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Summary

PART I. RADIOACTIVE WASTE DISPOSAL

1. Fate of Trace Elements and Radionuclides
in Terrestrial Environment

Banding of several reference clay minerals was evalu-
ated in a continuous density-gradient solution using
zonal centrifugation. Variables examined were particle
sizes, cationic saturations, and centrifugal forces. Zonal
centrifugation was also used to segregate mineral
fractions of several environmental samples. and then
these were investigated for phosphate or radionuclide
distribution. For phosphate distribution, samples were
obtained from the bottom and suspended sediments of
the ORIC pond and a soil whose runotf drains into the
pond. The principal finding is that most of the
phosphate is present in the iron and aluminum phos-
phate forms.

For radionuclide distribution samples. bottom sedi-
ments from White Oak Lake Bed and Creek were
examined. Cesium-137 was found primarily in the clay
mineral band; ?°Sr was found in most bands, including
the bands containing calcium carbonate. which tenta-
tively confirms earlier conclusion. Distribution of
'37Cs in a soil from previously tagged trees (Lirio-
dendron forest) suggests that the mineral illite plays a
dominant role in fixing this radionuclide.

Water quality studies of Walker Branch Watershed
were continued. Water temperatures were measured
continuously at several locations in the two streams
which drain the watershed. Differences in water temper-
atures were observed with time and location. and the
differences were not predictably uniform. The differ-
ences are discussed, with reference to the source of
groundwater and to air temperatures.

2. Disposal by Hydraulic Fracturing

Operational waste injection ILW-6 was made in June
1969. Some 80,000 gal of waste, containing nearly

100,000 Ci of activity, were disposed of without
incident.

(147938

The work in New York State is well under way. The
injection well and the four surrounding observation
wells have been completed. and two test injections have
been made. Both injections were into the same siot at a
depth of 1450 ft. The first was made with water only in
October 1969, and apparently made a dominantly
horizontal but complex tracture. The second, con-
taining 2.7 Ci of *5Zr-°*Nb, was made on June 26,
1970, and is already known to be horizontal. A dye,
Rhodamine B, was mixed with the radioactive tracgr to
make a visible marker. '

3. Disposal in Natural Sajt Formations

The principal effort in the current program is a study
leading to the development of a conceptual design (and
the required safety analyses) of a combined solidified
high-level power reactor fuel-reprocessing waste reposi-
tory and low-activity alpha-contaminated waste reposi-
tory. This one facility should be capable of handling all
waste of these two types until about the end of this
century,

For the high-level wastes a total (gross) salt mine area
of about 850 acres, all newly mined for the purpose,
will be required. The present design for the low-level
facility calls for the use of an existing inactive mine
which has around 40 million cubic feet of space already
mined. The tentatively selected location is near Lyons,
Kansas. '

A geologic and hydrologic study based on available
information indicates that the central Kansas area meets
the criteria established for the location of the first
demonstration repository (e.g.. salt beds at least 200 ft
thick and lying at depths of no more than 2000 ft).
Also the Arbuckle formation appears to be suitable for
disposal of excess salt as brine. However, contacts with
local salt producers have indicated the possibility for
sale of the salt either as brine or as rock salt. Therefore,
sale of the excess salt is considered to be the desirable
disposal method, with the Arbuckle formation as a
backup.



A number of preliminary studies of temperatures (due
to radioactive decay heat) at mine level and in the rock
formations around the mine have been carried out.
Based on all considerations (such as mine stability,
aquifer temperature rises, etc.), it appears that 200°C
peak salt temperature is neither too conservative nor
too liberal for at least the initial stages of a high-level
disposal facility operation.

A study of salt tectonics in relation to the disposal of
solidified high-level waste was made. Considering the
specific case of the formation at Lyons. Kansas, it was
concluded that the possibility of extensive salt deforma-
tion affecting the safety of the disposal area for a
period of a few hundred thousand years can be
excluded. Also the heating caused by the decay heat
generated in the high-level waste would be of such short
duration (from a geologic point of view) that no
significant consequences would be expected.

4. Engineering, Economic, and Safety Evaiuation

Investigation has continued of factors involved in the
siting and operation of nuclear facilities. Radioactive
production and decay processes can now be included
directly in computer calculation of downwind air
concentrations that result from routine release of
gaseous effluents. After deposition, the movement of
radionuclides in food chains c¢-~ »e simulated by the
preliminary computer progra. ’ATHWAY. An ex-
ample is used to illustrate application of this program.
Information has been assembled on nuclear power plant
locations and the surface waters contiguous to each site
for use in discussions on regional planning.

5. Earthquakes and :actor Safety

Routine operation of the ORNL seismograph station
has continued during the year, including the regular
reporting of data to the U.S. Coast and Geodetic Survey
and the periodical issuance of a station bulletin. In
addition, a seismic history of the southeast region of
the United States was compiled and a study of the
seismicity of this area made.

6. Dose Estimation Studies Related to Peaceful
Uses of Nuclear Explosives

The concentration of tritium and ®*Kr in gas samples
from the Gasbuggy well, the first nuclearly stimulated
natural gas well, declined exponentially as contami-
nated gas was removed during flaring operations and
diluted with uncontaminated formation gas. The ratio
of these radioactive impurities in the gas to the
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concentration of carbon dioxide and hydrogen also
diminished for reasons that are not clear at present.
Recent census data were used for an estimate of the
home occupancy factor, the fraction of the time that an
average home is occupied, to aid calculations of home
exposure to radioisotopes in contaminated gas used for
heating and other purposes.

Data on gas consumption in two West Coast metro-
politan areas. Los Angeles and San Francisco. have been
combined with meteorological information to rrovide
estimates of the hypothetical doses resulting :;om the
use of contaminated natural gas in these areas. Calcu-
lated concentrations of radioisotopes in the atmosphere
were higher in Los Angeles than in San Francisco. but
the hypothetical doses resulting from the maximum
exposures were almost the same in both areas (2.2 and
2.5 millirems/year respectively) because of greater
domestic use of gas in the cooler region.

In addition to potential radiation exposures from
home and industrial combustion of contaminated
natural gas, the hypothetical exposure of users of gas
by-products has been considered, including carbon
black, fertilizer ammonia, tritiated alcohol, and hydro-
genated fats and ois. In all cases the hypothetical
exposure to consumers of these products was shown to
be negligible at the levels of radioactivity anticipated in
large-scale use of nuclear explosives for stimulation of
natural gas production.

