢

?7W. H. Ellett, A. B. Callahan, and G. L. Brownell,
Brit. J. Radiol. 38, 541—44 (1963).

T4 T1895

where r is the radius of the sphere (effective

radius), u is the total gamma cross section at E,
and o is the Compton scattering cross section at
E

v

[t is evident from Fig. 25.9 that the ICRP for-
mula gives a conservative estimate of the frac-
tional absorption, since the Monte Carlo results
are seen to be about 55% of those of the ICRP
method at intermediate gamma energies.

With the source again uniformly distributed in
the phantom, dose to 22 organs was determined.
To obtain estimates of dose to individual organs
with, at most, 10% statistics required the gener-
ation of a larger number of source photons than
had been generated in the first case. This was
done for initial photon energies of 0.05, 0.2, 0.5,
and 1.0 Mev. The number of source photons pro-
duced at each energy was 20,000, 30,000, 30,000,
and 40,000 respectively.

These results are presented graphically in Figs.
25.10 to 25.13 to permit interpolation. The source
is distributed uniformly in the entire phantom, and
the dose to various organs in rads per photon
emitted by the source is given on the ordinate.
The bars on the Monte Carlo data points represent
one standard deviation on either side of the mean
as estimated from the Monte Carlo calculation.
When no bars are given, o is less than 2%.

Organs located near the center of the phantom,
such as the uterus and ovaries, receive a dose of
about 1.5 times that of the total body. Most of
the organs, however, receive a dose of 1.2 to 1.4
times that of the total body. Of the phantom’s
organs, the brain receives the lowest dose, 0.45
times that of the total body. This is followed
closely by skin, with 0.55 times the body average.

Even with 40,000 initial photons, some organs
do not receive a sufficient number of photon col-
lisions to determine the dose received to within
10%. This may be due to the small size of the
organ or to its distance from many source photons.
An alternative to producing more soutrce photons
is to increase the volume in which dose is esti-
mated. This latter procedure was followed.

When the standard deviation of dose exceeded
10%, the dose in the arbitrary region(s) (Fig.
25.7) encompassing the organ was taken as the
best available estimate of dose received by that
organ. When this procedure was necessary, these
dose estimates shown in the graphs bear the name
of the organ followed by the word ‘‘region.”’



The doses received by the group of organs listed
in Fig. 25.13 varied little from each other. Rather
than give the doses to each organ individually,
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the doses received by these organs will lie in the
range between the dashed curves in Fig. 25.13.

It is possible to examine the doses received by
the organs for very low-energy photons analytically,
bypassing the Monte Carlo procedure. At low
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photon energies the total cross section is com-
posed almost entirely of that contributed by the
photoelectric effect. In addition, the numerical
value of this cross section becomes very large,
resulting in a small range of the gamma photons
betore absorption.

If there is a homogeneous medium, infinite in
extent, containing a source uniformly distributed
throughout which is emitting gamma photons
isotropically of energy £/ Mev at the rate of N,
per unit time per unit volume, then under steady-
state conditions the energy emitted per unit time
per unit volume will be equal to the energy ab-
sorbed per unit time per unit volume. The dose
rate in rads per unit time in any region is then

_NoEy 6 qg-e o8 8rad
p Mev 100 erg
N E
= 1.6x10"8 _2°0
P

where p is the density of the medium (g/cm®). Sup-
pose now that instead of an infinite medium, there
is a finite volume of mass W grams. Also. sup-
pose that the mean range of the photon is small
compared with the dimensions of the volume. so
that the result discussed above applies far from
the surfaces in the interior with only a small error.
If the source produces photons homogeneously
distributed in this medium at the rate of n photons
per unit time, then the normalized dose in rads

per photon for any interior volume which is far
from the boundary of the phantom as compared with
the mean free path of the photon is

N E
= 1.6x10"8 _ 22
np

Dp

D E
— =16x10"% 2
n WT

In the case of a gamma source in the total body.
the dose to interior organs should asymptotically
approach

Dp (rads/photon) = 2.28 x 107 !3 E, (Mev)

as the mean {ree path approaches zero. At 0.01

Mev and below, the mean free path of photons in
tissue is less than 0.25 cm, and this formula
should vield a more reliable result than could be
obtained by Monte Carlo even with large photon

sample sizes.

141787

The above does not apply to organs located near
the surface. Even in this case, however, one may
obtain information as to the surface dose by ex-
amining a special case. Suppose that a medium,
infinite in extent, is cut by a plane and one half
of the medium is removed. The dose rate at the
newly formed surface will be one-half of the
equilibrium dose rate in the infinite medium, by
symmetry. The normalized dose at such a surface
of a large finite volume is, therefore,

DpS =0.8x10"8 %.
T

Although the phantom has no such plane surface,
the radius of curvature of the elliptical cylinder
of the trunk is large compared with the mean free
path of low-energy gamma photons. An approxi-
mate surface dose for a source distributed uniformly
in the total body is, therefore,

DpS (rads/photon) = 1.14 x 10"13150 (Mev) ,

E_Z 0.01 Mev .

0

These limiting dose rates appear consistent with
the Monte Carlo calculations at 0.02 Mev. The
organs inside the rib cage of the trunk received
doses within 10% of the predicted equilibrium dose,
4.56 x 10~ '3 rad/photon, while the skin of the
trunk received a dose within 10% of the equilibrium
surface dose.

Skeletal Source. — A source of gamma photons
uniformiy distributed in the skeletal region of the
phantom was also simulated on the computer. This
program was carried out for five gamma energies —
0.2, 0.5, 1.0, 2.0, and 4.0 Mev.

The fractional energy absorption by the skeleton
is given in Fig. 25.14. The standard deviation of
the data points is less than 2.5% of the mean.
Although there is some variation of the absorbed
fraction from 0.2 to 1.0 Mev, as shown in Fig.
25.14, an approximate value of 8% could be used
over this energy range with little error. The
Monte Carlo estimates given here are about a
factor of 2 lower than those given by the first-
collision, effective-radius method of the ICRP.

In the energy range under consideration, 0.2 to
1.0 Mev, the gamma cross sections for tissue are
very similar to those for bone within several per-
cent. Therefore, there should be little error in-
troduced by the use of a tissue phantom, except
for the fact that bone is denser than tissue.
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The photoelectric cross section for bone rises
steeply with decreasing gamma energy, and
although the skeleton is not a compact organ,
gamma-ray absorption will be essentially complete
at 0.01 Mev and below since the mean free path of
these photons will be less than 0.05 cm. In order
to obtain a rough estimate for the fractional en-
ergy absorption for photons with energies between
0.01 and 0.2 Mev, the entire phantom was con-
sidered to be bone. The material in the entire
phantom was given the cross section for bone.
With the source in bone, the fractional absorption
should be more nearly correct for the skeleton
than that obtained by using the tissue phantom.
However, these results will still be lower than
the true values by an undetermined amount for the
following reasons. Photons that remain in the
skeleton of the phantom will contribute the same
amount of energy that a real photon would. How-
ever, once a photon escapes from the phantom’s
skeleton, it will still find itself in a strongly
absorbing medium and therefore have a smaller
probability of returning to the skeleton than a
photon would have if it escaped from skeleton
into tissue. A somewhat smaller estimate of the
absorbed fraction for the skeleton is obtained,
therefore, with the bone phantom at low energies
than occurs in the actual situation. With the
bone phantom, the fractional energy absorption
for the skeleton was 0.81 at 0.02 Mev and 0.41
at 0.05 Mev.
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The dose rate to other organs using the skeletal
source and the tissue phantom and for energies
between 0.2 and 4.0 Mev is given in Figs. 25.15
to 25.18. The notation on these graphs is the
same as that described for the total-body source.
As expected, the skeleton was the organ with the
highest dose. Marrow appears to receive a slightiy
greater dose than the skeleton but not significantly
so. This is because the bones that receive the
higher doses happen to contain a greater portion
of the marrow. There are compensating factors
which would tend to lower the marrow dose, but
they are not represented in the model. Marrow
is not so uniformly distributed in bone as has been
assumed in the model. For a radionuclide that
localizes in bone, the marrow should not contain
as great a concentration as the bone. This is not
the case with the model. Consideration of these
factors as well as the Monte Carlo results leads
one to believe that the average marrow and average
skeletal gamma doses are not very different. The
dose estimates to many of the organs or regions
were very similar and are not shown separately.
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Fig. 25.17. Dose from a Source Uniformiy Distributed
in the Skeleton.

The doses received by organs listed in the group
called range I in Fig. 25.18 received doses be-
tween the lower curve and the middle curve in the
graph. Similar remarks apply to the organs of
range II.

For energies below (.01 Mev, where absorption
is nearly complete, the skeleton would receive a
dose in rads per photon of about 1.6 x 10_”E0,
where E_ is the initial gamma energy in Mev. An
estimate of dose to the various bones of the skel-
eton also was obtained from the Monte Carlo code.
The part of the skeleton receiving the highest
dose was the leg bone, while that receiving the



lowest was rib. For energies between 0.2 and 4.0
Mev, the ratio of the dose in rads per photon of a
skeletal part to that of the entire skeleton was
formed. These ratios are approximately as
follows:

Leg bones/skeleton ~ 1.3
Spine rskeleton 212
Pelvis/skeleton 0.8
Arm bones/skeleton -~ 0.8
Skull /skeleton 2 0.6
Ribs /skeleton X 0.5

Conclusion

It appears that a Monte Carlo method of esti-
mating organ doses is feasible under certain con-
ditions. Anatomical differences such as variation
of body and organ size have been neglected.
Doses have been determined to fixed organ-similar
regions of a homogeneous tissue phantom. This
gives results that may be extrapolated to many
real situations. This paper has examined the dose
to organs from gamma sources located in the total
body and in the skeleton, although extemal as
well as various other internal sources may be used
in conjunction with the Monte Carlo code and
phantom.

Acknowledgments

Appreciation is expressed to A. M. Craig, G. G.
Warner, and R. T. Boughner of the ORNL Mathe-
matics Division for the programming and computer
operations.

THE VARIATION OF DOSE IN MAN
FROM EXPOSURE TO A POINT
SOURCE OF GAMMA RAYS

W. S. Snyder

A Monte-Carlo-type code has been developed at
ORNL which permits one to estimate dose in tissue
phantoms for a wide variety of exposure situations.
For this paper the code has been.used to study the
distribution of dose in a homogeneous phantom
which has approximately the size and shape of an
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adult man exposed to a point source of monoener-
getic photons.

The trunk of the phantom is taken as a right el-
liptical cylinder with a height of 70 cm and with
semiaxes of the elliptical base as 20 cm and 10 ¢cm
(see Fig. 25.19). The arms are considered to be
held at the sides and thus are included as part of
the above cylinder. The legs are combined to form
a truncated elliptical cone, and the head and neck
together form a smaller elliptical cylinder. This
phantom has about the same masses and dimen-
sions as one designed by Hayes and Brucer?® and
is considered to consist of H, C, N, and O in the
proportions given for ‘‘Standard Man.’’%?° Results
are presented for the point source positioned di-
rectly in front of the phantom at shoulder height
or opposite the midpoint of the trunk, and the dis-
tance from the midline of the phantom to the source
is taken as 1 or 2 m. These four positions, des-
ignated a, b, ¢, and d, are shown in Fig. 25.19.
The photon energies used are 1.0, 0.5, 0.15, and
0.07 Mev.

A photon is considered to originate at the source
position, the direction being chosen from an iso-
tropic distribution, and the coordinates of the point
at which the photon strikes the cylinder are com-
puted. This point marks the beginning of what
might be termed the ‘‘history’’ of that photon. Suc-
cessive collision sites are computed, giving the
photon the correct probability for the various al-
ternatives that physical theory predicts as being
possible. Thus the distances between successive
interaction sites, the interaction type (photo-
electric effect, Compton scattering, or pair pro-
duction), and scattering angle are determined in
accordance with the values of the cross sections.
Each history, then, constitutes a possible path for
a photon, and each history is computed in an un-
biased manner according to known physical laws.
In a large collection of independently calculated
histories, the various interactions and distances
between interaction sites_should be distributed as
theory predicts.

The cross sections are taken from NBS Circular
583 and its supplement®? and are programmed on

28R. L. Hayes and M. Brucer, Intern. J. Appl. Radi-
ation Isotopes 9, 113—18 (1960).

ngrotection Against Neutron Radiation up to 30
Million Electron Volts, NBS Handbook 63, p. 8, U.S.
Dept. of Commerce, NBS, Nov. 22, 1957.

30G. W. Grodstein, X-Ray Attenuation Coefficients
for 10 keV to 100 MeV, NBS Circular 583, 1957; and
R. T. McGinnis, Supplement to NBS Circular 583, 1959.
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a separate subroutine. The energy scale is di-
vided into major regions, each corresponding to a
decrease of the energy by one-half. Values of
the cross sections are listed on magnetic tape at
64 energy values intercalated in each such major
region. The machine uses the cross sections cor-
responding to the nearest listed energy on the
magnetic tape. Only the cross sections for the
photoelectric effect, pair production, and total
cross section are listed, the cross section for
Compton scattering being obtained by subtraction.
The trunk region of the phantom is divided into
155 subregions by four equispaced planes per-
pendicular to the axis of the cylinder, three axial
planes making angles of 60° with each other, and
five surfaces each of which forms an elliptical
cylinder coaxial with the axis of the phantom.
The region within the smallest elliptical cylinder
was not subdivided by the axial planes in order to
improve the statistics on the dose estimates in
this region (see Fig. 25.19). The volume elements
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nearest the surface have a thickness of 1 cm, and
the dose in these volume elements may be ex-
pected to approximate the reading of a dosimeter
exposed on that portion of the surface of the body.
These volume elements must be chosen to be
large enough so that a significant sample of inter-
actions will occur in the volume to give an ac-
ceptably low standard deviation.

The leg region of the phantom is divided into
four subregions by three equispaced planes per-
pendicular to the axis of the cone. The head and
neck section, simulated by the smaller elliptical
cylinder, is not subdivided.

When an interaction occurs within any one of
the volume elements, the energy absorbed in the
volume (in Mev) is estimated from the formula

Eabsorbed = [UPEEB - JP(EB —-1.02)

+ = Tpg — "Tp)Ec]/UT ,



where
= = total cross section.
-~ pE = cross section for the photoelectric effect.
~p = Cross section for pair production,
E _ = energy of the photon before the inter-
action,
E . = energy absorbed as a result of a Compton

scattering,

The energy absorbed is accumulated for each vol-
ume element of the phantom.

When pair production occurs, the positron and an
electron are annihilated locally and two photons
are released, each having an energy of 0.511 Mev.
Photons produced in this way are followed inde-
pendently, thus producing additional histories.
When a photon history has been completed, the
total energy contributed to each box by both the
parent and the daughter photons, as well as the

square of these energies, is accumulated sep-
arately. This makes it possible to estimate a
variance or standard deviation for the mean energy
deposited in each volume element and hence for
the average dose in that volume element.