Considerable effort has been directed toward the
development of radiation safety guides for transient
exposures because of the need to evaluate the possible
hazard of radioactive releases from peaceful uses of
nuclear explosives at or near the earth’s surface.
Cumulative exposure guides (CUE’s), based either on
ICRP maximum permissible annual doses or on maxi-
mum permissible organ burdens. have been caiculated
for short-term inhalation exposures in terms of concen-
tration (microcuries per cubic centimeter) and time
(hours). These transient exposure guides. calculated by
means of computer programs, are useful for *“first-cut™
assessment of the possible impact of short-term releases
of radioactive materials to the environment.

Other exposure modes which are, in general. more
difficult to evaluate than inhalation, have also besn
considered in calculating CUE’s. A computer progran
available for calculating the exposure resulting from
immersion in radioactive clouds for short periads. A
simplified model has also been developed to describe
one exposure pathway, the fallout-milk-man food
chain, that can aid evaluation of ingestion hazards
resulting from either transient or long-term fission
product deposition on vegetation.
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Potential doses to indigenous populations along
Route 17 in eastern Panama and Route 25 in north-
western Colombia were estimated for a combination of
livpothetical exposures to radiation. The studies
attempted to determine when it might be appropriate
ror populations to reenter areas adiacent to the two
routes.

7. Related Cooperative Projects

Representatives of other agencies continued to par-
ticipate in the Radioactive Waste Disposal Section’s
studies. One alien guest was in residence during the
vear. One member served as assistant news editor for
the United States for Health Phvsics and as an assistant
editor of Nuclear Saferv. One member ot the Section
served on the Southern Governors’ Conference Task
Force for Nuclear Power Policy. Members of the
Section participated part time in the Nuclear Safety
Information Center, the Civil Defense Research Project,
and the agroindustrial complex study.

PART II. RADIATION PHYSICS

8. Theoretical Radiation Physics

A critical appraisal has been made of quantities and
units in radiation protection work, and a different
approach has been suggested for establishing permissibie
limits of radiation exposure.

A Monte Carlo method has been developed for
Jetermining LET spectra from energy-proportional
puise-height measurements, and work has begun to use
this method to develop a more convenient and more
reliable means of determining LET distributions.

Work is in progress in collaboration with the experi-
mental Health Physics Group at CERN on the dosim-
etry of high-energy pions. Calculations are being
tatlored to simulate actual experimental conditions such
as beam density profile, energy distributions, and target
size, shape, and composition, and initial results have
been in good agreement with experiment.

A new theoretical investigation has been made of
electron binding to a finite dynamic dipolar system
where the Hamiltonian operator in the Schrodinger
equation contains, in addition to the electron kinetic
energy, the rotational energy of the dipole. Approxi-
mate Hartree-Fock energies have been calculated for
autoionizing states in neon and argon atoms. A new
variational method has been formulated and applied to
the determination of elastic scattering phase shifts. A
generalization of the oscillator strength of a molecuiar
system which includes nuclei as well as electrons has
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been enunciated. A rapid method of obtaining the
potential energy of a diatomic molecule has been
Jevised. An expression tor the mean tree path of a swift
charged particle for plasmon excitation. valid for
relativistic energies of the particle. has been given. A
theoretical treatment of the difference in stopping
power of a charged particie and its antiparticie has been
made using a semiclassical approach. Working in the
RPA. a formula for the mean free path for double-
plasmon excitation by a fast charged particle has been
Jerived. Festenberg’s experimental results showing
anomalously large damping of volume plasmons in
polycrystailine aluminum have been explained in terms
of elastic scatter of the plasmon on the grain structure.
A theory has been advanced to account for the decrease
in optical reflectance of a metal in the neighborhood of
the surface plasmon energy. A revised formuiation of
the macroscopic Maxwell theory has been made. The
concept of energy as it enters kinetic plasma theory has
been reexamined, and a revised version of the theory
has been postulated. ’

9. Interaction of Radiation with
Liquids and Solids

With a Seya-Namioka vacuum ultraviolet mono-
chromator the optical properties of cesium have been
measured just above the plasma energy and the data
interpreted in terms of a plasmon-assisted interband
transition. The recently installed soft-x-ray mono-
chromator has been used to extend measurements of
the optical properties of MgF, and MgO, previously
made with a Seya-Namioka monochromator, up to 66
eV. Further refinements have been made to the
ultrahigh vacuum-ellipsometer, and optical constants
were obtained for palladium from 3000 to 20,000 A.

Investigations have been continued of the optical
emission spectra from meta} films bombarded with
high-energy electrons. The radiative decay of volume
plasmons in magnesium and beryllium has been used to
calculate basic parameters associated with these
materials. In addition. the radiative decay of *‘nonradi-
ative” surface plasmons in aiununum has been con-
firmed. Experimental confirmation of the theory of
radiation damping of surtace plasmons from aluminum-
coated concave diffraction gratings has been obtained.
and the results of diffusion pump oil contamination of
diffraction gratings have also been investigated and
compared with theory.

Abnormally high exoelectron emission currents from
magnesium have been observed on exposure to O, or
H,O gas. The emission currents, which achieved maxi-



mum values in times comparable with times estimated
to form monolayer coverages on the surface, are
believed to be associated with a lowening of the work
function of the magnesium and a formation of unstable
chemical bonds on the metal surface.

10. Physics of Tissue Damage

The electron flux in an irradiated semiconductor
(7' Ge) was measured and compared with that in metal
irradiated similarly. When data were reduced to elimi-
nate differences due to high-energy stopping powers,
densities, and source strengths, identical spectra were
found at the higher energies (~5 keV), but the flux in
the semiconductor rose to about twice that in the metal
at low energies (10 eV), possibly due to reduced
semiconductor stopping power near the band gap
energy.

An attempt was made to see if the electron flux in an
irradiated medium is enhanced substantially by absorp-
tion of photons released in the medium by deexcita-
tion, x-ray production, and bremsstrahlung. Thin and
thick (compared with most photon attenuation lengths)
sources of '¥3W were examined with the Keplertron
(electrostatic spectrometer), but no differences in elec-
tron spectra were found. The possibility remains,
however, that extremely low-energy photons (less than
1 keV) may be important, and still thinner sources will
have to be studied to check this.

The optical constants of the organic liquids CCl,,
C¢Hya, CeHya, CeH;g, C4Hg, and CqHg have been
measured in the energy range from 4.0 to 10.7 eV using
the closed-cell semicylinder method. In the course of
this work satisfactory techniques were developed for
cleaning the semicylinder cell windows. enabling con-
sistent data to be obtained. The data have been
interpreted in terms of ¥ — 7*, n - 0*, and 0 > o*
molecular electronic excitations.

11. Electron and lon Collision Physics

The cross-section behavior for the production of slow
electrons (0 to 0.5 eV) upon electron impact ionization
of the rare gases, water vapor, and benzene has been
studied for the first time using the SF¢ scavenger
technique and the trapped-electron method. For the
rare gases the cross section for the production of slow
electrons abruptiy rises at the ionization potential and
remains relatively constant up to an energy in excess of
100 eV. The cross sections for water vapor and benzene
are found to steadily increase beginning at their
ionization potentials in contrast to the flatness ex-
hibited by the rare gases. Absolute cross-section meas-
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urements of these inelastic scattering processes will be
helpful in interpreting electron-siowing-down spectra in
gases.

Negative-ion formation in a large number of organic
and inorganic molecules has been studied in consider-
able depth with both electron swarm and electron beam
techniques. The major part of our effort has been
devoted to the study of (1) negative-ion lifetimes. (1)
temporary negative-ion resonances. (3) dissociative
attachment cross sections. (4) thermal energy electron
attachment rates, (3) negative-ion mobilities. and (6)
mass analysis of negative 1ons tormed in electron swarm
experiments. [nput data from all these experiments
provide a quite detailed description of electron attach-
ment mechanisms.

An apparatus has been constructed to mass identify
the positive- and negative-ion products resulting from
collisions of fast neutral cesium atoms with moiecules.
Measurements of the threshold for ion pair production
in collisions of cesium atoms with electronegative
molecules afford a determination of the lower limit to
the electron affinity of molecules. Using this technique
we have shown that the electron affinity of nitrogen
dioxide is greater than or equal to 2.2 £ 0.2 eV. Mass
analysis of ions formed in collisions of high-energy
cesium atoms (~30 eV) with Br, shows that both Br,™
and Br~ are produced. Mass analysis of ions formed in
collisions of cesium with molecules is providing a
wealth of new information about the formation of
negative ions due to the complex adiabatic nature of
the collision.

Reaction products and rates of reaction of low-energy
(0-2 eV) O~ ions with acetylene, ethylene, ethane. and
benzene (and their deuterated analogs) have been
investigated. The absolute magnitudes of the ion-
molecule reaction cross sections, their dependence on
O~ energy, and branching ratios and isotope effects
have been compared with existing theory.

12. Atomic and Molecular Radiation Physics

The scattering of thermal electrons by highly polar
molecules has continued. The dependence of the drift
velocity of thermal electrons traveling through polar
gases has been investigated. and the data have been used
to determine the magnitude and the velocity depend-
ence of the momentum transfer cross section. The data
have been discussed within the Born approximation and
with relevance to a number of factors which can
distinctly affect the scattering. Measurements have been
made also of electron diffusion coefficients and mobili-
ties in hydrocarbon vapors. These yielded stopping
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powers of electrons less than ~2 eV which were
remarkably insensitive to structural variations.

\n accurate and exhaustive experimental test has
~een made of electron swarm energy distribution
functions f(e, £/P) tor the carrier gases C-H,, N, . and
Ar used in electron attachment studies. A standard set
ot fe. £/P) has been established and recommended. A
method has been deveioped whereby both the magni-
rude and the energy dependence of thermai-peaking
clectron attachment resonances is obtained from elec-
tron swarm data alone. The methiod has been applied
successtully to many molecules{e.g., CCla.SF, . anthra-
cene. |.2-benzanthracene). Lifetimes and cross sections
for long-lived polyatomic negative ions have been
measured and have been related to electronic and
geometrical structure. Estimates of electron affinities
were obtained for some molecules.

Electron capture by an organic molecule with simul-
taneous excitation of one of the orbiting electrons
resulting in a long-lived parent negative ion has been
observed for the first time. Also, the first energy
dependence of the autoionization lifetime of long-lived
negative ions has been tound for both nuclear- and
electron-excited Feshbach resonances, and it clearly
showed the effect of increase in internal energy of the
ion on the autodetachment rate. A systematic study has
been made of electron attachment to molecules of the
form C,H,,,,Br(n =1 to 10) which allowed a deeper
understanding of the energetics and quantitative aspects
of dissociative electron attachment to polvatomic
molecules. A new high-resolution experimental arrange-
ment has been constructed and built which enables
threshold-electron and compound negative-ion excita-
tion studies.

New information of great significance has also been
obtained on the emission and decay of organic liquids
under electron impact. photophysical studies of liquids.
transport of resonance radiation in gases, and sensitized
ionization of molecules.

13. Graduate Education and Training

The Health Physics Training Program included feiiow-
ship students from Vanderbilt University, The Uni-
versity of Tennessee, the University of Kansas, the
University of California, and Georgia Institute of
Technology. These reported to ORNL for summer
on-the-job instruction in applied and research health
physics.

Division personnel visited 17 colleges and universities
10 give seminars on various research problems of current

interest and also to help recruit qualified students in the
fellowship program.
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The Health Physics Division provided research facili-
ties and advisors for 20 Oak Ridge Graduate Fellows.
AEC Fellows, and USPHS Fellows who were conduct-
ing thesis research. A total of 41 university personnel
ranging from undergraduates to protessors spent the
summer in the Division.

Teaching assistance was given to The University of
Tennessee ror its program in Radiation Physics and to
Vanderbilt University for its course in Radiation
Physics. Lectures and tours were given for several
university groups visiting ORNL.

Assistance and consultation were given to eight
schools that were interested in establishing heaith
physics courses or programs in their science depart-
ments.

The Division cooperated with ORAU in the presenta-
tion of a ten-week course in Applied Health Physics and
in the screening of applicants for AEC Fellowships.