The results obtained are presented in Figs. 25.20
to 25.25. For the trunk section, results are shown
graphically for volume elements along two trav-
erses in each layer, one along the minor axis of
the eiliptical trunk, front to back (traverse 1),
and the other running diagonally from front to back
(traverse 2) (see Fig. 25.19). Because of the sym-
metry of the situation, the average dose in any
volume element of the trunk can be found from the
values given for these traverses. The average
dose in the cylinder simulating the head and neck
region is shown on the graphs for traverse 1 at the
10-cm position. Resulits for the leg regions
not presented graphically but are given in a
at the top of the figures. In six cases (E =

are
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and 1 Mev, source at positions c and d; and E = 0.5
Mev. source at positions b and d), 100,000 photons
were taken as source; in all other cases 40,000
photons were used. The coefficient of variation
(standard deviation expressed as a percentage of
the mean) never exceeds 20% for the 40,000 sources
nor 11% for the 100,000 sources, and it is much
less in the great majority of the volume elements.
The results with the source in positions b and
d, that is. at 2 m from the central axis of the trunk,
show less variation from one layer to another than
do the results with the source in positions a and c.
Plausibly, this is due to the fact that the solid
angle subtended by similarly placed volume ele-
ments in the different layers varies less from one
layer to another when the source is 2 m distant
than when it is only 1 m distant. Generally, doses
to volume elements in the layer at the same height
as the source will be higher than at corresponding

11471793

positions in other layers. However, the statistical
fluctuations of the data are so large that one can-
not make any very precise interpretation. It is
evident that in all cases there is a considerable
decrease in dose with distance away from the ir-
radiated surface. In very approximate numbers,
the dose to the volume elements near the front
exceeds the dose to the volume elements near the
back by a factor of about 3 when the source en-
ergy is 1 Mev, and the factor increases as the
source energy decreases, becoming about a factor
of 10 when the source energy is 0.07 Mev. The
dose recorded by a film badge might be incorrect
by factors of these magnitudes. The dose at cor-
responding positions varies much less from layer
to layer of the trunk section than with depth beiow
the irradiated surface. The variation of dose along
traverse 2 is always less than the variation along
traverse 1. as would be expected.
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The average dose in the head region, as well as
the average dose in the leg regions, is generally
slightly lower than the dose to the central region
of the trunk. The dose in the leg region tends to
decrease, as would be expected, when the layers
are farther from the source.

The results obtained in this study have been
compared, insofar as possible, with the results
of some other studies. Perhaps the closest check
is with a study by Jones, *! who made measure-
ments of dose on and within a phantom of body
size from point sources of photons. He reported
the dose only as normalized to a ‘‘film badge dose’’
or to an ‘‘air dose,’’ and thus only ratios of doses
can be compared. As shown in Fig. 25.26, the
data obtained in the present study do not agree

31A. R. Jones, Measurement of thé Dose Absorbed in
Various Organs as a Function of the External Gamma
Ray Exposure, AECL-2240 (October 1964).

P19y

very closely with those of Jones; however, there
is qualitative agreement. The difference may be
plausibly accounted for by the experimental and
statistical errors and by the fact that his phantom
included a complete set of bones. It appears that
the presence of the skeleton significantly alters
the dose pattern within the body.

It is planned to extend this study to include
more energies and other source positions, such
as at the side, on the floor, and above the phan-
tom.

AN AGE-DEPENDENT MODEL
FOR THE BODILY RETENTION OF CESIUM

H. L. Fisher, ]Jr. W. S. Snyder

The retention of radioelements by humans was
initially determined for the adult since the pro-



262

ORNL-0OWG. 66-829

L ; 7

LEGEND DOSE IN LEG SECTIONS
A LAYER 1 (rads / photon x 40*3 )
o LAYER 2 SOURCE  SOURCE
o CLAYER 3 LAYER at g ath
6 o LAYER 4 6 087 0.38
o LAYER 5 7 o8t 037 i
® HEAD DOSE a 070 036 I
9 077 037 ‘
. —_ > } |
B i i i L
1 k i
4 1
|
i

‘ f
. DOSE ALONG TRAVERSE { ! C |
R . SOURCE AT , : | :
; T T ’ T ; i I

{

I

'DOSE ALONG TRAVERSE 2
SOURCE AT a \

—— !

rads/ photon (x {0

_ DOSE ALONG TRAVERSE 2
SOURCE AT b

| DOSE ALONG TRAV
SOURCE AT b

A
ERSE ‘_

1

; ‘ ’ | ! ‘
0 | i ] i I : L

‘ i !
1 T T
Q 2 4 6 8 12 14 t6 18 20 0:302 306 154 i 244 291
.2 604 12.1 184 272 302
cm ALONG TRAVERSE 1 cm ALONG TRAVERSE 2

Fig. 25.23. Distribution of Dose in o Tissue Phantom from a Point Source of Photons at Positions a and b, Energy

0.5 Mev.

tection of radiation workers was a problem of is dominant, contributing more than 99% to the
paramount importance and also because more data total area under the retention function. Therefore,
from accident cases as well as from planned ex- for purposes of dose estimation or equilibrium level
periments had accumulated for the adult than for estimation in the adult, the retention of cesium may
individuals of other ages. However, as data ac- be considered to be given by a single exponential.
cumulated, it was apparent that the retention pat- It is well known that a single compartment with
tern of a radioelement might vary greatly with age. an elimination rate proportional to its contents is
This appears to be the case for cesium. It is the described by

purpose of this paper to present one theoretical
age-dependent compartmental model and apply it
to the retention of cesium. '&?A(t) ==AA@D), M

Richmond et al.*? used a two-exponential re-
tention function to fit the observed retention of
137Cs by normal adult males for a period of 550
days after a single oral intake. Except for the

) tion has a single exponential as its solution. The
LY - - 1 1, - 1 e - 1
_J

where A(!f) is the amount of material in the com-
partment and A is the decay constant. This equa-
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To introduce the age dependence into the re-
tention function, consider a single compartment
~ with a definite size or volume, but let the size of
this compartment vary with time. In order to write
a differential equation governing the kinetics of
this compartment, it is necessary to make one as-
sumption. Let us assume that the rate of change
of a quantity of material introduced into the com-
partment is proportional to the concentration of the
material in the compartment. The kinetic equation
is then

)

where W(t) is the volume of the compartment and
m is the constant of proportionality.

There is now the practical problem of determin-
ing what should be used as a measure of compart-
ment size. Many different measures might be pro-

1471790

cm ALONG TRAVERSE 2

from a Point Source of Photons at Positions c and d, Energy

posed, for example, weight, muscle mass, body
water, or potassium content. Since cesium is
rather uniformly distributed throughout the body,
let us take body mass to be a measure of com-
partment size for cesium. This is not to say that
mass has physiological significance in cesium re-
tention. What should be inferred is that the true
compartmental volume for cesium is assumed to be
proportijonal to body mass.

Although Eq. (2) may be applied directly, there
is a simplification that can be made for !37Cs
retention. If at time ¢ the change in the compart-
mental half-life with time is small compared with
this half-life, the compartment may be considered
to have a constant half-life for material introduced

into the compartment at time ¢t. Therefore,
W() In 2
T, ,=——. 3)
m
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After this simplification, it follows that for a
single intake at any time, the elimination is ex-
ponential, with a haif-life determinable from the
volume of the compartment at that time.

If W(¢) is a known function, then after determining
the proportionality constant m, the time dependence
of the compartmental half-life will be determined.
The constant m is determined by using the experi-
mentally determined biological half-life for cesium
in the adult male and his body mass.

The adult values for body weight and half-life
of cesium are used since they have been the topic
of many more experiments and are known more
precisely. The mass of the adult male is taken
to be 70 kg. Although there is a wide range of
biological half-times reported in the literature for
cesium in adult males, a representative value of
100 days has been chosen. Having determined m

FIuT1197

from Eq. (2), the relationship between biological
half-life for cesium and body mass is given by

T, ,(0=143W0) . )

This equation was not derived by considering
individuals but was determined for the average of
populations of various body masses. The equation
should only be used to determine the average bio-
logical half-life of a group of grossly normal indi-
viduals. Such parameters as percent body fat, en-
vironmental temperature, or work activity may
greatly influence the biological half-life. However,
a group of people of the same age chosen randomly
should have an average biological half-life for
cesium given by Eq. (4).

The growth curve for body mass from infancy to

adulthood is given in Fig. 25.27. The curve for
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males is that given by Mitchell; 33 the one for fe-
males is taken from ref. 34. Using these curves,
the biological half-life for cesium was determined.
In Fig. 25.28 is a comparison of the biological
half-life of cesium predicted by the model with
some experimental results. The model predicts
a cesium biological half-life for the newborn of
about 5 days. From this value it increases to the
assumed value of 100 days for the adult. Boni?3’
has determined the cesium biological half-life of
humans from five years of age through adulthood.
His method is one in which the body burden of
fallout !37Cs, as well as the urinary excretion,
is determined. From the single-exponential model
and assuming equilibrium conditions, the biological
half-life may be determined. For the adult values

334. H. Mitchell et al., J. Biol. Chem. 158, 625 (1945).

3. s. Spector, Handbook of Biological Data. p. 180,
W. B. Saunders, Philadelphia, 1956.

35A. L. Boni, *Variations in the Retention and Ex-
cretion of 137Cs with Age and Sex,’’ presented at Health
Physics Society Meeting, 1966.
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determined in this way, the range of values about
the mean is *50%. The model given here predicts
a half-life about twice as large as Boni’s results
in the five-to-ten-year age group. However,
McGraw ®® has surveyed the literature and given a
representative curve for the average half-life.
His curve is quite close to the model in the five-
to-ten-year age group. It should be pointed out
that the variation of the experimental values about
McGraw’s curve is quite large.

By applying Eq. (4) and using the body weight
for females, the half-life of cesium in females
was determined and is given in Fig. 25.29. Boni
also has measured the biological half-life of ce-
sium in females. As shown, the model predicts
a half-life for females of about twice that observed
by Boni.

Using measurements of stable cesium in tissue,
the daily intake of cesium, and the single-expo-
nential mode! under equilibrium conditions, Snyder

361 F. McGraw, Radiol. Health Data 6(12), 711
(December 1965).
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and Cook have produced estimates of the biological

half-life with age, which are given in Fig. 25.30.
During the first five years, the agreement of the
model with their values is good. There is agree-

ment for the adult values also; however, the model

gives somewhat higher values during the adoles-
cent period.

In this paper we have examined a conceptually
very simple age-dependent compartmentai model.
Application of the model to cesium retention has

1147199
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not been any more successful nor less successful
than prior models. It has not explained variation
of the biological half-life within an age group.
Other parameters besides age are evidently im-
portant. However, the model has been derived
theoretically with few assumptions, and there is
only one arbitrary constant to be determined. The
model is capable of accounting for a large part of
the variation in half-lives between the various age
groups.
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Table 25.2. Total Dose Delivered to the Body
from a Single intake of ]37Cs

Dose (microrads/ic?}

Age
Beta Plus
(years)
- Beta Gamma Gamma
0 2680 1040 3720
1 2680 1450 4130
5 2680 1650 4330
10 2680 1900 4580
15 2680 2140 4820
20 2680 2390 5070

The total dose delivered to the body of individ-
uals of various ages who have ingested 1 uc of
137Cs has been calculated and is given in Table
25.2. The total dose is directly proportional to
half-life and is inversely proportional to body
mass. By the model, half-life and mass are pro-
portional. Therefore, total dose is independent
of half-life or body mass. This is true when 100%
of the emitted energy is absorbed. Beta dose is
an example. The fraction of the gamma energy
absorbed by the infant is slightly less than half
that of the adult, as will be shown later. There-
fore, we see the model predicts that for identical
single intakes of !37Cs, the infant will receive
a beta-plus-gamma total dose of about 75% that of
the adult.

Fisher and Snyder®’ have described previously
a human phantom and a Monte-Cario-type calcu-
lation which was programmed for a high-speed
digital computer. The age-dependent metabolic
model described here may be used to estimate the
microcurie-days of residence of '*’Cs in the body,"
and the data given in the above report may be
used then to obtain an estimate of total dose as
well as its distribution in time and in various
portions of the body.
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. A DOSIMETRIC STUDY
FOR THE ADMINISTRATION OF NEOHYDRIN
LABELED WITH 2%3Hg AND '?7Hq

W. S. Snyder Mary R. Ford

Introduction

Brain scanning with the mercurial diuretic chior-
merodrin (Neohydrin %) labeled with radioactive
mercury is now widely used in the localization of
intracranial tumors. The isotope of mercury used
initially was 2°3Hg. This isotope was introduced
as an agent in brain scanning in 1959 by Blau and
Bender, *® who demonstrated that *°3Hg gives a
much lower whole-body radiation dose than the
conventional agent, !3'I-labeled human serum al-
bumin, and it produces scans that compare well
with those obtained with 13!1. A disadvantage of
the mercury, however, is that it accumulates in
the kidneys, where it produces a relatively high
local dose. More recently, !°’Hg has been used.
This isotope, because of its shorter half-life and
less penetrating radiation, gives a much lower
dose to the kidneys than *°*Hg. It is considered
by some, but not all, clinicians, however, to give
less satisfactory scans.*%~*? Because the kid-
neys lie anatomically not far from the gonads, the
magnitude of the genetic dose is a matter of further
concern.

Thus an evaluation, with all reasonable preci-
sion, of the radiation dose received, especially
by the kidneys and gonads, from both *°’Hg and
203Hg is needed. We have performed this compu-
tation for photons with a Monte-Carlo-type com-
puter code, described previously, *? which is quite
accurate in taking account of the scattering of
photons and of the energy deposited in tissue.
The dose from beta components is found by con-
ventional techniques, but the estimate is improved

38Lakeside Laboratories.

39\. Blau and M. A. Bender, J. Nucl. Med. 3, 83
(1962).

405 B Sodee, J. Nucl. Med. 5, 74 (1964).

“1M. Blau and M. A. Bender, J. Nucl. Med. 5, 318
(1964).

425 L. Rhoton, Jr., ]. Eichling, and M. M. Ter-
Pogossian, J. Nucl. Med. 7, 50 (1966).

gy, s. Snyder, ‘‘The Variation of Dose in Man from
Unilateral Exposure to Gamma Rays,’’ presented at
Tennessee Valley Industrial Health Conference, Gatlin-
burg, September 30 and October 1, 1965 (submitted to
Health Physics),



somewhat by use of computer codes to determine
the average beta energy and the number and in-
tensity of beta-like radiations. The metabolic
model is derived from data on hospital patients,
and the dose estimates based on this model can
be adjusted easilv to take account of elimination
rates appropriate for other patients.

Energy Emitted in the Decay
of '97Hg and 293Hq

The decay schemes of °’Hg and 2°3Hg are
given below:
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In addition to the energy emitted as shown on the
decay schemes, many x rays and Auger electrons
of varving energies and intensities arise as a re-
sult of gamma-tay internal conversion. This con-
version is associated with the gamma decay of
both isotopes, and, in the case of ‘°7Hg, the
electron capture process accounts for the emission
of other x rays and Auger electrons. The calcu-
lation of the energy emitted by these processes is
tedious and time consuming, and so a computer
code developed by Dillman*? has been used which
tabulates the number and energy of these emis-
sions.

The computer output of the gamma and ‘‘beta-
type’’ energy emitted per decay of *°’Hg and

19700 35nr 203 5 N . . .
—r . ——Hf%_dm 103Hg is given in Table 25.3. The radiations
e \ BT100% . ,
. ‘ described as ‘‘beta type’’ include all x rays and/or
— 3w ‘30'2'2 e gamma rays of energy less than 0.0113 Mev, all
2.494
r “Aev Y
T CoTTE ey T *41. T. Dillman, *Calculating the Effective Energy
T STABLE STABLE R per Radioactive Decay for Use in Internal Dose Cal-
culations,’’ this chapter.
. " . 197 203
Table 25.3. Gammas, X Rays, and ‘‘Beta-Type'' Energy Emitted by Hg and Ha
Radionuclide
203
19744 He
Type of Decay
Energy Energy L
(Mev) (*»/disintegration) (Mev) (% /disintegration)
Gamma 0.191 0.78 0.279 81.6
0.0773 19.2
X rays
K., 0.0688 37.3 0.0729 6.34
Kl2 0.0669 20.5 0.0708 3.50
K31 0.0779 12.9 0.0826 2.23
K32 0.0807 3.47 0.08553 0.63
L 0.01131 5.76
‘““Beta-type’’
X and/or gamma rays below 0.0113 Mev; 0.0549°2 1092 0.210 199
Auger and internal conversion electrons 0.0158° 33.5° : .
above 0.03 Mev
Auger and internal conversion electrons 0.00398° 1667
b b 0.00428 36.6
less than 0.03 Mev 0.00403 203

?From gamma decay.

b
From electron capture.