PART IIl. RADIATION DOSIMETRY RESEARCH

14. Dosimetry for Human Exposures and
Radiobiology

Calculations of depth-dose distributions for neutrons
were extended into areas of practical application,
especially for the use of **?Cf in cancer therapy. Dose
and LET distributions for line, point. and disk-shaped
sources of neutrons having the energy spectrum of
352Cf were calculated. The calculations of dose and
LET distributions due to neutrons were also made for
two small cylinders chosen to approximate the size of
rats and rabbits respectively. Preliminary calculations
were also made tor the dose distributions in human
fetuses exposed to radiation from the nuclear bombs
exploded over Hiroshima and Nagasaki. Close liaison
has been maintained with the Atomic Bomb Casualty
Commission (ABCC) in Japan. Emphasis this year has
been given to computation of the radiation doses
received by those persons exposed near the bombs who
survived because of the radiation and blast protection
afforded by seismic reinforced buildings.

15. Spectrometry Research and Development

Experimental measurements of dose distributions in
man-sized tissue-equivalent media were made to test the
recently calculated values. A special extrapolation
chamber was developed and used for measuring the
dose distribution near bone-tissue and tissue-bone inter-
faces in phantoms irradiated by the Health Physics
Research Reactor (HPRR). Other experiments were
directed to the measurement of LET in neutron-



irradiated tissue phantoms utilizing recently developed
counters. Measurement of the HPRR spectrum in the
energy range below 0.5 MeV was accomplished. A
variety of electronic instruments related 1o spectrom-
etrv research were developed or improved. and zone-
refining techniques were used for the purification of
detector materials.

16. Applied Dosimetry Research

The emphasis on thermally stimulated exoelectron
emission (TSEE) has continued, with n: :er advances
made in the sensitivity and stability Jetectors.
especially sintered BeO. Initial studies of neutron
response characteristics have been completed, and the
response per unit dose as a function of photon energy
has been measured for several detector types. TSEE
techniques were also applied to samples of lunar
material with the objective of learning more about the
thermal and radiation history of the moon.

Registration of charged-particle tracks in insulating
solids has proved to be of increasing practical value,
with application in autoradiography with alpha particles
and radon monitoring. More basic studies of track
registration were made, with emphasis on alpha-particle
registration in celiulose nitrate.

17. HPRR and Accelerator Operations

Results from a new target assembly promise greater
neutron vields and longer life for tritium targets for
accelerators, especially those used for the T(d.n)*He
reaction. The DOSAR Low Energy Accelerator (DLEA)
and the 3-MV Van de Graaff are used extensively in
these studies and in most other dosimetry research.

The HPRR was operated routinely and without fault.
The annual disassembly and inspection revealed no
detectable change in the core materials. In July 1970,
the seventh intercomparison study in dosimetry was
held, using the HPRR as the radiation source, and
participants included dosimetrists from four foreign
countries.

18. Interaction of Charged Particles with Matter

Transfer of equipment from the University of Ken-
tucky to the 3-MV Van de Graaff was completed. and
installation and testing were initiated. Initial studies
include the intensities, lifetimes, and wavelengths of the
electromagnetic radiations emitted ftom noble gases
irradiated by fast protons as well as the W values of
pure gases and gas mixtures.
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19, Internal Dose Estimation

Estimates of dose to red bone marrow are difficuit to
obtain because of the complex distribution of red bone
marrow within the body. Yet it is a tissue of particular
importance. because the dose limits recommended tor
purposes of radiation protection are lower (3 rems/year
for occupational exposure) than for most tissues. The
anthropomorphic phantom and Monte Carlo computer
program reported here previously for esumation of dose
due to photons have been adapted to take account of
the distribution of red marrow. Only doses from a
monoenergetic photon emitter present in lungs are
reported here. As might be expected, the dose is highest
for the red marrow in the rib cage and certain portions
of the spine. The pelvic region contains a considerable
fraction of the total red marrow, and the dose to this
portion is much less, often by an order of magnitude.

The Monte Carlo computer program mentioned above
has been used to estimate doses in many body organs.
However, in some cases the estimates are statistically
unreliable, particularly for small organs such as gonads
or thyroid when they are far from the source organ. A
buildup factor for dose in an infinite medium of water
has been reported, and despite the finiteness and
heterogeneity of the body, the use of this buildup
factor seems to be accurate within a factor of 2 in all
cases tested against the Monte Carlo code. This result is
being tested further, and if the limit of error is this
small, the method may be useful in estimating dose to
small organs.

Since many radionuclides are excreted in urine, the
bladder wall is irradiated by radiation originating in the
urine, which constitutes a pool of variable size. The
dose per photon varies markedly as the bladder con-
tents increase, partly because wall thickness is changing
and also because of the inverse-square relation of dose
and distance. The basic data on dose per photon are

estimated for a range of bladder sizes ranging from 0 to
500 ml content.

A compartmental model for metabolism of iodine has
been given by Berman, but because of its complexity, it
has not been directly compared with more conventional
models. This is done here, and for ! 3! [ the comparison
is rather close. For some compartments and isotopes of
iodine, differences by a factor of 2 may occur.

The thorny question of what happens to a radium
atom when produced in bone by decay of a thorium
parent continues to demand attention, because the
estimate of dose to bone will vary greatly depending on
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the model assumed. Last year's report contained calcu-
lations corresponding to some hypotheses, and these are
supplemented here by further cases ranging from
immediate transfer of the radium atom to blood to the
assumption that it remains fixed in situ unuil its decay.

Although immersion in an intinite cloud of radio-
active emutter has been a standard case considered in
the past. no good estimates of the energy spectrum
produced in such a case have been available. Due to this
fact, no reliable estimates of dose at various depths
within the body have been produced. The energy
spectrum resulting from a monoenergetic photon source
distributed uniformly in an intinite space ot air is given
here, [t is expected that a correction for ground effect
will be forthcoming in next vear's report.
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20. Stable Element Metabolism

The elemental balance tor intake and excretion of
certain elements commonly present in diets is reported
here tor two aduit subjects who ate ad libitum. The
study is almost unique in that these individuals were
studied over a period of several vears. and many minor
‘luctuations appear to “cancel out” over such a period
of study.

The gross compositions of bone and carulage are
reported here. The data on cartilage are essentially new
and help fill one sizable gap in our knowledge of the
composition of the body.
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Internal Dosimetry

W. S. Snyder

19. Internal Dose Estimation ‘

ESTIMATES OF DOSE TO RED BONE MARROW
FROM MONOENERGETIC SOURCES OF PHOTONS
IN LUNGS AND OTHER ORGANS

M.J.Cook  W.S. Snyder
G. G. Warner'

The International Commission on Radiological Pro-
tection (ICRP) has recommended lower dose limits for
blood-forming organs than for the majority of other
body organs — for radiation workers, 5 rems/year and
for members of the public, 0.5 rem/year.? In view of
the ‘special category into which the ICRP has put the
red bone marrow, it is important to have an accurate
estimate of the dose to this tissue. Because of the
complexity of the skeletal system and the red marrow,
this is not an easy problem.

Two types of bone marrow may be distinguished in
the adult, namely, red and vyellow; however, the
demarcation between the two is not sharply defined.
Red bone marrow is hematopoietically active, while
yellow marrow does not have any hematopoietic
activity, being composed mostly of fat.

In the newborn, all of the bone marrow is red. An
almost identical amount of red bone marrow is found in
a child weighing 15 kg as in an adult weighing 70 kg.
Although between the ages of 6 and 20 years there is a
gradual replacement of red marrow by yellow marrow,
the absolute quantity of red marrow remains essentially
unchanged.’ In this study only the adult is considered.
although we plan to make similar studies for individuals
of other ages.

Red bone marrow in the adult is located principally in
the cavities of the ribs, sternum, skull, clavicles,
vertebrae, and the proximal epiphyses of the femur and
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humerus. Because red bone marrow is scattered
throughout the body, its weight has been difficult to
obtain. For a 70-kg adult, ~1500 g has been assigned as
the weight for the red bone marrow.* )

A mathematical phantom has been designed which
has the approximate torm of the human body with 22
internal organs which are mathematical constructs of
those in the living body.® The exterior form and some
of the principal internal organs are shown in Fig. 19.1.
For this study the phantom has been changed slightly
to include scapulae and clavicles. These “bones” are
specified by the following loci.

Clavicles — The clavicles are represented as two
portions of a torus. The torus lies along the circular arc
x* + (v — 11.1)* = 20%, z = 68.25, and the smaller
radius of the torus is 0.7883 cm. The clavicles include |
onty the portion of the torus between the planes 11.1 —
¥ = Ixl tan 6 with 8° 5.5 < 8 < 48° 12'. The absolute
value sign on x allows for both the right and left %

! Mathematics Division.

2 Recommendations of the International Commission on
Radiological Protection (adopted Sept. 17, 1965). ICRP Publi-
cation 9. Pergamon. New York. 1966.

3Howard R. Bierman, “Homeostasis of the Blood Ceil
Elements,” chap. 8, pp. 349-418 in Functions of the Blood,
ed. by Robert G. MacFarlane and A. H. T. Robb-Smith, |
Academic, New York and London, 1961.

*William Bloom and Don W. Fawcett. 4 Textbook of
Histology, 9th ed., p. 184, W. B. Saunders, Philadelphia, 1968 3

SH. L. Fisher, Jr.. and W. S. Snyder, “Distribution of Doss in p
the Body from a Source of Gamma Rays Distributed Uniformly Y
in an Organ,” Health Phys. Div. Ann. Progr. Rept. July 3k K
1967, ORNL-4168, pp. 245—47. "3
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Fig. 19.1. The Adult Human Phantom, Showing an Anterior View of the Principal Organs in the Head and Trunk of the Phantom.

clavicles. The volume of both clavicles is 54.7 cm® and
the mass is ~82 g.

Scapulae — The scapulae extend from the top of the
12th rib(z =67.3 cm) toz = 50.9 cm. They lie between
two elliptical cylinders,

xt

F/—’ +(’)—.§; = | {outer surtace of the rib cage)
and

x? y?

9 + -9_8—2 =1 (a somewhat larger cylinder) .

The tapering shape of the scapulae has been ignored.
and they are specitied further as the volume between
the above cylinders bounded by the planes y =0.25x.
v = 0.80x, and 509 <7 < 67.3. The volume of both
scapulae is 100.7 em?’, and the mass is taken as 151 g.

A computer code has been designed to compute
random histories of photons which originate in one
organ (the source organ) and to estimate the fraction of

Flu19quy

the photon’s initial energy absorbed in each of the 22
target organs. This is essentiaily an application of the
well-known Monte Carlo technique. In a previous
report® estimates of the absorbed energy have been
published for these 22 target organs when a mono-
energetic source of photons is distributed uniformiy in
16 different source organs. However, “marrow” as
reported there includes both red and vyellow. For this
report the phantom and the computer code have been
modified so that absorbed fractions tor the red bone
marrow are obtained.

In Fig 19.2 the stippled areas represent the red bone
marrow in the phantom skeleton and in the drawing of
an actual skeleton. Of the total 1500 g of red bone
marrow. 13.1% is in the skull. 28.4% in the vertebrae,

°W. S. Snyder er al., “Estimates of Absorbed Fractions for
Monoenergetic Photon Sources Uniformiy Distributed in
Various Organs of a Heterogeneous Phantom,” MIRD Pamphiet
No. 5. Suppl. No. 3., J. Vucl. Med., 7-52 (August 1969).
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Fig. 19.2. Idealized Model for the Computer (Left) Showing
Distribution of Red Bone Marrow in a Normal Adult (Right).

10.2% in the ribs and stermum, 4.8% in the scapulae,
1.6% in the clavicles, 36.2% in the pelvis, 1.9% in the
proximal epiphyses of the humerus, and 3.8% in the
proximal epiphyses of the femur. These data have been
selected from Ellis.” although Hashimoto,® Russell er
al..’ and others have given similar data. If the red
marrow constitutes a fraction t of the tota{ weight of a
bone plus marrow. then the energy absorbed in the red
marrow of that bone 1s taken as f X (energy absorbed in
that bone plus marrow). Thus red marrow is assumed to
absorb energy as efficiently per gram as do the other
constituents of bone. One may use the code to compute
the absorbed fraction with the source in any location.
but for this study we are only reporting dose to the red
bone marrow from a monoenergetic source of photons
in the iung. We plan to obtain similar estimates with the
source in other organs. The lung was chosen for these
first calculations, because a considerable fraction of the
red bone marrow is located close to these organs and
inhalation is a frequent mode of exposure.

For this study 30,000 photons were programmed for
each photon energy. The code provides estimates of
average dose to the total red bone marrow, but since
this dose would not be expected to be nearly constant,
the code also provides separate estimates of dose for red

7R. E. Ellis. “The Distribution of Active Bone Marrow in the
Adult,” Phys. Med. Biol. 5,255-58 (1961).

8Michio Hashimoto. ““The Distribution of Active Marrow in
the Bones of Normal Adult.,” Kyushu J. Med, Sci 11, 103-11
(1960).