F1U7601



Table 25.4. Beta Decay of 203Hg

Betas with Energy Betas with Energy
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End- 8 d
. raction Below .03 Mev Above 0.03 Mev
Point per
Energy Average Average
Decay . R
(Mev) Fracuon Energy Fraction Energy
0.212 1 0.328 0.0249 0.672 0.0490

internal conversion electrons, and all Auger elec-
trons. The output for electrons of energy less
than 0.03 Mev is listed separately since these
electrons are assigned a quality factor of 1.7
rather than 1 in internal dose calculations.*% The
average energy of the 0.212-Mev beta of 2%3Hg,
also computed by the code of Dillman, ** is given
in Table 25.4. As in the previous case the frac-
tion of the decays in which the initial energy is
less than 0.03 is tabulated separately for con-
venience in applying the quality factor.

Metabolic Characteristics of Neohydrin

The biological data and metabolic characteristics
of Neohydrin used in the dose computations are
based principally on the clinical experience of
Blau and Bender.3? They found that an injected
dose of Neohydrin suitable for scanning purposes
(usually 10 yc per kilogram of body weight) is
cleared rapidly from the body via the urine and
feces. Their data on 20 patients indicate that 50%
of the dose is eliminated by the urine during the
first 8 hr, and an additional 15% appears in the
urine during the next 24 hr. The blood clearance
is rapid, with less than 10% remaining after 5 hr.
Most of the retained dose accumulates in the kid-
neys, where about equal amounts are found in
the medulla and cortex during the first day. After
the first day the concentration in the cortex to
that in the medulla is roughly in the ratio of 5/1,
and the biological haif-life of the long-term com-
ponent is about 28 days. The remaining few per-
cent of the injected amount is scattered throughout
the body, with perhaps some concentrating in the
liver.

45R’ecommendations of the lntemafional Commission
on Radiological Protection, ICRP Publication 2, p. 29,
Pergamon, London, 1959.
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Based on these data, we have assumed in the
computations that 75% of the administered radio-
nuclide is excreted rapidly. Since less than 10%
of this 75% is present in blood after 5 hr, according
to the curve given in Fig. 2 of Blau and Bender, *?
we have given this deposit an elimination half-
time of 1.3 hr. Of the 25% retained, 12% resides
in the kidneys with a biological half-life of 28
days — 10% in the cortex and 2% in the medulla.
Another 8% is retained in the medulla with a bio-
logical half-time of 12 hr. The remaining 5% is
assumed to be uniformly distributed in the total
body, and this is assigned an elimination half-
time of 15 hr, again based on Fig. 2 of Blau and
Bender’s data.3?

In addition to these sources of exposure, the
urine which flows from the kidneys to the bladder
and the amount retained in the bladder will con-
tribute to the dose. This is true especially in the
case of the gonads, because they lie in close prox-
imity to the ureter and the bladder. Since the time
for urine to pass from the kidneys to the bladder
is very short, we have considered the dose from
this source to be insignificant, but we have com-
puted the dose from the amount in the bladder.

For this computation five voids per day are as-
sumed; that is, 4.8 hr is assumed as a typical

period of retention; and because the bladder is
near empty during part of each period, 2.4 hr is
taken as an average residence time.

Description of the Phantom

The total-body tissue phantom used in the com-
putations is shown in Fig. 25.7. This phantom
was designed by the authors for an earlier Monte
Carlo computation *$ and is similar to a phantom
of Hayes and Brucer.*” It is considered to con-
sist of H, C, N, and O in the proportions given
by standard man and to have a density equal to
1 g/cm3. The subregions were made originally
to show the variation of depth dose from an ex-
ternal source. They are left in these computations
to permit the estimation of dose to the ovaries and
bladder from the source located in the kidneys.

46y. S. Snyder, ‘“The Variation of Dose in Man from
Exposure to a Point Source of Gamma Rays,”’ presented
at Intern. Conf. Radiological Protection in Industrial
Uses of Radioisotopes, Dec. 13-15, 1965, Paris (to be
published in proceedings).

4TR. L. Hayes and M. Brucer, Intermn. J. Appl. Radi-
ation Isotopes 9, 111 (1960).



When an organ is very small or lies at some dis-
tance from the source, the dose estimate averaged
over the appropriate subregion is statistically more
reliable than the dose estimated in the actual or-
gan.

The internal organs of interest here, the kidneys,
ovaries, and bladder, have the same location as
corresponding organs described in a paper by
Fisher.*® Also, the size and shape of the ovaries
and bladder are identical in the two papers; but

-the kidneys are described here in somewhat more
detail, because Neohydrin concentrates in the
kidney cortex, and thus it is necessary to identify
the different regions, that is, the cortex, medulla,
and papillary region.

The structure of the kidneys was determined
from several anatomy references and from consul-
tation with Dr. F. Jones, pathologist, University
Hospital, Knoxville, Tennessee. In order to for-
mulate this information as well as possible into
a simple mathematical expression usable by the
computer, the kidney as a whole is assumed to be
an ellipsoid cut by a plane parallel to the major
axis. With the rectangular coordinate system lo-
cated at the center of the base of the trunk in the
phantom, as shown in Fig. 25.7, the left kidney
can be described by the inequalities

) (5 (=)

and

i
—

1

I

x4, 2)

The kidneys are assumed to be alike and equal
in volume; the combined volume of the two is
305.8 cm’.

The human kidney is divided internally into three
rather well defined regions: (1) the cortex, (2) the
medulla, and (3) the papillary region. The cortex
caps and surrounds the medulla, which consists of
a series of conical masses termed renal pyramids
whose apexes project in the form of renal papilla
into the cuplike structure known as the papillary
region. '

*84. L. Fisher, Jr., and W. S. Snyder, “‘Distribution
of Dose in the Body from a Source of Gamma Rays
Distributed Uniformly in an Organ,’’ presented at First
Intern. Congress on Radiation Protection, Sept. 5-10,
1966, Rome (to be published in proceedings). .
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Fig. 25.31. Dosimetric Modei of ¢ Human Kidney.

The three sections of the kidney as simulated
for computational purposes are shown in Fig. 25.31.
The papillary region consists of the points satis-
fying inequalities (1) and (2) as well as the in-
equality

2 2 / 2
<x—6> *<y—6> +(2_32.5> o
2.5 0.5 3

and the volume is 15.27 cm®. Thus the papillary
region consists of that portion of the entire kidney
defined by (1) and (2) which lies inside a smaller
ellipsoid having semiaxes 2.5, 0.5, and 3 cm.

The cortex contains an outer band consisting of
the points (x, y, z) satisfying the inequalities (1)
and (2) as well as the additional inequality

<x - 6>2 <y - 6)2 (z - 32.5)2

+ + =1. @)
3.5 1.5 4
The volume is 94.17 cm®. The cortex also con-
tains certain portions of the medullaty band to be
described later.

The medulla lies in the space between the el-
lipsoid defining the papillary region and the el-
lipsoid defining the inner surface of the outer band
of cortex. This medullary band consists of points

v
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(x, y, z) satisfying (1) and (2) but not satisfying
either (3) or (4), that is, satisfying the opposite
inequalities

x—6\ [y—-6\2 z—32.5\?

+ + >1, (39
2.5 0.5 3
x —6\* —6\? z —32.5\?

+ + <l1. @49
3.5 1.5 4

However, the medulla does not contain all this
band. It consists of portions of circular cones
having vertexes at the center of the above ellip-
soids and half-angles of 17°42 7 which lie in the
band defined above, that is, by inequalities (1),
(2), 37), and (4 7). There are some 32 such cones
distributed so as not to intersect each other. The
total volume is 43.5 cm?.

The portion of the medullary band which is not
included in the cones is the additional part of the
cortex mentioned above. This consists of points
satisfying inequalities (1) and (2), (37), and (4")
but not inside the cones of the medulla. The

volume of the intermedullary portion of the cortex
is 18.8 cm?.

Dosimetry

By use of the physical and biological data and
the geometrical configurations described above,
the dose to the cortex and medulla of the kidneys
and to the bladder and ovaries has been estimated.
Estimates are provided per millicurie-hour of resi-
dence of !°?Hg and 2%3Hg in the cortex of the
kidneys, in the medulla of the kidneys, in the blad-
der, and in the total body (blood). These estimates
are given in Table 25.5 for Neohydrin labeled with
1974g and in Table 25.6 for the 2°3Hg label.

The doses were computed for gamma and x rays
by use of the Monte Carlo computer code described
previously, 45 and the decay data in Table 25.3
were used as input for each source location. In
the case of beta and ‘‘beta-type’’ decays, doses
were computed only for the organ containing the
source, since the range of these emissions is in-
sufficient — about 0.05 cm for the most energetic —
to irradiate the other organs of interest. In esti-
mating the dose from ‘‘beta-like’’ radiation, com-
plete absorption of energy in the source region
was assumed.

141804

To find the rads per millicurie of intake by use
of Tables 25.5 and 25.6, the rads per millicurie-
hour for the tissue of interest must be multiplied
by the millicurié-hours of residence of the radio-
nuclides in each of the source organs and the
results added. The millicurie-hours are given by

17 Ry dr,

where [ is the intake (mc) and R(¢) is the fraction
of the intake present in the tissue of interest ¢
hours after intake,

The activity depositing in the kidney is con-
sidered in three parts: (1) a fraction of intake
K depositing in the cortex with rather long bio-
logical turnover time, T1 days; (2) a fraction of
intake K, depositing in medulla with a rather
short biological turnover time, T, days; and (3)

a fraction of intake K, depositing in medulla with
a rather long biological turnover time, T 3 days.
The number of millicurie-hours of residence in .
kidney for any of the above three fractions is
given by

® 24IK.T.T,
1 R de- —ileTi

H 1} 2’ 3 ’
0.69(T, + T,)

(5)

where T is the half-time (days) for radioactive
decay and

RO - K 0.693 0.693\ ¢
=48,exp |- —7—_r— + '—T’—' 5-4-

for the respective cases.
The activity (mc) excreted into the bladder from
the above deposits is given by

o 069  IKT
P R x = gem it
2T, " T T,

1=1,2,3.

1

6)

This expression must be summed for 1 = 1, 2, 3.

If this activity is assumed to reside in the bladder
for B hr, the total millicurie-hours of residence in
the bladder due to activity eliminated from the
kidney deposits may be taken as B multiplied by
the sum of the expressions in (6). This estimate
neglects radioactive decay, which seems justified.
Indeed, if one assumes a uniform intake to the
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bladder for T hr and then a voiding, the correction
factor needed to correct for radioactive decay is

2(Th, =1+ e~ MTY T2,

and for T = 4.8 hr, this is 0.98 and 0.99 for the
197Hg and 2°3Hg respectively. In addition to
activity entering the bladder from the kidney de-
posits, there is the amount eliminated from the
blood, which is assumed to pass through the kid-
ney to the bladder. This is computed by the for-
mula

AN,

r+)\b

1a [7 e=Qetoin gp - , %)

where A = 0.693/T, is the radioactive decay con-
stant and A, = 0.693/T, is the rate of biological
elimination. As discussed above, this is used
with 4 = 0.75 and T, = 1.3 hr and again with 4 =
0.05 and T, =15 hr. The sum of the two values
obtained from (7) using these data represents the
material entering the bladder from blood and must
be added to the sum of the three terms obtained
from (6). All the activity entering the bladder,
that is, the sum of the three terms of (6) and the
two terms of (7), is multiplied by B, the residence
time in the bladder (i.e., B = 2.4 hr), to obtain the
total millicurie-hours of residence in the bladder.

In like manner, the millicurie-hours of residence
in the whole body (blood) is computed by the for-
mula

© 14 .
14 J7e=Aethor g 2 ®
A+ Ay

r
where the terms are defined and used as in (7).
In Table 25.7 the numerical values of the con-
stants used in estimating millicurie-hours of res-
idence for the ‘‘typical’’ case described above
are given, as well as the corresponding millicurie-
hours for each of the reference tissues. These
residence times were used to obtain the estimates
of dose per millicurie of intake given in Tables
25.5 and 25.6.

If different values of K, and T, or of B seem
appropriate for a particular patient, formulas (5)
and (6) are easily computed to obtain the proper
number of millicurie-hours of residence time in
the various tissues. Thus the dose estimate is
easily adjusted for a particular patient for whom
the parameter values given above might not be

1147800
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Table 25.7. Residence Times (mc/hr) of ]97Hg
and 203Hg in Yarious Body Organs from an Injected
Dose of 1 mc of 197Hg or 203Hg Neochydrin

Formulas
Organ and Constants Used I“”Hg 2°3Hg
in the Computations
Total body Formula (8) 2.3 2.5
{blood)
Cortex Formula (5), 8.5 61
Kl = 0.10,
T1 = 28 days
Medulla 1 Formula (5), 1.2 1.4
K2 =0.08,
’I‘2 = 0.5 days
Medulla 2 Formula (5), 1.7 12
K3 = 0.02,
T‘3 = 28 days
Bladder Formulas (6) and (7), 2.1 2.3
B=24hr

appropriate. If an entirely different metabolic
model is assumed, of whatever kind, and if by its
use one can estimate the total millicurie-hours of
residence in the various tissues, then, again, one
can use the table to obtain the estimate of dose
resulting from use of this model. Since individuals
may differ rather markedly, there may be cases
where this adjustment is of considerable signifi-
cance.

USE OF EXCRETION DATA TO PREDICT
THE SYSTEMIC BODY BURDEN OF PLUTONIUM

W. S. Snyder Mary R. Ford
G. G. Warner*?

Health physicists face ¢ne of their most difficult
problems when they need to estimate the exposure
status of an employee who may have been, or is
known to have been, exposed to plutonium. In
particular, the estimation of the systemic body
burden is difficult since the available data suggest
that the excretory rate changes, though slowly,
with time. Thus, the systemic burden cannot be
directly inferred from the excretion rate, but the

49Mathematics Division.
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time sequence of the exposures is important. In
addition, there are wide fluctuations of the amounts
excreted per day as have been found in employees *°
as well as in experimental animals.®! The crown-
ing difficulty is that there are only a few data
available which can be used to study the problem
and perhaps construct a model.

Langham et al.>? have analyzed the excretion
and autopsy data obtained from 15 hospital pa-
tients who were given plutonium intravenously.
Eleven patients received 239F’uNO3 complexed
with citrate, and four patients received 239Pqu.
This study provides the best available data on
humans concerning retention and excretion as
they apply to a systemic burden of plutonium in
that the amount entering blood is accurately known,
the excretion data are nearly complete, and in six
of these cases autopsy data provide evidence on
the distribution of the systemic burden as well as
a check on the excretion data. These data are
limited in three respects: (1) Because the com-
plexing with citrate probably influences the dis-
tribution of the systemic burden, emphasizing
deposition in bone and deemphasizing deposition
in liver, these cases may not be typical of oc-
cupational exposure in the majority of cases. (2)
The data do not extend very far in time, less than
half these patients being available for study up to
40 days postinjection and daily excretion data
being available on only two patients for as long
as 138 days. (3) These were inactive terminal
patients, and this might have some influence on
the metabolism and excretion of the plutonium.
Langham et al.>? did extend the record by de-
termining the average daily excretion of two of
the patients at various times after the close of
the experiment and by following the excretion
on a few employees who had accumulated meas-
urable amounts of plutonium. He found that by
making certain assumptions concerning the em-
ployees’ exposure, their excretion followed the
same trend indicated by the terminal patients.

On this basis it is often assumed that the ex-
cretion data follow the trend of a power function
for times of five years or more, that is, if a unit

595, A. Beach and G. W. Dolphin, Assessment of
Radioactivity in Man, vol. 11, p. 603, IAEA, Vienna,
1964.

Sly. 1. Bair et al., Health Phys. 8, 639 (1962).

S2y. H. Langham et al., Distribution and Excretion
of Plutonium Administered Intravenously to Man, LA-
1151 (1950).
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amount of plutonium enters blood at time ¢ = 0,
the excretion on day ¢t may be expected to aver-
age at~ ™ units, where a and a are constants.

As mentioned above, one may expect rather large
fluctuations in the day-to-day values.