I Waiter J. Russell er al., **Active Bone Marrow Distribution in
the Adult.” Brir. J. Radiol. 39, 735-39 (1966).
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bone marrow in ribs, three sections of the vertebral
column, pelvis, arm bones, leg bones, clavicles, scapulae,
and skull. A standard deviation and coefficient of
variation are provided for each estimate.

As examples, in Fig. 19.3 are presented the dose to
the total red bone marrow, three regions of the
vertebral column (upper. mid. and lower}, ribs and
sternum, and pelvis. If - ificient of variation was
greater than 60%, the e-'.© .. was not included in this
figure. The estimate pius i minus one standard
deviation is shown unless the standard deviation was
less than 10% of the estimate. The 12 different energies
selected are 0.010, 0.015, 0.02, 0.03, 0.05, O.1, 0.2,
0.5, 1.0, 1.3, 2.0, and 4.0 MeV. For 0.010 MeV the
standard deviation of the estimate was always greater
than 60%; therefore these data are not included in the
tigure.
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With the source in the lungs, the ribs and sternum
receive the highest dose. The midregion of the vertebral
column receives almost the same dose as the ribs and
sternum at the higher energies but less at energies below
0.1 MeV. Of the regions shown here. the red bone
marrow ot the pelvis receives the lowest dose, which is
expected as it is tarthest from the source in the lungs.
The dose to the total red marrow talls about midwav
between these high and low values. as would be
expected. In particular, the red bone marrow of the ribs
and midvertebral column receives aimost four times the
average dose to the total red bone marrow. Ot course,
dose to the red bone marrow in the pelvis and leg bones
is simularly low.

In this report the dose to various regions of the red
bone marrow has been calculated when the source is
distributed unitormiy in the tungs of adults. Plans are
under way to calculate the dose to these regions of red
bone marrow when the source is in other organs such as
the gastrointestinal tract, urinary bladder. etc., and to
study the problem for various age groups.

ESTIMATION OF DOSE TO GONADS FROM
GAMMA EMITTERS PRESENT IN THE BODY

W.S.Snyder  Mary R. Ford
G. G. Warner'°

The author and colleagues' ' have developed a Monte
Carlo tvpe computer code for estimating the specific
absorbed fraction of photon energy (X —~ Y). that is.
fraction of energy absorbed in Y per gram of that
released in X, where X is an organ of the body
containing a source of photons distributed uniformly
therein and Y is a target organ. The code involves a
mathematical anthropomorphic phantom whose organs
approximate those of their prototypes in size. shape.
composition, and density. Although results have been
published'' for 16 source organs X and some 20 target
organs Y, the estimate is inaccurate sometimes because
of poor statistics. This is likely to be the case when Y is
a small organ and far trom the source. In particular, the
estimate of the specific absorbed fraction for the
gonads trequently is found to have a large coetficient of
variation. For this reason no estimates ot the absorbed
fraction tor gonads were included in ref. 11 except

' ®Mathematics Division.
My s, Snyder er al., “Estimates of Absorbed Fractions for
Monoenergetic Photon Sources Uniformly Distributed in

Various Organs of a Heterogeneous Phantom,”™ MIRD Pamphlet
No. 3, Suppl. No. 3, /. Nucl. Med.. 5(1969).
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when the gonads are a source organ. The present note is
a first attempt to supply an approximate estimate of
the specitic absorbed traction tor the gonads.

Berger' * has computed the buildup factor B(ux) for
photons emanaring from a point source in an infinite
medium of water, giving values tor photon energies
from 0.02 to 2 MeV and tor wX < 20, u being the mass
attenuation coetficient ror the photons. The specitic
absorbed fraction at distance x cm trom a point source
in the water is then given by

wope 4 Blux)
<p()()=i‘3____. (1)

dmrx-

where x represents the distance ot the infinitesimal
target volume trom the point source and 4, ts the mass
absorption coetficient for the photons. [f $(X) is used
to estimate the fraction of energy absorbed per gram in
the gonads at distance x from a point source in the
body, one might expect the result to be an overestimate
since B{ux) was computed for an intinite medium so
that buildup would be maximized. On the other hand,
it is not easy to toresee what effect the differences in
composition and density of the body might have in
comparing buildup 1n the body with that in a homoge-
neous medium. Moreover. even if one suspects Eq. (1)
will provide an overestimate of the specitic absorbed
fraction for distances in the body, it is desirable to
know approximately the extent ot the overestimate.

In an attempt to answer some ol the questions raised,
®(X) has been computed by the Monte Carlo methods
of ref. 11 for certain subregions of the body much
larger than the gonads. so that the statistical accuracy,
while not always good. is nevertheless much better than
for the gonads. These regions are “'stices” shown in Fig.
19.4 and are numbered | to 5. The source has been
placed in the thyroid, so that the distance from source
to target is as large as can be attained in the trunk.
Distance has been taken from a central point of the
thyroid to the center of each slice. Clearly distance
from the source to a point of the slice varies sig-
nificantly at different portions of the slice, and thus a
high degree of accuracy cannot be expected from the
comparison. Figures 19.5~19.10 show the resuits tor
®(X) for photons of energies 2. 1,0.5.0.2,0.1, 0.05
MeV as computed by the Monte Carlo calculation of
ref. 11. For comparison, formula (1) with B(ux) as

"2Martin 1. Berger, “Energy Deposition in Water by Photons
from Point Isotropic Sources.” MIRD Pamphlet No. 2, Suppl.
No. 1./ Nucl. Med., 15 (1968).
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tabulated by Berger is shown also. It is seen that
generally formula (1) is higher, as expected, and the
cases when this does not hold might plausibly be due to
either poor statistics or to the rather inaccurate
characterization of the distance x. To test the influence
of this distance factor, the value of ®(X) has been
computed also for the central portion of the slice (see
Fig. 19.4), and it is evident that this generally improves
the agreement of the estimate provided by this Monte
Carlo caiculation and that provided by Berger.

On the basis of the evidence presented here, it seems
likely that the use of the buildup factor as given by
Berger' ? and of formula (1) given here will generally
overestimate ®(X) but not by more than about a factor
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of 2. Such a margin of error is acceptable in view of the
fact that alternative methods involve uncertainties ot at
least as much and are frequently much more difficult. It
should be noted that the degree of accuracy obtained
tor tormula (1) is roughly the same as can be attained
bv use of the reciprocity theorem (see ref. 13), namely,
4 factor of about 2.

{t should be emphasized that the above comments
apply only to the *“‘point-source” formula. When the
source is much more extended. for example. the {ungs
or stomach or liver, one should perform an integration
over the source region and only then should one expect
accuracy as indicated above. The use of a “‘representa-

By, s, Snyder, “"Estimation of Absorbed Fraction of Energy
from Photon Sources in Body Otrgans.” Proc. ORAU Svm-
posium on Medical Radionuclides: Radiation Dose and Effects,
December 8- 11, 1969, Oak Ridge, Tennessee (in press).
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tive point” for such large organs. say, a central point.
will add an additional uncertainty. Moreover, when
lungs are the source organ, the distance to the target
organ probably should be taken in mass units. The
influence of such corrections for the variable density of
the body and the choice of “representative points” for
source organs are matters which the author hopes to
explore further in future studies.
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ESTIMATION OF DOSE AND DOSE COMMITMENT
TO BLADDER WALL FROM A RADIONUCLIDE
PRESENT IN URINE'*

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

Estimation of dose to the bladder wall fromap: :on
emitter present in urine is more complicated than .. the
case of most organs, because the dose per photon varies
by almost an order of magnitude as the bladder fills,
being largest for a nearly empty bladder.'®* This large

!4 presented a1 Heaith Physics Society Meeting, June 28—July
2. 1970, Chicago, 11

Sw s, Snyder, “Estimation of Absorbed Fraction of Energy
from Photon Sources in Body Organs.” Medical Radionuclides:
Radiation Dose and Effects, p. 33, USAEC-DTI, Oak Ridge,
June 1970. :

147949

-a ORNL-DWG 70-3990

THYROID = SUBREGION
SHANTOM SUBREGIONS ———

> PHANTOM CENTRAL —
SUBREGIONS T

INFINITE H,Q MEDIUM:
SERGER'S BUILDUP FACTOR

(\sl

<}

SPECHIL

)
9.5 23.5 37.5 515 65.5
DISTANCE FROM THWYROID TO CENTER OF SLICE (cm)

Fig. 19.10. Estimates of Specific Absorbed Fraction® for an
Infinite Medium of Water and for Subregions of an Anthro-
pomorphic Phantom. 0.05 MeV.

variability implies that a dose estimate will depend
significantly on the schedule of bladder voiding. More-
over, if some compartment is present which has an
elimination half-time that is short compared with the
time for a bladder filling, then the dose estimate will be
influenced by whether this activity enters the bladder
when it is nearly empty or nearly full. It is the purpose
of this study to provide a basis for estimating the extent
of the variability of dose to the bladder wall. The
present study is concerned only with the dosimetric
aspects of the problem. In a later study we hope to take
into account certain patterns of urinary excretion
which may be regarded as “typical” to provide bounds

- variability of dose to the bladder wall as a
..nsequence of other patterns.

The bladder is considered to be an oblate spheroid,

(B2 (52 () -
a b c




where (xq, Vo, Zg) =t0. —4.5, 8) are the coordinates of
the center in a Cartesian system ot coordinates as
chosen in MIRD Pamphlet §.'® that is. positive X axis to
the left. positive v axis pointing toward the back. and
positive z axis directed upward along the center line of
the trunk with the origin at the base ot the trunk. The
semiaxes ot the ellipsoid have the ratio a.b:c = 4:3:2,
and this ratio is assumed to remain fixed as the bladder
tills. The above equation may be considered to
represent the inner wall of the bladder. and the exterior
surface is represented by

/"“"") +<""'V° '+<:_Z°\,'=1. (2)
\ ra pb pc
where p 1s chosen so that

4 3

—mabe(p® ~1)=45g (3)

is the mass of the bladder wall. For different volumes of
urine present in the bladder, the mass remains un-
changed. and the value of 45 g has been chosen as
tvpical.'7 In Fig. 19.11. a schematic diagram of the
bladder is shown for three different situations. namely,
empty and for content of 100 and 400 ml.

Define now a function D{V) to be the average dose
rate to the bladder wall, rads/uCi-hr, when the bladder
content {urine content) is } ml. No mathematical
tormula for D,(F) is available: rather. its values may be
obtained by use of the Monte Carlo method described
in MIRD Pamphlet 5,'® the only change being that the
bladder content here is ¥ ml and dose is estimated to
the wall rather than averaged over wall and contents.

It one considers D V) as known, then tormulas for
the dose under any conditions of filling are easily
written. Thus if f{t) dt ml of urine enter the bladder in
time interval dt (hr) and if s(¢) dr »Ci of activity enter
the bladder in time dt (hr), then the total dose (rads)
from time O (commencement of bladder tilling) to time
T is given by

T
D(n: ‘I:) dt ./:)'(JTS(ﬁ e‘l\r((—T\

xo,[fo’mﬂﬂ] W

Formula (4) includes the special case where activity
begins entering the bladder when it is partly filled: one
need only assign s(r) = 0 during this period.

Consider now a more special situation where
s(£) = uahe " AADT

flty=a. (5)
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Fig. 19.11. Section of Bladder for Several Volumes.

Equations (5) represent the special. but unusual, case
where bladder tilling occurs at a constant rate, say, «
mi/hr, and excretion is exponentiai in character {i.e.,
aAe AMAD with only a portion of the material
excreted passing through the bladder. With this speciai-
ization, Eq. (4) becomes

T -
T =au ./; dt e ‘\'!([ ._e““)Dr(Q[)

au [

aT 3
_au ~(AFfa)X
N j;) dx e D,(x)

_ fardxe'”‘”")xm D(x)
0

. (6)
The latter integral ot Eq. (6) is obtained by substituting
X = ot as a new variable of integration.

The function D (V) has been computed for ¥ =0, 50,
100, 200. 300. 400. 500 mi and for the same 12
monoenergetic sources of photons given in MIRD
Pamphlet 5,'® namely, 0.01, 0.015. 0.02. 0.03, 0.05.
0.1, 0.2, 0.5, 1, 1.5, 2.4 MeV. The results are displayed
in Fig. 19.12z for the tfour lowest energies and in Fig.
19.12b for the others. As will be noted the curves cross,
and they are separated here 1o facilitate their use. This
complex behavior seems ta be due to the interpiay of a
number of factors, { 1) amount of energy released, (2)
changes in the mass absorption and mass attenuation
coefficients with energy. and (3) thickness of the wall.