There is one case of occupational exposute re-
ported in the literature 3% which is not complete
enough to be useful for testing or constructing
metabolic models but does provide very valuable
data. Although neither the exposure nor the
amount entering the blood of this employee is
known even approximately, the excretion data
obtained from scattered samples collected in the
course of his employment are available, and the
autopsy data are complete and rather detailed.

It would be extremely valuable to have more data
of this kind, for, although occupational exposures
will inevitably lack the precision of the experi-
mental studies, they provide useful data which
involve exactly those uncertainties and difficulties
the health physicist faces in the practical situa-
tion. Hence they are valuable checks on proce-
dures which are proposed for the practical problem
of evaluating exposures of plutonium workers. Ad-
ditionally, one may turn to data on experimental
animals to study the problem, but, while valuable,
results from animal experiments must be viewed

as requiring some confirmation by human data be-
fore we can be entitely confident of their appli-
cability to occupational exposure. These remarks
are meant to stress the importance of obtaining
every bit of human data bearing on the problem
whenever possible, as well as to excuse, if ex-
cuse be necessary, the analysis which follows
and which is open to the charge of overelaboration
and refinement of analysis of very few data. How-
ever, these are all the relevant data we have found
which could be used for this type of analysis.

The first question studied here is that of the
extent of individual differences: How different
are the 15 patients 32 as far as excretion of plu-
tonium that has entered blood is concerned? The
question has been studied previously,** and the
present studies may be considered as an extension
of that study. Langham et al. 32 were the first to
fit a power function to the excretion data of these
patients, that is, to obtain constants a and a so
that the function at~“ represents approximately

53H. Foreman, W. Moss, and W. Langham, Health
Phys. 2, 326 (1960).

>%W. S. Snyder, Health Phys. 8, 767 (1962).
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the excretion expected on day t. In particular,
they gave the three formulas 0.23¢t=%77, 0.63:~1-99
and 0.79¢~°%* for urinary, fecal, and total daily
excretion respectively. These functions have been
extensively used in the interpretation of excretion
data to obtain an estimate of body burden. In this
study we retain the form of the function, that is,
at~% but we analyze the data for each individual
to determine what differences exist in the values
of a and a that provide the best fit of the function
to the data. The values so determined are shown
in Table 25.8 together with the values of a and a
of best fit when all the data of all the patients

are used together.

The values of the parameters a and a given in
Table 25.8 are selected in a novel manner. The
columns under the subtitle ““Point Fit’’ regard
the urinary excretion U; on day 1 as a point in a
two-dimensional plot, i (days) being the abscissa
and U, (fraction of injected activity excreted on
day 1) being the ordinate. The values of a and a
are chosen to minimize the sum

2 U, ~ai~% = min ,
=1

1)

that is, the sum of the absolute deviations of the
data from the formula is minimized. The minimi-
zation is accomplished by setting up a mesh,
generally on the interval 0 < a < 2, with a spacing
of Aa= 0.01 for the mesh. A code was designed
which selected, in turn, each point of the mesh
and, having thus fixed the value of a, used stan-
dard techniques to find the minimizing value of
the linear parameter a. The value of the sum was
computed for each such choice of a and for the
minimizing value of a, and the smallest of these
values determined the choice of aand a. It is
noteworthy that no log transform of the data was
used nor was the sum of squares of deviations
used. When the formula at~% is used to estimate
intake or body burden of an employee, it will be
used multiplicatively, and thus any percent de-
viation by excess or by default of an individual’s
data from the formula will produce a corresponding
percent of error in the estimate. It is for this
reason that we chose to minimize the deviations
of the data and not the squares of the deviations
or the deviations of the logarithms of the data.
This procedure produced the values of a and a
shown under the subheading ‘‘Point Fit.”’

1147808

Table 25.8. Urinary Excretion Formulas, at ”,
for 15 Individuals Obtained by Minimizing the Sum
of the Absociute Deviations

““Point Fit"’ ‘““Area Fit"

Patient
a X a X
Hp-1 0.24 0.74 0.10 0.42
Hp-2 0.47 1.04 0.17 0.63
Hp-3 0.38 0.99 0.17 0.71
Hp-4 0.44 0.89 0.20 0.54
Hp-5 0.30 1.10 0.11 0.62
Hp-6 0.50 1.21 0.31 0.99
Hp-7 0.24 1.02 0.078 0.64
Hp-8 0.38 0.88 0.16 0.58
Hp-9 0.12 0.48 0.096 0.40
Hp-10 0.41 0.98 0.17 0.60
Hp-12 0.15 0.58 0.087 0.40
Chi-I 0.86 1.85 0.18 0.79
Chi-Il 0.25 0.73 0.20 0.66
Chi-IIl 0.15 0.86 0.071 0.53
Cal-l 0.48 1.19 0.12 0.74
All the patients 0.32 0.93 0.15 0.65

Since the formula at~% is fitted to the 24-hr ex-
cretion values, the formula should, strictly, only
be used when ¢ is a positive integer, that is, to
predict the excretion for a complete day. Thus,
it is not a true rate of excretion in the usual sense.
When the value of the function does not vary ap-
preciably throughout the day, one may consider
it as a rate function and replace the tedious sum-
mation of daily values by an integration. Although
this procedure is logically based, it points up the
basic difficulty of the approach taken here, namely,
that excretion is a continuous process and not a
discrete one. Even though the individual voids
occur at discrete intervals of time, the plutonium
is constantly being transferred to the bladder or
to the large intestine and is then effectively not
a part of the systemic body burden. Thus, it ap-
pears more logical on physiological grounds to
attempt to determine a true rate of excretion
which considers ‘it as a continuous process. Treat-
ing the data in this way is in accord with the view



that if a formula is to be used in a certain way,
then the procedure used to fit the formula to the
data should minimize the deviations from the for-
mula as used; for example, in the present case,
if a rate function is wanted so that excretion
during a time interval equals ff(r) dt over that
time interval, then it is the integral of f that
should be used in the minimization process. This
is easily done, for if at~” represents the instan-
taneous rate of excretion, then the excretion over
the time interval corresponding to the ith day is

given by
)

The minimizing values of a and a are determined
as before, except that the formula

Ui—a[

is used in place of Eq. (1). The values of a and a
so obtained are shown in Table 25.8 under the sub-
heading ‘““Area Fit,”’ for the integral in Eq. (2)
represents the area under the curve at—% that cor-
responds to a daily excretion. It will be noted
that there appears to be less spread in the values
of a and a for the individual patients when de-
termined in this way than when the ‘‘Point Fit”’
method is used.

As mentioned above, one might prefer to mini-
mize the sum of percent deviations, and the above
procedure only minimizes the sum of absolute de-
viations. It is easy to make the necessary modi-
fications, and thus one obtains

R PR

1l -a

f.i at~%dt = a

1—1

it (- i

l1-—a

z

i=1

] =min (3)

U.
o~ —t 1| =min )]
i=1 {a f(i, a)
with
i=t o (i=11-2
(i, a)=1"%or f(i, a) = 5)

1-a

and the values of a and @ which minimize the sum
of the percent deviations. As before, the formula
determined by Eq. (4) is to he used essentially by
forming sums corresponding to excretion for whole
days if £(i, 2) = i~” is used, but the second for-
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Table 25.9. Urinary Excretion Formulas, at” =,
for 15 Individuais Obtained by Minimizing the Sum

of the Percent Deviations

““Point Fit"’ ‘‘Area Fit"*
Patient
a od a
Hp-1 0.28 0.82 0.18 0.65
Hp-2 0.66 1.21 0.17 0.63
Hp-3 0.57 1.20 0.16 0.72
Hp-4 0.44 0.89 0.19 0.56
Hp-5 0.18 0.79 0.11 0.62
Hp-6 0.50 1.21 0.31 0.99
Hp-7 0.48 1.26 0.089 0.75
Hp-8 0.32 0.81 0.23 0.73
Hp-9 0.12 0.47 0.096 0.40
Hp-10 0.73 1.22 0.16 0.72
Hp-12 0.15 0.57 0.12 0.52
Chi-l 0.11 0.61 0.099 0.57
Chi-II 0.17 0.62 0.16 0.60
Chi-III 0.15 0.83 0.083 0.45
Cal-I 0.26 0.88 0.13 0.72
All the patients 0.21 0.73 0.14 0.61

mula given in Eq. (5) is to be used to determine
a rate of excretion and the integral used in place
of the discrete sum. The values of a and a ob-
tained from Egs. (4) and (5) for all 15 patients
are shown in Table 25.9. This table also con-
tains values of a and a obtained when the data
of all patients are used in Eqs. (4) and (5).

From the data of Tables 25.8 and 25.9, some
indication of the extent of individual differences
can be observed. Despite the reservations noted
concerning the data used here, that is, the sick
and immobilized condition of the patients and the
limited extent in time of the data, the authors
know of no other data available to check on this
extent of individual differences. The values of
a and a obtained by pooling all the data of all
the patients might be considered as “‘typical’’
of these parameters so far as our present knowl-
edge permits us to judge. Clearly, the range of
the individual values about these ‘‘typical’”
values will produce great differences over long



periods of time, and therefore it is particularly
unfortunate that data are not available over a
longer period of time. For persons exposed oc-
cupationally, the period may extend over many
years. For example, in the case reported by
Foreman et al.®* the employee worked with plu-
tonium over a period of about 11 years, although
not continuously. The data on the isotopic ratio
of 238Py and 23°Puy suggest that some of the ex-
posure probably occurred early in this period and
that some of it occurred much later. Thus, the
formula to be validated should extend over many
years — ideally, over a working lifetime.

The previous section was concerned with dif-
ferences in the broad trends of excretion for dif-
ferent individuals. We turn now to consider the
fluctuations of an individual’s day-to-day excretion
values about his own particular curve. Except for
those employees who are subjects of special and
intensive study, an individual’s excretion curve
is unknown, and thus we study also the fluctuation
of daily excretion values about the “‘typical’’
curve. Some data on this distribution of values
appear in Table 25.10, where factors to apply to
an individual’s curve or to the ‘‘typical’’ curve
are given, that is, factors p and P, which cor-
respond to a specified percent of the daily ex-
cretion values of the jth individual between pai~
and Pai~% are given. In the case of the ‘““typical’’
values of a and a, the factors p and P when so
applied define a range including a specified pet-
cent of all the data of all the patients. The same
considerations apply to the formula

|

which is designated in Table 25.11 as the ‘‘Area
Fit”’ formuia. Values are given only for urinary
data, because fecal data are not available in a
practical case.

These data are treated more generally by cal-
culating the ratios R, = U/aim®ot Ri=(1-0o) U,/
alil=%— (i = 1)~ % and noting the fluctuations
of these ratios. If the ratios R;, or R/, are ranked
by magnitude, irrespective of the chronological
order indicated by i1, one has a distribution of
values on the real axis. When the ratio R; equaled
1, the formula predicted the excretion on day I ex-
actly, while values of R, greater than 1 (less than
1) correspond to cases where the formula predicted
too little (too much) excretion. By graphing the

a

[il—-a _ (1 - 1)1—(:.
a

l-a
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cumulative distribution of the R, or the R for an
individual case, one obtains visual presentation
of the data. The presentation of these cumulative
curves for all the individual cases in one graph
produces a complex network of curves, and indi-
vidual curves are not easily identified. Conse-
quently, only a general region is shown in which
all the individual curves lie (see Fig. 25.32 for
distribution of values of R, for the individual
cases). Using this region, one can select values
of pand P to include any desired percentage of
the daily excretion values. Figure 25.33 con-
tains the same presentation for the ratio R/ =
I-a)U,/a (i1=%—~ (i — 1)!~%], and the in-
terpretation is similar. The values of aand a
used in Figs. 25.32 and 25.33 ate those obtained
by minimizing the sum of percentage deviations
for the appropriate formula. This would be ex-
pected to produce the narrowest region.

The values of a and a may be selected to mini-
mize any one of the four sums defined by Eqgs.
1), (3), 4), or (5) when the data of all the patients
are used simultaneously. One might expect that
the curve so obtained wouid be more representative
of a ‘‘typical’’ or average excretion pattern than
any of the individual cases. The values of a and
a so obtained are given in Tables 25.8 and 25.9.
From these values, the spread of individual fluc-
tuations about the ‘‘typical’’ or group curve is
presented in Figs. 25.34 and 25.35. It is evident
that the spread of fluctuations is somewhat greater
than when the data of each patient are compared
with the trend curve obtained by choosing a and a
on the basis of his data. The difference in spread
of the regions in Figs. 25.34 and 25.35 as com-
pared with the width of the regions in Figs. 25.32
and 25.33 is a measure of the extent of individual
differences. In Figs. 25.32 and 25.33, the width
is a measure of the extent of daily fluctuations
when the curve of best fit for each patient is used
for his data. However, in Figs. 25.34 and 25.35, a
single formula is used for all the patients, and so
the variability due to individual differences is
added to the variability due to day-to-day variations.

These data may be used to design a program for
a digital computer which uses the entire record of
an employee’s urinary excretion of plutonium and
produces an estimate of his intakes as well as of
the plutonium present in bone at any time during
exposure or postexposure and which takes into ac-
count to some extent the effect of daily fluctu-
ations of data. Other codes of this general type
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Table 25.10. Fluctuations of Daily Urinary Excretion Values of Individuals About Their Own
Formulas and About the “*Typical’® Formula of Best Fit—''Point Fit"’ Formulas Used®

Formulas obtained by minimizing the sum of percent deviations

Percentiles pf(i) and Pf(i) of the Distribution of Excretion Data

Patient 25%—75% 15%—85% 107.—90% 5%,—95% 2.5%—97.5%
p P p P P 4 P P p P
0.93 1.07 0.72 1.10 0.71 1.11 0.65 1.12 0.65 1.17
Hp-1 (1.00)  (1.15)  (0.73)  (1.18)  (0.71)  (1.19)  (0.71)  (1.20)  (0.64)  (1.21)
0.90 1.20 0.77 1.27 0.72 1.33. 0.68 1.53 0.66 1.57
Hp-2 (0.66)  (1.20)  (0.49)  (1.37)  (0.45)  (1.75)  (0.41)  (2.20)  (0.40)  (2.27)
0.76 1.08 0.74 1.17 0.65 1.18 0.54 1.27 0.52 1.29
Hp-3 (0.64)  (1.04)  (0.61)  (1.18)  (0.51)  (1.37)  (0.50)  (2.24)  (0.43)  (2.65)
0.82 1.10 0.45 1.25 0.44 1.27 0.34 1.34 0.34 1.34
Hp-4 (1.04)  (1.72)  (0.55)  (1.83)  (0.54)  (2.05)  (0.41)  (2.30)  (0.41)  (2.30)
0.76 1.07 0.73 1.21 0.69 1.22 0.58 1.57 0.45 1.61
Hp-5 (0.56)  (0.80)  (0.55)  (0.86)  (0.51)  (0.87)  (0.45)  (1.28)  (0.35)  (1.38)
0.97 1.03 0.96 1.07 0.93 1.07 0.91 1.17 0.80 1.19
Hp-6 0.60)  (0.92)  (0.54)  (1.15)  (0.53)  (1.32)  (0.52)  (1.42)  (0.48)  (1.67)
0.86 1.10 0.79 1.14 0.76 1.16 0.72 1.18 0.45 1.33
Hp-7 (0.38)  (0.58)  (0.37)  (1.01)  (0.35)  (1.04)  (0.33)  (1.43)  (0.29)  (1.64)
0.90 1.04 0.85 1.08 0.81 1.17 0.79 1.25 0.63 1.30
Hp-8 (1.03)  (1.24)  (0.96)  (1.30)  (0.94) . (1.33)  (0.86)  (1.45)  (0.72)  (1.80)
0.89 1.12 0.85 1.19 0.77 1.22 0.72 1.28 0.68 1.36
Hp-9 (0.85)  (1.40)  (0.74)  (1.43)  (0.71)  (1.47)  (0.68)  (1.61)  (0.66)  (1.66)
0.96 1.15 0.87 1.17 0.85 1.20 0.74 1.24 0.57 1.27
Hp-10 (0.76)  (1.18)  (0.74)  (1.43)  (0.72)  (1.93)  (0.69)  (2.27)  (0.68)  (2.55)
0.91 1.14 0.82 1.32 0.75 1.56 0.72 2.40 0.68 2.44
Hp-12 (1.00)  (1.31)  (0.91)  (1.61)  (0.81)  (1.70)  (0.76)  (3.17)  (0.70)  (3.25)
0.69 1.31 0.59 1.55 0.52 1.67 0.31 1.96 0.27 2.38
Chi-1 (0.59)  (1.16)  (0.48)  (1.39)  (0.39)  (1.46)  (0.26)  (L.77)  (0.22)  (2.16)
0.63 1.26 0.51 1.46 0.50 1.59 0.47 1.80 0.41 2.08
Chi-2 0.77  (1.53)  (0.60)  (1.76)  (0.55)  (1.96)  (0.49)  (2.12)  (0.46)  (2.36)
. 0.77 1.10 0.69 1.33 0.53 1.88 0.26 .95 0.26 1.95
Chi-3 (0.44)  (0.71)  (0.40)  (0.75)  (0.29)  (1.03)  (0.14)  (1.29)  (0.14)  (1.29)
0.66 1.20 0.53 1.35 0.41 1.47 0.31 1.61 0.26 1.85
Cal-1

(0.44) (0.75) (0.38) (0.85) (0.31) (0.93) (0.22) (1.11) (0.20) (1.25)

2Values in parentheses indicate values of p and P as percentiles of the distribution of values about the “typical
curve, that is, curve of best fit for the data of the group.
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Table 25.11. Fluctuations of Daily Urinary Excretion Values of Individuals About Their Own Formulas
and About the "*Typical®® Formula of Best Fit-""Area Fit*" Formula Used®
Formulas obtained by minimizing the sum of percent deviations
Percentiles pf(i) and Pf(i) of the Distribution of Excretion Data
25%=75% 15%.—85% 107%,—-90% 5%~95% 2.5%—-97.5%
Patient D P p P D p o P o) P
Hp-1 0.89 1.06 0.64 1.12 0.64 1.12 0.57 1.14 0.34 1.16
(1.01) (1.28) (0.73) (1.31) (0.73) (1.36) (0.64) (1.38) (0.49) 1.41)
Hp-2 0.59 1.06 0.43 1.21 0.39 1.55 0.35 1.76 0.35 2.13
(0.67) (1.29) (0.49) (1.41) (0.44) (1.84) (0.40) (2.11) (0.39) (2.58)
Hp-3 0.82 1.21 0.77 1.35 0.64 1.44 0.64 1.65 0.55 2.37
(0.65) (1.17) (0.64) (1.36) (0.57) (1.55) (0.51) (1.60) (0.46) (2.54)
Hp-4 0.68 1.29 0.35 1.39 0.34 1.50 0.26 1.90 0.26 1.90
(1.07) (1.93) (0.55) (2.03) (0.54) (2.07M) 0.41) (2.68) (0.41) (2.68)
Hp-S 0.80 1.05 0.79 1.16 0.70 1.18 0.68 1.20 0.51 1.86
(0.62) (0.81) (0.61) (0.88) (0.54) (0.90) (0.52) (0.93) (0.39) (1.46)
Hp-6 0.83 1.00 0.81 1.00 0.79 1.02 0.77 1.08 0.67 1.23
(0.62) (1.03) (0.56) (1.33) (0.54) (1.54) (0.53) (1.66) (0.50) (1.90)
Hp-7 0.96 1.42 0.92 2.05 0.85 2.39 0.73 3.03 0.61 3.14
(0.38) (0.62) (0.36) (0.98) (0.35) (1.20) (0.33) (1.66) (0.28) (1.86)
Hp-8 0.93 1.07 0.87 1.13 0.83 1.19 0.74 1.30 0.58 1.31
(0.98) (1.27) (0.92) (1.36) (0.89) (1.44) (0.78) (1.54) (0.71) (2.04)
Hp-9 0.89 1.10 0.85 1.14 0.78 1.18 0.75 1.22 0.69 1.24
(0.93) (1.41) (0.82) (1.45) (0.76) (1.49) (0.75) (1.61) (0.44) (1.65)
Hp-10 0.94 1.35 0.90 1.68 0.88 1.84 0.84 2.54 0.70 2.62
(0.77) (1.21) (0.76) (1.55) (0.73) (1.73) (0.70) (2.65) (0.69) (2.90)
Hp-12 0.91 1.18 0.85 1.32 0.77 1.59 0.72 2.34 0.58 2.38
(1.04) (1.27) (0.88) (1.51) (0.87) (1.82) (0.84) (2.92) (0.69) (2.98)
Chi-1 0.68 1.25 0.56 1.44 0.50 1.58 0.31 1.81 0.27 2,22
(0.54) (1.02) (0.45) (1.18) (0.40) (1.30) (0.24) (1.53) (0.21) (1.83)
Chi-2 0.63 1.24 0.51 1.44 0.49 1.59 0.47 1.74 0.41 1.97
(0.74) (1.45) (0.59) (1.69) (0.57) (1.84) (0.55) (1.99) (0.48) (2.23)
Chi-3 0.65 1.01 0.51 1.22 0.35 1.28 0.17 2.40 0.17 2.40
(0.49) (0.81) (0.41) (0.83) (0.31) (1.11) (0.15) ”'(1.47) (0.15) (1.47)
Cal-1 0.66 1.13 0.58 1.29 0.46 1.42 0.33 1.48 0.30 1.71
(0.41) (0.66) (0.36) (0.77) (0.26) (0.82) (0.21) (1.05) (0.18) (1.32)

fValues in parentheses indicate values of p and P as percentiles

curve, that is, curve of best fit for the data of the group.
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of the distribution of values about the typical
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have been described in the literature. 54~3% All
these codes are basically of the same general
type in that they use the power function at~% de-
scribing the trend of urinary excretion following
a single intake to blood as a basis for estimating

551, N. P. Lawrence, Health Phys. 8, 61 (1962).

56y, s. Snyder, ‘‘The Estimation of a Body Burden
of Pu from Urinalysis Data,’”’ p. 13 in Proceedings of
the Seventh Annual Meeting on Bio-Assay and Analyt-
ical Chemistry, ANL-6637 (1961).
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a series of intakes that would be expected to pro-
duce the observed excretion pattern as closely as
possible. However, these codes have generally
used only the trend curve ai~% to estimate the in-
takes necessary to produce the recorded excretion
values and thus took little account of the fact that
wide fluctuations of the data are possible and
properly should influence the estimates of intake.
The present code has been designed to utilize
data on the fluctuation of daily excretion levels
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about the urinary excretion curve at~“ and thus reported activity. If the input specifies zero as

reduce somewhat the magnitude and number of in-
takes that are required.

The code uses as input a value A 2 0, which
represents the supposed level of sensitivity of
the analytical methods, that is, the minimum de-
tectable level of activity in a daily urine sample.
Any sample value which is less than A is regarded
as being essentially identical to zero, and no in-
take is considered necessary to account for the

141814

the value of A, no sample will be rejected by this
test. Thus use of this feature of the code is at
the discretion of the user.

Two percentage values (p, P) also are included
as input for the code. These two values specify
a certain range of fluctuation, either high or low,
which is considered as acceptable, but excretion
values lying beyond the range (whether too high
or too low) ate considered as not acceptable, that



is, as requiring some modification of the intakes
previously estimated. The code is designed to
modify the estimates of intake in the latter case
so as to produce a pattern of intake which is ac-
ceptable if that is possible. For example, if U,
is the first sample value and occurs on day t,
then the computer will estimate an intake /, on

a day 7 by use of either of the formulas given

in Eq. (5). There is some arbitrariness here, both
in the choice of the day 7, and in the use of the
formula which only represents a typical value for
the excretion. Actually, the excretion on day ¢,
might have been higher or lower than would be
predicted by the formula. There is no readily ap-
parent way of deciding whether on any given day
excretion was higher or lower than is typically
the case, but this should not prevent us from
recognizing that this arbitrariness, or uncertainty,
is there.

The computer code can be designed to make
some allowance for the effect of these fluctuations
of the day-to-day data. If the first intake is com-
puted as indicated in the preceding paragraph,
that is, on the basis of the formula for the typical
or average case, and if the next excretion sample,
U, on day t,, shows an activity in excess of what
would be expected from the intake [ , it should be
recognized that it is not always necessary to pos-
tulate that a new intake occurred on some day be-
tween the two sample dates. It may be that the
first intake I1 has been overestimated, and this
could occur in several ways, either because the
day of intake 7 has been wrongly assigned or
because excretion happened to be unusually high
on the day of the first sample. On the basis of
Table 25.10, one can assign a confidence level
and use the code so that if U, exceeds the ex-
cretion predicted on the basis of I, but not by
more than a factor P, then there is a substantial
probability that the excess is due only to a chance
fluctuation on the high side. On the other hand,
if U, exceeds the predicted excretion following
an intake 11 by more than the factor P, there is
little likelihood that this is a chance excess, and
hence it is likely that some new intake, say [,
occurred between the sample days t,and ¢, How-
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ever, one postulates such an intake only when the
excess above the excretion predicted on the basis
of I is so great that it is not likely that a chance
fluctuation is responsible for the excess. The
numerical value of P can be chosen by the user
of the code to correspond to various levels of
confidence concerning the extent of daily fluc-
tuations he will allow. In fact, the code can be
run for a variety of different levels P and the re-
sults compared.

In similar fashion, if the excretion U27 is less
than that predicted on the basis of the first in-
take, one may decide that I should be reduced.
Instead of estimating /| solely on the basis of
U, and the trend curve, say ai~", one may pos-
tulate that U is unusually high, say Pai~%, and
that U, occurred on a day when excretion was
low, say as given by pai~“, or he may use a com-
bination of both assumptions.

The above simple illustration involving only
two intakes, 11 and /,, and two excretion values,
U, and U,, applies in principle to any set of in-
takes and excretion values. If one has estimated
intakes Ix’ 1,, ..., I which correspond to and
produce given excretion values U1' v, » U
then one may estimate the excretion on a later
day from the above intakes. If the actual ex-
cretion on this later day does not differ too greatly
from that predicted, no new intake need be postu-
lated. If the difference is sufficiently great, one
seeks to redefine the intakes I , /,, ..., [ and
may, in this way, reduce the difference of the ac-
tual and predicted values to lie within the expected
limits of variability. Only when this adjustment
fails to reduce the difference to within the pre-
scribed factor P does one postulate a new intake
I, to account for the excess. When many intakes
have occurred, the number of possible adjustments
is enormous, and the best method of arriving at an
acceptable set of intakes is still being explored.
However, the principle seems well established,
and experience to date with the code indicates it
is a definite improvement over methods of esti-
mation which neglect the influence of fluctuations
of the excretion data.



26.

W. S. Snyder
Mary Jane Cook
Cyrus Feldman!

In many cases information on the metabolism of
stable elements in humans has provided a more re-
liable basis for calculating maximum permissible

concentration (MPC) values than small animal data.

Therefore, the study has been extended to include
analysis of daily intake and excretion of individ-
uals on ad libitum diets. These data are also of
interest in interpreting excretion data to estimate
dose or body burdens.

A large number of the heavy elements are known
to localize in the skeleton. However, owing to the
large quantity of Ca ;(PO,), the trace element de-
terminations are more difficult on bone than soft
tissues. Since different chemical procedures are
needed, much attention has been directed to de-
veloping a procedure for the determination of trace
elements in bone.

The results of this program are presented in the
following sections. The data obtained from these
studies will be incorporated with other data for
estimating internal exposure to radionuclides.

LONG-TERM STUDY OF INTAKE AND
EXCRETION OF STABLE ELEMENTS

Isabel H. Tipton Peggy Lou Stewart
Information on the daily elemental intake and
excretion of individuals on their usual diets is
difficult to obtain for various reasons. In general
the published values for ordinary diets have been

1Analytic al Chemistry Division,

2Physics Department, University of Tennessee.
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Stable Element Metabolism

F.S. Jones!
Peggy L. Stewart?
Isabel H. Tipton?

obtained from a population different from that for
which the values for urine were obtained, which in
turn are from a different population from that which
provided the values for feces. Almost no informa-
tion is available for the elemental intake and ex-
cretion for a set of the same individuals. Of course
individual diets differ greatly even in a fairly ho-
mogeneous population, and the difference is even
greater among different ethnic groups. In spite of
these differences, however, it is reasonable to ex-
pect that for normal, adequately nourished human
beings, the excretion after intake of an element
should follow a general pattern which might be ob-
served by studying the intake and excretion of a
few individuals.

At the present time daily diets and excreta of
three men are being studied. These men have been,
and are, collecting duplicates of their daily diets
and saving all excreta for a number of years for Dr.
R. A. Kehoe’s lead studies at Kettering Laboratory,
Cincinnati, Ohio. Since September 1963 this ma-
terial has been sent to the spectrographic labora-
tory at the University of Tennessee, where it has
been stored frozen until methods for analysis were
developed. Only two men participate in the study
at one time. One of the men discontinued his part
in the program in July 1966, and another man en-
tered the program at that time. Data from a con-
tinuous period of such a long duration will allow
statistical studies on the influence of time after
intake, of intake of other elements, and of other
factors on the excretion of an element.

So far analyses for two men for the interval be-
tween September 9, 1966, and January 7, 1967,
have been completed. The data have been treated
by two-month periods. This report includes period



1, September 9 through November 7, 1966, and pe-
riod 2, November 8, 1966, through January 7, 1967.

Analytical methods appropriate to the element
have been developed. That is, calcium, magnesium,
potassium, and sodium have been analyzed by flame
photometry; phosphorus by a colorimetric method;
and aluminum, barium, beryllium, boron, chromium,
cobalt, copper, iron, manganese, molybdenum, nickel,
silver, strontium, tin, titanium, vanadium, zinc, and
zirconium by emission spectroscopy. (Methods are
being developed for analyzing zinc, cadmium, ce-
sium, and rubidium by atomic absorption and lead
by emission.) A detailed description of these meth-
ods is being prepared for publication. Only a sum-
mary indicating the range and precision of the
method are included here.

Table 26.1 shows the range of concentrations (in
micrograms per gram of dry ashed sample) of which
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the method is capable. In Table 26.2 an indication
is given for the repeatability of the method. Col-
umn 1 gives the percent standard deviation for 23
elements resulting from 10 analyses of the same
ashed sample of urine (the repeatability for food
and feces is comparable). Column 2 shows the
percent standard deviations of 7 elements in a
sample of food carried 12 times through the entire
method of ashing and analysis. For chromium,
silver, zinc, and zirconium, the high background in
the vicinity of the line contributes to the variabil-
ity. Vanadium is a varying contaminant of the elec-
trodes for which it is difficult to comrect. Since the
electrodes in which food samples are burned are
different from those in which urine and feces are
bumned, a differential contamination may be found.
Although the precision for beryllium is good in all
three types of samples, it appears that this element

Table 26.1. Analytical Methods — Range of Concentrotion

Micrograms per gram of dry ash

Food Urine Feces
Method Element
Low High Low High Low High

Flame Ca 7,000 440,000 260 17,000 5,200 340,000
photometry Mg 2,100 92,000 260 12,000 5,200 230,000
K 10,000 460,000 10,000 460,000 5,200 230,000

Na 10,000 460,000 10,000 460,000 1,000 46,000

Colorimetry P 10,000 200,000 4,200 84,000 25,000 500,000
Arc emission Al 40 4,300 4 420 90 14,000
spectroscopy Ba 1 700 1 200 10 1,400
Be 0.5 10 0.1 10 0.1 10

B 2 350 2 300 5 100

Cr 1 120 2 200 300

Co 0.5 60 1 150 125

Cu 2.5 250 2 100 10 1,300

Fe 50 S 1,100 100 8,000

Mn 8 1,200 a.5 150 15 2,300

Mo 0.2 75 0.5 50 0.5 90

Ni 1 250 1 85 3 450

Ag 0.3 100 0.1 20 0.5 125

Sr 1 450 0.3 15 30 3,000

Sn 3 1,800 2 85 1) 4,000

Ti 1 350 3 220 15 1,100

v 1 50 0.5 75 3 120

Zn 65 3,500 90 2,400 150 16,000

Zr 1 450 S 800 0.5 525
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Taoble 26.2. Repeatability of Methods

Percent standard deviation

Analytical Total Method

Element Method” (Including Ashing)”

Ca 0.93 1.3

Mg 1.4 2.1

K 1.5

Na 0.66

P 2.3

Al 4.3 9.4

Ba 3.1 7.2

Be 1.5

B 8.4

Cr 25

Co 4.2 7.7

Cu 7.6

Fe 3.3 6.9

Mn 3.1

Mo 6.0

Ni 6.0 7.5

Ag 13

Sr 3.3

Sn 6.8 )

Ti 2.8

v 6.7

Zn 12

Zr 11

“Ten replicates of same sample of ash.
bTwelve replicates of same sample of wet material.

is sensitive to the gross composition of the ma-
terial being analyzed, which is different for food,
feces, and urine. These analytical difficulties may
be a factor in the apparent imbalance of these ele-
ments in the diets and excreta of the two subjects.
With a few exceptions the values for the average
daily intake and output over two two-month periods
compare very well with the values suggested by the
Task Group for Standard Man® and with the values
for the male and female adult subjects reported by
us earlier.* In general the disagreement occurs
for those elements like vanadium and zirconium for

3[CRP Task Group for Revision of Standard Man, report
in preparation.

*L. H. Tipton et al., Health Phys. 12, 1683 (1966).
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which very little information is available (see Ta-
ble 26.3).

A preliminary study has been made of the relation
of the output of an element in urine to the intake of
the same element in food for a period of time previ-
ous to the day of output for one individual (subject
K-H). Urine values were used because it was as-
sumed that any element appearing in the urine must,
of necessity, have crossed the intestinal wall (ex-
cept what had entered the body through absormption
from the lung or through abrasions in the skin).

Multiple regressions have been run of the urinary
output of all 23 elements with dietary intake of the
element on the same day, the previous day, and two,
three, four, five, and six days previous. The equa-
tion which predicts the urinary output on any day
in terms of the intake of the previous week is

y=A4 tax +ax,+ax;tax, +ax,
+asx6 +a7x7 R
where y is the urinary output (ug), X)Xy oo, X,

are the daily intake on the same day (x \)» previous
day (x,), two days previous (x,), etc. (ug), a, ...,
a, are the partial regression coefficients, 4 is an
added constant (ug) which indicates the amount of
an element which would have been excreted if there
had been no intake during the previous week.

Table 26.4 gives the values for the coefficients
a,...,a, significantly different from zero at the
99% confidence level, the added constant A, the
square of the multiple regression coefficient R, and
values for the actual and predicted means for boron
and nickel. For both elements it appears that the
intake on the day previous may be reflected in the
urinary excretion on any day. The values for R?
indicate that about 20% of the variability in urinary
output of these elements can be accounted for by
the variability in the intake of the previous week.

For the seven-day lag period, very few elements
had coefficients significantly different from zero
or R? above 0.10. A preliminary study on calcium
showed an increase in R? from 0.08 to 0.22 by in-
creasing the time of lag from 7 to 14 days. It is
obvious that longer periods of dietary intake must
be investigated.

With the mass of information about the elemental
intake and excretion of the same individual over a
long period of time that this study provides, it will
be possible to make statistical studies on rhythmic
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K-S, d K-H o

1ys 11-8-66 to 1-7-67, Period 2, 61 Days 9-9-66 to 11-7-66, Period 1, 60 Days 11-8-66 to 1-7-67, Period 2, 61 Days
s Food Urine Feces Food Urine Feces Food Urine Feces
100 13,000 590 14,000 8,700 1,100 8,800 15,000 580 27,000
10 520 4.3 590 540 17 590 440 2.8 530

6.8 430° 0.24 7. 110° 0.77 10 9g® 2.8 17
40 2,000 800 490 1,400 2,300 390 700 990 350
00 1,900,000 130,000 1,100,000 970,000 180,000 790,000 960,000 130,000 880,000
10 79 46 82 a70° 86 87 73 53 67
57 580 210 23 220 290 32 360 310 23
100 1,600 20 1,100 1,100 49 1,300 770 19 1,000
100 23,000 540 9,000 16,000 1,700 18,000 14,000 1,100 14,000
)00 370,000 110,000 200,000 160,000 130,000 120,000 170,000 130,000 180,000
00 3,300 23 3,900 2,800 63 3,400 2,200 9.4 4,100
70 1,400 300 210 170 140 140 520 200 220
;80 720 74 430 450 82 230 380 55 290
00 3,300,000 1,100,000 560,000 1,900,000 1,600,000 560,000 1,700,000 1,200,000 460,000
00 3,900,000 3,200,000 320,000 1,900,000 2,900,000 290,000 1,600,000 2,700,000 250,000
20 530° 11 180 90° 8.0 27 350° 8.9 59
00 4,300,0009 5,000,000 33,000  3,300,000¢ 5,300,000 42,000 3,200,000° 4,700,000% 31,000
190 2,000 58 1,500 1,200 110 1,100 1,500 140 1,200
100 7,500 68 2,700 11,000 220 8,200 3,700 86 4,400
70 1,600 370 310 690 410 400 790 250 430
170 130 34 180 72° 32 150 69° 26 170
)00 18,000 1,600 17,000 12,000° 2,500 18,000 11,000" . 1,400 15,000
.80 550 190 320 650° 160 170 580° 100 180

‘es a spurious negative balance for sodium. Both subjects have corrected this practice and in periods after May 1967 this false

11418149



Toble 26.3. Mean Values for Intake and E.

Micrograms per day

T-P;Q , 6-12-63 to 7-11-63, 30 Days® T-V,d', 6-12-63 to 7-11-63, 30 Days® ks

Element 9-9-66 to 11-7-66, Period 1, 60 Days 11

Food Urine Feces Food Urine Feces —_

N Food Urine Feces F

Al 18,000 1,000 17,000 22,000 1,000 45,000 11,000 880 12,000 1
Ba 1,800 280 600 1,500 560 1,800 570 11 610

Be 93” 1.2 6.8

B 420 560 14 350 590 10 1,800 1,100 340

Ca 760,000 140,000 400,000 1,310,000 200,000 920,000 1,600,000 160,000 890,000 1,90
Cr 330 100 10 400 200 160 740° 120 110
Co 170 190 40 160 140 60 210 330 57
Cu 1,000 330 710 910 320 1,000 1,500 94 1,600

Fe 15,000 400 14,000 60,000° 1,900 10,000 2

12,000 2,000 9,000

Mg 280,000 4,000 150,000 320,000 8,000 190,000 260,000 120,000 140,000 37
Mn 4,400 250 1,200 3,500 320 2,600 3,800 57 2,700
Mo 99 150 38 100 71 42 490 140 170
Ni 330 170 110 170 92 140 1,100 140 380

1,200,000 1,000,000 320,000 1,800,000 1,320,000 470,000 2,900,000 1,400,000 600,000 3,3C

3,100,000 3,000,000 240,000 3,9¢
Ag 44 9 28 35 10 79 340° 4.8 120

Na 4,200,0009  5,000,000° 28,000 4,3¢C
Sr 1,400 240 810 1,200 420 970 1,100 110 890
Sn 1,500 110 2,100 2,500 80 1,600 10,000 100 7,000
Ti 370 300 340 680 310 890 1,000. 370 770
v 120° 40 270

Zn 16,000° 2,500 23,000 1
Zr 1,2007 92 180

“L. H. Tipton et al., Health Phys. 12, 1683 (1966).
brhe apparent imbalance may be due to analytical problems. See text.
“Median value was 18,000.

dBoth Subjects, but especially H, were careless about salting the duplicate meal as well as the one consumed.

negative balance should not occus.

1141820
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Table 26.4. Regression Equations for Predicting Urinary Output from Dietary Intake: Subject K-H

Coefficients significantly different from zero at p § 0.01 unless indicated otherwise

Boron Nickel
Period 1 Period 2 Period 1 Period 2

Days previous Coefficient

0 a,

1 a, 0.40% 0.32 0.79 0.063

2 a,

3 a, 0.53°

3 a,

2

3 ag

6 a,
Constant A (ig) 1800 870 28 29
R? 0.24 0.14 0.27 0.14
Actual mean (Ug) 2300 990 83 54
Standard deviation 2100 820 75 71
Predicted mean (Ug) 2300 980 83 55
Standard error of estimate 1900 810 68 71

2p < 0.001.
by < 0.05.

variations in excretion patterns of elements and to
develop mathematical models relating intake and
excretion of a number of elements.

TISSUE ANALYSIS LABORATORY

Cyrus Feldman F. S. Jones

Because bone is one of the most difficult tissues
to analyze for trace elements, attention has been
directed to improving the overall sensitivity for the
detection of trace elements by developing a chem-
ical preconcentration procedure.

The Mitchell-Scott procedure (precipitation of
trace elements with a mixture of 8-OH quinoline,
tannic acid, and thionalide) was selected for in-
vestigation. This procedure proved quite effective
for collecting several trace elements, but was in-
effective with others (e.g., Mn). It was sometimes

11y 182i

difficult to prevent the precipitation of substantial
amounts of Ca (PO,), along with the trace ele-
ments, especially under the conditions necessary
to precipitate chromium.

Attempts to circumvent the coprecipitation prob-
lem by extracting the trace elements from solutions
of bone ash were successful for only a few ele-
ments. The presence of phosphate again hampered
extractions which would otherwise have been suc-
cessful. It was therefore decided that the develop-
ment of a general collection procedure would be
greatly facilitated by first eliminating phosphate
from the sample.

The most straightforward way to do this in this
case would be to adsorb all of the cations on a
cation exchange column, allowing the phosphate
to pass through the column. However, treating a
large sample of bone ash by this method would re-
quire a large amount of resin. The resulting re-
agent blanks would probably defeat the purpose
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of the procedure, and a great many studies of trace
element recovery would be needed.

It was decided instead to try to remove the phos-
phate by electrodialysis through anion-permeable
resin membranes. This approach would pemmit the
handling of large samples without a commensurate
increase in contamination. Although other anions
besides phosphate would be removed, few of these
are of interest in the present case.

A three-compartment cell was prepared, and the
sample (a slightly acid solution of natural or syn-
thetic bone ash) was placed in the center compart-
ment. To avoid problems connected with migration
of cations through a cation-permeable membrane
and deposition of such ions on the cathode, both
walls of the center chamber were made of anion-
pemeable (i.e., cation-impermeable) resin mem-
brane. The acid used to dissolve the bone ash
had to be strong enough to accomplish this dis-
solution, yet weak enough to leave most of the
phosphate in the form of an anion (e.g., H,PO,™)
rather than the neutral H PO,. The anions of this
acid also had to have a relatively low affinity for
the anionic resin; the acid itself had to be easily
purified and easily eliminated from the solution
after processing. Formic acid fulfilled these re-
quirements and was chosen as the solvent. A
solution of the formic acid was also placed in the

288

cathode chamber, and a solution of NaOH in the
anode chamber. Electrodialysis was carried out

at ~20 v, 600 to 700 ma. Migration of phosphate
ions toward the anode tended to increase their
concentration near the anode compartment wall.
Since this favored their migration through the mem-
brane, we refrained from stirring the solution in the
center compartment.

Tracer experiments showed that the concentration
of phosphorus in the center cell decreased almost
exponentially with time. Performance of the cell
was therefore measured in terms of the “half-life,”’
that is, the time required to reduce the phosphorus
concentration in the center cell to one-half its pre-
vious value. Typical results are given in Table
26.5. Unless otherwise noted, the sample con-
sisted of 1 g of CaS(PO4)2 dissolved in 5 ml of
HCOOH, pH adjusted to 3, with 10% HCOOH in the
anode compartment and 1 ¥ NaOH in the cathode
compartment. Under the last-named conditions in
Table 26.5, less than 4% of the original phosphate
remained after 6 hr. This degree of removal proved
adequate to pemit use of the Mitchell-Scott chem-
ical collection procedure and made it possible to
improve the procedure’s efficiency for the collec-
tion of manganese and chromium. This procedure
will now be applied to bone ash and tested for the
recovery of trace elements.

Table 26.5. Removai of Phosphate from Calcium Phosphate Solution by Electrodialysis Through Anion

Exchange Membrane

Time to Reduce

Voltage (v) Current (ma)

PO, by Half (min)

Conditions

10 140-70 820
10 135-88 500
23 365-160 320
23 410—-60 270
23 650 80

All compartments stirred

Center compartment not stirred

20% HCOOH in anode compartment:,

Same as above; center compartment heated to 65-70°
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Fig. 28.1. Estimated Lung Burden of Two Subjects Inhaling 9OSvTiO:;.

IN ViVO DETECTION AND MEASUREMENT OF
905,.90Y INTERNAL CONTAMINATION

G. R. Patterson, Jr. P. E. Brown

The two employees whose exposure in 1964 to
?95:Ti0, by inhalation was reported earlier® still
are being counted at about one-month intervals
using the 8 x 4 in. lead-collimated Nal(Tl) crystal.
The estimated chest burdens for these two em-

has the higher whole-body burden, although this
is not the case for the chest-burden estimates.

On September 2, 1966, despite procedural changes
that were intended to prevent recurrence of such
exposures, three more persons were exposed to
9"'SrTiO3 contamination during a similar waste-
disposal operation. In this case, the person re-
ceiving the highest indicated intake was estimated
to have approximately 0.57 uc of ?%Sr at the time
of his first count, only 1‘/2 hr after the incident.
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At that time, an arc count was made using an

8 x 4 in. Nal(Tl) crystal. The face of the crystal
was 6 ft from the subject, which is the maximum
distance possible in the existing iron room. A
scan was made using a 1 x 1 in. Nal(T1) crystal,
collimated with 2 in. of lead (Fig. 28.2). This
showed the activity to be located, principally, in
the liver-kidney area.

For the next 140 days counting was done using
the 6-ft arc position to determine body burden
(Fig. 28.3). After that time both arc and scan
counts were made. The effective half-life was ob-
served to be 25 days during this time (day 30 to
day 190). Based on this, the estimated biological
half-life was 54 days. From day 40, liver and
kidney counts were made with the 1 x 1 in. colli- ,
mated counter. Calibrations and correction factors ! i - - ) 1

. . . . | ; :
were determined by placing sources in the liver
and kidney sections of a water-filled plastic
mannikin. Effective half-lives were found to be
about 24 days for activity in the liver and about
53 days in the kidney.

REL.ATIVE COUNTING RATE

—=— SCAN

Fig. 28.2. Typical Scan Profile 50 Days After -

Intravenous Injection of Hg.
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Fig. 28.3. Body Burden of 203Hg Following Intravenous Injection.
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Scott Cram, E. T. Arakawa, G. E. Jones, and R. D. Birkhoff
Transition Radiation and Low-Energy Bremsstrahlung from Silver and Aluminum Foils Bombarded by
Grazing Incidence Electrons, ORNL-TM-1571 (September 1966).
Patricia Dalton and J. E. Turner '
Mean Excitation Energies Calculated from Stopping Power and Range Data, ORNL-TM-1777 (June 1967).
H. W. Dickson, L. G. Christophorou, and R. N. Compton
Electron Capture by Hydrogen Halides and Their Deuterated Analogues, ORNL-TM-1724 (June 1967).
J. D. Hayes and E. T. Arakawa
The Optical Properties of Vacuum-Evaporated Films of Tellurium and Amorphous Selenium (in prepara-
tion).
W. G. Hendrick, L. G. Christophorou, and G. S. Hurst
An Apparatus for Measurement of Electron Capture at High Temperatures, ORNL-TM-1444 (in prepara-
tion).
Larry Johnson and H. C. Schweinler
Oscillator Strength in Magnesium Porphin (in preparation).
S. J. Nalley, M. Y. Nakai, F. W. Garber, R. H. Ritchie, and R. D. Birkhoff
Low-Energy Electron Studies in Aluminum (in preparation).
Margaret S. Riedinger and L. C. Emerson
The Determination of the Optical Properties of Palladium Using Ellipsometry (in preparation).
M. U. Shaikh, D. G. Jacobs, and F. L. Parker
A Study of the Movement of Radionuclides Through Saturated Porous Media, ORNL-TM-1681 (January
1967).
J. L. Stanford, E. T. Arakawa, and R. D. Birkhoff
Photoelectric and Optical Properties of Commercial Platinum, Gold, and Palladium Foils and Evapo-
rated Aluminum and Silver Films in the Extreme Ultraviolet, ORNL-TM-1392 (September 1966).
G. F. Stone and J. H. Thorngate
Experimentally Determined Proton-Recoil Spectra in Tissue-Equivalent Material from 3 and 14 Mev
Neutrons, ORNL-TM-1927 (in preparation).

J. C. Sutherland, R. N. Hamm, J. R. Stevenson, and E. T. Arakawa
Optical Properties of Sodium in the Vacuum Ultraviolet, ORNL-TM-1776 (J une 1967).

W. A. Thomas, S. 1. Auerbach, and J. S. Olson
Accumulation and Cycling of Calcium by Flowering Dogwood Trees, ORNL-TM-1910 (in press).

L. H. Toburen, M. Y. Nakai, R. G. Albridge, R. A. Langley, C. F. Bamett, and R. D. Birkhoff
Part I. The Measurement of High-Energy Charge-Transfer Cross Sections for Incident Hydrogen Atoms
and [ons in Various Gases. Part II. The K-, L-, and M-Auger, L-Coster-Kronig and the Conversion-
Electron Spectra of Platinum in the Decay of '°®Au (in preparation).

H. A. Wright and W. S. Snyder
Differentiability of Set Functions (in preparation).
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Papers

E. T. Arakawa, J. L. Stanford, and R. D. Birkhoff
Photoemission Studies in Evaporated Aluminum Films in the Vacuum Ultraviolet, Optical Society of
America, October 19-21, 1966, San Francisco, California.

E. T. Arakawa and M. W. Williams

Optical Properties of Sapphire in the Vacuum UV, American Physical Society, April 24-27, 1967,
Washington, D.C.

+ J. C. Ashley
Double-Plasmon E xcitation by Charged Particles, American Physical Society, August 29-31, 1966,
Mexico City, Mexico.
J. A. Auxier
The Present Status of Neutron Monitoring for Personnel Protection, Symposium on Neutron Monitoring
for Radiological Protection, August 29—September 2, 1966, Vienna, Austria.

Multilaboratory [ntercomparisons of Neutron Dosimetry Systems, Symposium on Neutron Monitoring for
Radiological Protection, August 29-September 2, 1966, Vienna, Austria.

J. A. Auxier and M. D. Brown
Neutron Cross Sections and Reaction Products for H, C, N, and O for the Energy Range from Thermal

to 15 Mev, First International Congress of the International Radiation Protection Association, Septem-
ber 5—-10, 1966, Rome, Italy.

J. A. Auxier, C. N. Wright, and C. M. Unruh
General Considerations in Nuclear Accident Dosimetry and Standardization, Health Physics Society
First Topical Symposium on Personnel Radiation Dosimetry, January 30—February 1, 1967, Chicago,
Illinois.

J. Baarli, St. Charalambus, J. Dutrannois, K. Goebel, H. H. Hubbell, T. R. Overton, A. Rindi, and A. H.
Sullivan
Hazard from Induced Radioactivity near High Energy Accelerators, Conference on Radiological Pro-
tection of the Worker by the Design and Control of His Environment, April 18-22, 1966, Boumemouth,
England.

R. D. Birkhoff, W. J. McConnell, R. N. Hamm, and R. H. Ritchie
Electron Flux Spectra in Aluminum — Analysis for Linear Energy Transfer Spectra and Excitation and
lonization Yields, AEC Symposium on Biological Interpretation of Dose from Accelerator-Produced
Radiation, March 13-16, 1967, Berkeley, Califomnia.
R. P. Blaunstein, L. G. Christophorou, and R. N. Compton
Electron Capture by Organic Molecules, Health Physics Society, June 19-21, 1967, Washington, D.C.
. G. Blaylock

The Effect of [onizing Radiation on Competition Between Drosophila melanogaster and Drosophila
simulans, The Genetics Society of America, September 1-3, 1966, Chicago, Illinois."

w

The Effect of lonizing Radiation on Interspecific Competition, The Second National Symposium on
Radioecology, May 15-17, 1967, Ann Arbor, Michigan.

R. L. Bradshaw
Rheology of Salt in Mine Workings, Symposium on the Geology and Technology of Gulf Coast Salt,
May 1-~2, 1967, Louisiana State University, Baton Rouge, Louisiana.

R. L. Bradshaw, T. F. Lomenick, W. C. McClain, and F. M. Empson
Model and Underground Studies of the Influence of Stress, Temperature, and Radiation on Flow and
Stability in Salt Mines, International Society of Rock Mechanics, First International Congress, Sep-
tember 25~October 1, 1966, Lisbon, Portugal (presented by T. F. Lomenick).
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J. G. Carter, L. G. Christophorou, R. D. Birkhoff, and J. W. Pagel
Organic Scintillators with 2-Ethyl Naphthalene as a Solvent, American Physical Society, December
1-3, 1966, Nashville, Tennessee.

L. G. Christophorou
Interaction of Low-Energy Electrons with Polyatomic Molecules, American Physical Society, December
1-3, 1966, Nashville, Tennessee.

L. G. Christophorou, J. G. Carter, and M-E. M. Abu-Zeid
Optical Emission from Organic Liquids Excited by Electron Impact, Radiation Research Society, May
7-11, 1967, San Juan, Puerto Rico.

L. G. Christophorou, G. S. Hurst, and W. G. Hendrick .
Swarm Determination of the Cross Section for Momentum Transfer in Ethylene and in Ethylene Mixtures,
19th Annual Gaseous Electronics Conference, October 12-14, 1966, Atlanta, Georgia.

R. N. Compton and L. G. Christophorou
Negative lon Formation and Electronic Excitation by E lectron Impact in H20 and DZO, American Physi-
cal Society, December 1-3, 1966, Nashville, Tennessee.

R. N. Compton, L. G. Christophorou, G. S. Hurst, and P. W. Reinhardt
Temporary Negative [on Formation in Complex Molecules, 19th Annual Gaseous Electronics Confer-
ence, October 12-14, 1966, Atlanta, Georgia.

R. N. Compton, R. H. Huebner, L. G. Christophorou, and P. W. Reinhardt
Low-Energy Electron Impact Phenomena in Organic Molecules, Radiation Research Society, May 7— 11
1967, San Juan, Puerto Rico.

K. E. Cowser, Jacob Tadmor, D. G. Jacobs, and W. J. Boegly, Jr.

Evaluation of Environmental Hazards from Release of Krypton-85 and Hydrogen-3 in an Expanding Nu-

clear Fuel Reprocessing Industry, Health Physics Society Meeting, Washington, D.C., June 18-22, 1967

A. Crossley, Jr.

Tracers in Insect Biology and Ecology, Symposium on Application of Radioisotopes and Ionizing Radi-
ation in Entomology, March 27, 1967, Baton Rouge, Louisiana.

o

Comparative Movement of '°°Ru, 9°Co, and '37Cs in Arthropod Food Chains, Second National Sympo-
sium on Radicecology, May 15—17, 1967, Ann Arbor, Michigan.

J. W. Curlin
Root Dose from Gamma and Fast Neutron [rradiation of Potted Plants, AIBS Annual Meeting, August
14-19, 1966, College Park, Maryland.

Genetic Differences in Growth Response of Eastern Cottonwood to Nitrogen Fertilization, Soil Sci-
ence Society of America Annual Meeting, August 21-26, 1966, Stillwater, Oklahoma.

The Use of Radioisotopes in Forest Soils Research, Southem Forest Soils Conference, August 30-31,
1966, Greenville, Mississippi.

Mineral Cycling Research at Qak Ridge National Laboratory, Northwest Forest Soils Workshop, Sep-
tember 16, 1966, Seattle, Washington.

R. C. Dahlman
Carbon-14 Cycling in the Root and Soil Components of a Prairie Ecosystem, Second National Sympo-
sium on Radioecology, May 15—17, 1967, Ann Arbor, Michigan.

D. R. Davy
Prediction of Biological Damage from Stopping Power Theory, Sixth Annual Meeting of Physics in
Medicine and Biology, August 29—September 2, 1966, Melbourne, Australia.

P. B. Dunaway, L. L. Lewis, J. A. Payne, and J. D. Story
Effects of Acute [onizing Irradiation in Indigenous Rodents and Shrews, Third Intemational Congress
of Radiation Research, June 26— July 2, 1966, Cortina, Italy.
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P. B. Dunaway, L. L. Lewis, J. D. Stoty, J. A. Payne, and J. M. Inglis
Radiation Effects in the Soricidae, Cricetidae, and Muridae, Second National Symposium on Radio-
ecology, May 15~17, 1967, Ann Arbor, Michigan.

L. C. Emerson
Vacuum Ultraviolet Studies of Energy Losses in Solids, American Physical Society, December 1-3,
1966, Nashville, Tennessee.

L. B. Farabee
Improved Procedure for Radiostrontium Analysis of Human Urine, The 12th Annual Bio-Assay and Ana-
lytical Chemistry Meeting, October 13—-14, 1966, Gatlinburg, Tennessee.

- B. R. Fish

Electrostatic Forces of Adhesion Between Particles, Symposium on Electrostatic Effects Associated
with Dried Powders, April 25-26, 1967, Fort Detrick, Maryland.

Electrostatic Deposition and Adhesion of Particles on Surfaces, American Association for Contamina-
tion Control, Sixth Annual Technical Meeting, May 15-18, 1967, Washington, D.C.
H. L. Fisher, Jr.

Distribution of Dose in the Body from a Source of Gamma Rays Distributed Uniformly in an Organ,
First International Congress on Radiation Protection, September 5—10, 1966, Rome, Italy.
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““Progress in Radiation Ecology: Radionuclide Movement in Me;jor Environments,”” Nucl. Safety
8, 53—-68 (1966).

““Ecology’” in Four Problem Areas in the Recovery from a Large-Scale Nuclear Attack, National
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Energy and Angular Distribution of Neutrons and Gamma Rays — QOperation BREN, CEX-62.12
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Health Physics.
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““‘On the Relationship of Collision Theory to the Interpretation of Relative Biological Effectiveness,’’
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““Application and Integration of Multiple Linear Regression and Linear Programming in Renewable
Resource Analyses,’”” J. Range Management 19, 356—62 (1966).
“‘Use of a Vacuum-Clipper for Harvesting Herbage,”” Ecology 47, 624—26 (1966).
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J- Range Management 19, 205—11 (1966).

G. M. Van Dyne and W. G. Vogel
‘“‘Relation of Selaginella densa to Site Grazing and Climate,”’ Ecology 48(3), 438—44 (1967).
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““Intraseasonal Changes in the Height Growth of Plants in Response to Nitrogen and Phosphorus,’’
pp. 924—29 in Proceedings of Tenth International Grassland Conference, July 7—~16, 1966, Helsinki,
Finland.

R. C. Vehse, E. T. Arakawa, and J. L. Stanford
“‘Photoemission Measurements of Silver and Palladium in the Vacuum Ultraviolet,’’ submitted for
publication in Physical Review Letters. ’
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““Normal Incidence Reflection of Aluminum Films in the Wavelength Region 800 to 2000 A,”’ J. Opt.
Soc. Am. 57, 551-52 (1967).
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““Time-of-Flight Investigations of Electron Transport in Some Atomic and Molecular Gases,”’
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‘‘Adhesion of Radioactive Glass Particles to Solid Surfaces,” in Surface Contamination (Proceedings
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Trip Report: Symposium on Solid State and Chemical Radiation Dosimetry in Medicine and Biology,
Vienna, Austria, Oct. 3-7, 1966; Discussions at AERE, Harwell, England, and Karlsruhe Nuclear
Research Center, Germany, Nov. 11, 1966 (internal memorandum).

W. H. Wilkie and B. R. Fish
‘‘Scintillation Extrapolation Dosimetry of Small Beta-Emitting Sources,’’ in Solid State and Chemical
Radiation Dosimetry in Medicine and Biology (Proceedings of a Symposium, Vienna, 3~7 October
1966), IAEA, Vienna, 1967.

M. W. Williams, E. T. Arakawa, and L. C. Emerson .
“‘Photon Excitation of Surface Plasmons — Analysis of Data for Aluminum,’’ Surface Sci. §, 127-31
(1967).

M. W, Williams, R. A. MacRae, and E. T. Arakawa
“‘Optical Properties of Magnesium Fluoride in the Vacuum Ultraviolet,”’ J. Appl. Phys. 38, 1701-5
(1967).

J. P. Witherspoon
“Effects of Internal !37Cs Radiation on Seeds of Liriodendron tulipifera,’’ Radiation Botany (in
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‘‘Radiosensitivity of Forest Tree Species to Acute Fast Neutron Radiation,’’ to be published in
Proceedings of 2nd National Symposium on Radicecology, Ann Arbor, Michigan.

Martin Witkamp
‘‘Rates of Carbon Dioxide Evolution from the Forest Floor: Measurement, Environmental Effects,
and Relation to CO, from Litter,”’ Ecology 47, 492-93 (1966).

“‘Biological Concentrations of '3’Cs and °°Sr in Arctic Food Chains,”” Nucl. Safety 8, 58—62
(1966).

‘‘Assessment of Microbial Immobilization of Mineral Elements,’’ Soil Biol. (in press).
‘‘Aspects of Soil Microflora in Gamma Irradiated Rain Forest,”’ in The Tropical Rainforest, ed.
by H. T. Odum (submitted).

‘‘Mineral Retention by Epiphyllic Organisms,’’ in The Tropical Rainforest, ed. by H. T. Odum
(submitted).

“‘Environmental Influences on Microbial Populations and Activity of the Forest Floor,”” Trans.
Intern. Congr. Soil Sci., 8th, Bucharest, 1964, vol. 3, Soil Biology (in press).

Martin Witkamp, M. L. Frank, and J. L. Shoopman _
‘‘Accumulation and Biota in a Pioneer Ecosystem of Kudzu Vine at Copperhill, Tennessee,’” J.
Appl. Ecol. 3, 383-91 (1966).

Martin Witkamp and D. A. Crossley, Jr. N
““The Role of Arthropods and Microflora in Breakdown of White Oak Litter,”” Pedobiologia 6,
293-303 (1966).

Martin Witkamp and M. L. Frank
‘“‘Retention of Loss of 37Cs Components of the Groundcover in a Pine (Pinus virdiniana L.)
Stand,’’ Health Phys. (in press).

“‘Cesium-137 Kinetics in Terrestrial Microcosms,’’ to be published in Proceedmgs of 2nd National
Symposium on Radioecology, Ann Arbor, Michigan.
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Harvel Wright, E. E. Branstetter, Jacob Neufeld, J. E. Turner, and W. S. Snyder
‘“‘Calculation of Radiation Dose Due to High-Energy Protons,’’ to be published in Proceedings of
International Congress of [nternational Radiation Protection Association, Rome, [taly, September
5-10, 1966.

Edward Yeargers

UV Light Effects on Proteins,”” to be published in Proceedings of Symposium on Biological
Effects of Ultraviolet, Philadelphia, Pennsylvania, August 23-26, 1966.
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S. I. Auerbach
Introduction to Radiation Ecology, Wabash College, July 6, 1966, Crawfordsville, Indiana.

The Importance of Ecology and the Study of Ecosystems, Wabash College, July 6, 1966, Crawfordsville,
Indiana.

Current Research in Radioecology, Exhibits Managers’ Training Course, Oak Ridge Associated Uni-
versities, August 8, 1966, Oak Ridge, Tennessee.

Aspects of Radioecology, Fall Conference of National Association of State Civil Defense Directors,
November 15, 1966, Hot. Springs, Arkansas.

Ecology and Ecological Research at ORNL, Navy Nuclear Sciences Seminar, Oak Ridge Associated
Universities, December 9, 1966, Oak Ridge, Tennessee.

Radiation and Radioisotopes: Their Role in Ecological Research, Department of Ecology and Be-
havioral Bioclogy, University of Minnesota, May 1, 1967, St. Paul.

J. A, Auxier
The Health Physics Research Reactor and Its Role at the DOSAR Facility, Kemforschungsanlage
Julich, August 26, 1966, Julich, Gemany.

Selected Aspects of Dosimetry for Human Exposures, Health Physics Society, Lake Mead Chapter,
February 14, 1967, Las Vegas, Nevada.

Selected Aspects of Dosimetry for Human Exposures, Health Physics Society, Atlanta Chapter, April
3, 1967, Atlanta, Georgia.

Ichiban: The Dosimetry Program for Nuclear Bomb Survivors of Hiroshima and Nagasaki, Savannah
River Laboratory, April 4, 1967, Aiken, South Carolina.

General Problems in Nuclear Accident Dosimetry, Health Physics Society, Savannah River Chapter,
April 4, 1967, Augusta, Georgia.

Dosimetry for Human Exposures: Field Experiments and Laboratory Intercombarisons, Health Physics
Society, East Tennessee Chapter, July 31, 1967, Oak Ridge, Tennessee.

B. G. Blaylock
Ecological Genetics, Department of Biology, Emory and Henry College, November 14, 1966, Emory,
Virginia; Department of Biology, Clinch Valley College, November 15, 1966, Wise, Virginia; Department
of Biology, George Peabody College, December 9, 1966, Nashville, Tennessee; Department of Biology,
Westemn Carolina College, December 14, 1966, Cullowhee, North Carolina; Department of Biology,
Muskingum College, January 13, 1967, New Concord, Ohio; Seymour Science Club, Catawba College,
January 19, 1967, Salisbury, North Carolina; Department of Biology, Virginia Military Institute, Feb-
ruary 21, 1967, Lexington, Virginia.
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R. L. Bradshaw
Project Salt Vault, Ten-Week Health Physics Course, ORINS Special Training lectures to people re-
sponsible for licensing and inspecting of radioisotope users, etc., ORNL, November 7, 1967, Oak

" Ridge, Tennessee.

L. G. Christophorou
Studies of Electron-Molecule Interactions, Department of Physics, University of Kentucky, April 14,
1967, Lexington.

R. N. Compton
Interactions of Low-Energy Electrons with Complex Molecules, Department of Physics, University of
Georgia, October 11, 1966, Athens.

Low-Energy Electron-Molecule Scattering Phenomena, Department of Physics, Tennessee Technological
University, February 24, 1967, Cookeville.

Mary Jane Cook
Biological Effects of Radiation, Department of Physics Course on ‘‘Special Topics in Health Physics,”’
University of Tennessee, May 4 and 5, 1967, Knoxville.

K. E. Cowser
Movement and Hazards of Radionuclides in Fresh Water, to members of ORINS course in Advanced
Isotope Technology, ORNL, August 3, 1966, Oak Ridge, Tennessee.

Clinch River Hazards Analysis, Ten-Week Health Physics Course, ORINS Special Training lectures to
people responsible for licensing and inspecting of radioisotope users, etc., ORNL, November 7, 1967,
Oak Ridge, Tennessee.

D. A. Crossley, Jr.
Role of Microfauna and Microflora in Breakdown and Transfer of Organic Matter, Seminar on Pesticides,
Michigan State University, May 18, 1967, East Lansing.

J. W. Cuzlin
Soil Activation by Fast Neutrons, Advanced Isotope Technology Course, Oak Ridge Associated Uni-
versities, July 13, 1966, Oak Ridge, Tennessee,

Wallace de Laguna
Waste Disposal by Hydrofracturing, Ten-Week Health Physics Course, ORINS Special Training lectures
to people responsible for licensing and inspecting of radioisotope users, etc., ORNL, November 7,
1967, Oak Ridge, Tennessee,

B. R. Fish
Radioactivity in Man, ORAU-ORNL Ten-Week Health Physics Course, October 5, 1966, Oak Ridge,
Tennessee.

Effects of Air Pollution on the Safety and Well-Being of Society, Reactor Division, ORNL, January
1967, Oak Ridge, Tennessee (2 seminars).

Surface Contamination and Aerosol Physics Research, Atlanta Chapter Health Physics Society, Jan-
uary 9, 1967, Atlanta, Georgia. -

In Vivo Detection and Measurement of Transuranic Elements, Transuranium Research Laboratory,
ORNL, May 10, 1967, Oak Ridge, Tennessee.

Radiological Health, Radiation Shielding, and Air Pollution, May 5, 1967, University of Texas, Austin
(3 seminars).

D. G. Jacobs
Movement of Nuclides Through the Ground, Ten-Week Health Physics Course, ORINS Special Training

lectures to people responsible for licensing and inspecting of radioisotope users, etc., ORNL, No-
vember 7, 1966, Oak Ridge, Tennessee.

Waste Management, to students at Lenoir Rhyne College, May 12, 1967, Hickory, North Carolina.
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Waste Disposal and Environmental Monitoring, Radiation Science Center, March 1, 1967, New Bruns-
wick, New Jersey.

T. F. Lomenick
The Disposal of Radioactive Waste in Terrestrial Environments, Ten-Week Health Physics Course,
ORINS Special Training lectures to people responsible for licensing and inspecting of radioisotope
users, etc., ORINS, November 8, 1966, Oak Ridge, Tennessee.

K. Z. Morgan
Health Physics Program, U.S. Army Nuclear Science Seminar, Qak Ridge Playhouse, July 19, 1966,
Oak Ridge, Tennessee.

Permissible Exposures to lonizing Radiation, AEC-NSF Basic Institute for Nuclear Science and Engi-
neering, ORNL, August 19, 1966, Oak Ridge, Tennessee.

Establishment of Maximum Permissible Doses and Concentrations, Health Physics Course for PHS
Personnel, ORNL, October 6, 1966, Oak Ridge, Tennessee.

Radiation Protection, Past, Present, 1nd Projections, Conference on Principles of Radiation Protection,
ORAU, August 24-26, 1966, Oak Ridge, Tennessee.

Health Physics, Sixteenth Naval Nuclear Seminar, ORAU, December 9, 1966, Oak Ridge, Tennessee.

Conflict Between Science and Religion, St. John’s Lutheran Church, January 29, 1967, Knozxville,
Tennessee.

Health Physics — A New Science and a Challenging Profession, Indiana State University, March 8,
1967, Terre Haute; University of Alabama, June 5, 1967, Birmingham.

D. J. Nelson
Ecological Investigations of Radioactive Waste Releases to the Clinch River, Department of Entomol-
ogy, Fisheries, and Wildlife, University of Minnesota, January 26, 1967, Minneapolis.
Current Research in Aquatic Ecology, Department of Entomology, Fisheries, and Wildlife, University
of Minnesota, January 26, 1967, Minneapolis.

J. S. Olson
Radiocesium Cycling in Deciduous Forests, Advanced Isotope Technology Course, Oak Ridge Asso-
ciated Universities, July 13, 1966, Oak Ridge, Tennessee.

Tracer Experiments on Forest Ecosystem Relations, Ohio State University Biology Colloquium, No-
vember 3, 1966, Columbus.

Systems Ecology, Ohio State University Graduate Ecology Seminar, November 3, 1966, Columbus.
Aims and Methods of Systems Ecology, Notre Dame University, January 9, 1967, Notre Dame, Indiana.

Ecological Models of a Tulip Poplar Forest Tagged with Radiocesium, University of Tennessee Zool-
ogy Seminar, February 8, 1967, Knoxville.

Systems Models and Experiments in Forests, Department of Ecology and Behavioral Biology, University
of Minnesota, May 1, 1967, St. Paul.

Biological Productivity, Development and Regulation of Ecosystems, University of Minnesota Forest
Biology Training Session, June 26, 1967, Minneapolis.

Research Methods and Techniques in Systems Ecology, University of Minnesota Forest Biology Train-
ing Session, June 26, 1967, Minneapolis.

F. L. Parker

Radioactive Waste Disposal, ORAU 16th Nuclear Science Seminar (Navy), December 2, 1966, Oak
Ridge, Tennessee.

Disposal of Radioactive Wastes, U.S. Army Nuclear Science Seminar, July 20, 1966, Oak Ridge, Ten-
nessee.
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Status of Waste Disposal Research, Ten-Week Health Physics Course, ORINS Special Training lectures
to people responsible for licensing and inspecting of radicisotope users, etc., ORNL, November 7, 1966,
Oak Ridge, Tennessee.

B. C. Patten
Marine Isotopic Studies Off the Coast of Puerto Rico, Advanced Isotope Technology Course, July 13,
1966, Oak Ridge Associated Universities, Oak Ridge, Tennessee.
The Network Variable in Ecology, University of Kentucky, November 2, 1966, Lexington; State Univer-
sity College, February 23—-24, 1967, Oneonta, New York; University of Georgia, March 2-3, 1967,
Athens; St. Mary’s College, March 10—11, 1967, Winona, Minnesota; University of Minnesota, May 12,

, 1967, Minneapolis; University of Buffalo, June 5, 1967, Buffalo, New York.

D. E. Reichle

Radioactive Tracers in Food Chain Research: Kinetics of Nutrient Cycling and Energy Flow in a
Forest Ecosystem, St. Mary’s College, Symposium on Ecology, November 1966, Winona, Minnesota.

Food Chain and Energetic Studies in Insects, Advanced Isotope Technology Course, July 13, 1966,
Oak Ridge Associated Universities, Oak Ridge, Tennessee.

Bryophyte Succession and the Distribution of Microarthropods in an Illinois Bog, University of Ten-
nessee, Seminar on Bog Ecosystems, April 1967, Knoxville.

Insect Behavior and Its Ecological Significance, University of Tennessee, Graduate Course in Insect
Ecology, December 1966, Knoxville.

Pathways of Nutrient Cycling in a Forest Ecosystem, Emory University, March 1967, Atlanta, Georgia.

Radiotracers and the Trophic Dynamics of Forest Arthropods, Northwestemn University, March 1967,
Evanston, Illinois.
R. H. Ritchie
Radiation Dosimetry, Department of Physics, University of Tennessee, May 25, 1967, Knoxville.
A. S. Rogowski

Inspection of Rainfall Simulator, members of ORINS course in Advanced Isotope Technology, ORNL,
August 3, 1966, Oak Ridge, Tennessee.

Soil Plots, Ten-Week Health Physics Course, ORINS Special Training lectures to people responsible
for licensing and inspecting of radioisotope users, etc., ORNL, November 7, 1967, Oak Ridge, Ten-
nessee,

Use of Isotopes in Runoff and Erosion Studies, ORINS course in Advanced [sotope Technology, ORNL,
August 3, 1966, Oak Ridge, Tennessee.

H. C. Schweinler
The Josephson Effect, Department of Physics, University of Tennessee, April 3, 1967, Knoxville.

W. S. Snyder
Examples of the Variation of Dose Within the Body — Neutrons, Gammas, HTO, Westem Pennsylvania
Chapter of the Health Physics Society, University of Pittsburgh, November 28, 1966, Pittsburgh.
Monte Carlo Calculations for the Distribution of Dose in the Body from External and Internal Sources
of Photons, North Carolina Chapter of the Health Physics Society, Duke University, February 8, 1967,
Durham, North Carolina.
Current Activities of the Health Physics Society, Bluegrass Chapter of the Health Physics Society,
Holiday Inn, February 11, 1967, Frankfort, Kentucky.
Computer Calculation of Dose, Work Conference on Dosimetry in Total Body Photon Irradiation of Man,
ORAU, February 23-24, 1967, Oak Ridge, Tennessee.
Health Physics Society Certification Examination, Baltimore-Washington Chapter of the Health Physics
Society, March 21, 1967, Bethesda, Maryland.
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The Use of Urinalysis Data to Estimate the Body Burder of Plutonium. Centre d’Etudes Nucléaires,
April 20, 1967, Saclay, France; ISPRA, April 24, 1967, Milan, Italy.

Distribution of Dose in an Anthropomorphic Phantom Irradiated by Monoenergetic Neutrons, Centre
d’Etudes Nucléaires, April 20, 1967, Saclay, France; Centre de Physique Nucléaire, April 21, 1967,
Toulouse, France; ISPRA, April 24, 1967, Milan, Italy.

4 Two-Exponential Model for Metabolism of HTO by Man, ISPRA, April 25, 1967, Milan, Italy; Puerto
Rico Chapter of the Health Physics Society, May 3, 1967, Mayaguez, Puerto Rico.

Health Physics Aspects of Supersonic Transport, Eastemn Idaho Chapter of the Health Physics Society,
May 19, 1967, Idaho Falls.

E. G. Struxness
Environmental Monitoring, ORAU, Exhibit Managers, July 29, 1967, Oak Ridge, Tennessee.

Environmental Monitoring, Public Health Agents, State Group, ORNL, October 6, 1966, Oak Ridge,
Tennessee; University of Tennessee, March 30-31, 1967, Knoxville; National Science Foundation
College Group, Oak Ridge Associated Universities, July 20, 1966, Oak Ridge, Tennessee.

Disposal by Hydraulic Fracturing, Knoxville Science Club, January 20, 1967, Knoxville, Tennessee.

Tsuneo Tamura
Radiocactive Waste Disposal, Japan Atomic Forum, October 11, 1966, Tokyo, Japan; Radiation Center
of Osaka, October 14, 1966, Kyoto University, Osaka, Japan.

Atomic Wastes: Their Treatment and Disposal, University of Hawaii, October 20, 1966, Honolulu.

Introduction to Waste Disposal Research Program, ORINS course in Advanced Isotope Technology,
ORNL, August 3, 1966, Oak Ridge, Tennessee.

Use of Isotopes in Clay Mineralogy Studies, ORINS course in Advanced Isotope Technology, ORNL,
August 3, 1966, Oak Ridge, Tennessee,

Clay Mineralogy in Waste Disposal, Ten-Week Health Physics Course, ORINS Special Training lectures
to people responsible for licensing and inspecting of radiocisotope users, etc., ORNL, November 7,
1967, Oak Ridge, Tennessee.

W. A. Thomas
Cycling of Calcium in Dogwood (Cornus florida L.) Trees, Department of Ecology and Behavioral Biol-
ogy, University of Minnesota, May 1, 1967, St. Paul.

J. H. Thomgate
The Research Program at the DOSAR Facility (HPRR), U.S. Ammy Reserve, 3251st Research and De-
velopment Unit, June 6, 1967, Oak Ridge, Tennessee,

Isabel H. Tipton
What Are Little Boys Made of, Kiwanis Club, May 3, 1967, Johnson City, Tennessee.

J. P. Witherspoon
Interactions of Environmental Factors and Ionizing Radiation on Forest Tree Species, Department of
Biology, Western Maryland College, October 10, 1966, Westminster; Department of Entomology, Clemson
University, November 9, 1966, Clemson, South Carolina; School of Forestry, University of Missouri,
December 7, 1966, Columbia; Department of Biology, Woman’s College of Georgia, November 2, 1966,
Milledgeville; Department of Biology, Winthrop College, January 12, 1967, Rock Hill, South Carolina;
Department of Biology, Roanoke College, April 13, 1967, Roanoke, Virginia.

Cycling of Radiocesium in Forest Ecosystems, Department of Entomology, Clemson University, No-
vember 9, 1966, Clemson, South Carolina; Department of Biology, Roanoke College, April 13, 1967,
Roanoke, Virginia.

Radiation Ecology, AEC Fellows, June 15, 1966, ORNL, Oak Ridge, Tennessee.
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