'®w. S. Snyder, Mary R. Ford, G. G. Warner, and H. L.
Fisher, Jr.. “Estimates of Absorbed Fractions for Mono-
energetic Photon Sources Uniformly Distributed in Various
Organs of a Heterogeneous Phantom.” MIRD Pamphlet No. S,
Suppl. No. 3.J. Nucl. Med. 10, 7 (1969).

'7M. M. Nold. R. L. Hayes. and C. L. Comar. Health Phys. 4,
86 (1960).
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Where the mass absorption coefficient varies slowly
(e.g.. 0.1—4 MeV) the D,(V) decreases as photon energy
decreases. but at still lower energies the increase in the
mass absorption coefficient causes D,( V) to increase for
small values of V; but for large V. attenuation pre-
domunates and D,(V) continues to decrease, although
not regularly, as energy decreases. Also, the numerical
vailues obtained by the Monte Carlo calculation are
listed in Table 19.1 together with the coefficient of
variation of each estimate, that is, coV = 100 (standard
deviation)/estimate.

The data in Figs. 19.12a,b suggest a multiexponential
torm for D,(1). A two-exponential formula,

DAV) ~age ™V +pe V| (7

has been found to fit the data with sufficient accuracy
for practical purposes. The valués of the parameters do
change with photon energy sufficiently that no single
formula applicable for the entire energy range is
practical. The errors are not significantly less for a
three-exponential form than for formula (7). The values
of @ b, A, and u and the maximum percent deviation of
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the formula from the estimated value of D (V) are given
in Table 19.2. An average percent deviation and a
maximum deviation are also given for each energy.

The development of formula (7) is due to P. Brindza,
ORAU summer student from Marquette University on
assignment to the Health Physics Division.

APPLICATION OF BERMAN'S TEN-COMPARTMENT
MODEL FOR HUMAN IODINE METABOLISM TO
ESTIMATION OF MICROCURIE-DAYS
RESIDENCE OF '2°], 1241, 125, 126],

AND 131 1

S. R. Bernard

A computer code for solving systems of linear
differential equations (written by J. A. Carpenter,
ORNL Mathematics Division) was employed to obtain
the equations for retention and the residence times in
the ten compartments of the model for iodine kinetics
proposed by Berman.' ®

'8M. Berman, J. Clin. Endocrinol. Metab. 28. 1 (1968).
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This model proposed by Berman is shown in Fig.
19.13. In all. 12 compartments, ten of them “body™
compartments and two excretion compartments. are
implied. The rtwo excretion compartments are
numbered O and 6. Note that there are six com-
partments (2, 5, 12, 13, 10, and 1) representing the
thvroid. The remaining compartments (I, 8, 9, and 4)

210

are not given a clearly defined anatomical location. In
this report we take these compartments (1. 4. 8, and 9)
as total-body (TB) compartments, while compartments
2.5, 10, 11, 12, and 13 are taken as thvroid (T)
compartments. We have computed microcurie-days
residence at 50 vears for each of the compariments of

Berman's model except those tor excrenon. The sum of

Table 19.2. Parameter Values l'or,Dose to Bladder Wall:
DN = ge =MV + pe=HV (rads/photon)

E (MeV) 2 A

Dewviation of Funcuon

M and Data (%)
Average Maximum
x 107" x107"?
0.0l 0.126 0.00168  3.474 0.0953 2251 +4.8
0.015 0479 0.00252  4.311 0.0631 £4.28 +8.9
0.02 0.872 0.00292  5.301 0.0507 +4.44 +8.7
0.03 0.977 0.00248  4.162 0.0388 +3,83 +10.7
005  0.807  0.00218 2172 00390 =365 8.6 w
0.1 0.766 0.00195 2022 0.0378 +2.30 -54 =
0.2 1.311 0.00187  4.124 0.0344 +4,04 +9.0
0.5 3.284 0.00192 10.471 0.0342 £3.66 -78
16 6.137 0.00213 19.916 0.0349 +2.56 -46
1.3 8274 0.00199 28.293 0.0377 -3.03 ~6.0
2.0 10.587 0.00198 34723 0.0414 22.04 4.6
4.0 19.086 0.00235  53.210 0.0380 £5.08 -10.9
ORNL-DWG 69 -10097
o 7T7@YFRO!D>77< o o i
oLics RAPID_PHASE STORAGE PMASE =
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\ .
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Fig. 19.13. Berman's Compartment Model for lodine Metabolism.
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the residence times for these compartments present in
the thvroid (here designated by T) and the sum of the
extrathvroidal compartments (here designated by TB)
are given.

The equations tor the amounts of iodine present in
each compartment of the model, wnitten in matrix
notation, are

Yty = —A Y(1). (n

Here 1{r) is a column vecror of ten elements v A {j =
1. .... 10) corresponding to the amount of iodine in the
jth compartment ar time r; Y(t) is the derivative of the
column vector ¥{r): A= (X ) is a 10 by 10 matrix of
transter coetficients Ay U, k=1....10). and the values
for a normal man have been specified bv Berman. We
do not list these here. They mav be tound in ret. [ 8. We
do list the solution vectors we have obtained in our
application of the computer code. It is unfortunate that
these cannot be compared with those ot Berman. In
Table 19.3 are listed the eigenvalues corresponding to
metabolism of stable iodine. Note these are generaily
complex numbers.

In order to explain the solutions which tollow we
have 10 discuss the solution of the differential equations
{1). The computer is instructed to diagonalize the
matrix A, that is. find P and D, where

A=P7'DP (2)

and where Pis the matrix whose column vectors are left
cigenvectors and D is a diagonal matrix whose diagonal
elements are the eigenvalues and 27" is just the inverse
of P or the matrix of right eigenvectors. Now the
solution can be shown to be

Y()=(P e 2Py Y(0) (3)
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where

ePr=1 0 e 200 (4)

and d; is the eigenvalue. Here Y(0) is the column vector
of initial values. Now consider the special case where
Y(0) represents a vector with ail elements equal to 0
except the first, that is. unit amount is present in
compartment | at ume r = 0. {t is seen trom Eq. (3)
that the elements of the vector Y{(t), that is, the
solutions for the amounts present in the various
compartments, are linear combinations of the exponen-
tials e "9 (j = 1. ..., n). If a vector E is defined to have
its jth element equal to ¢ 4i* and if a diagonal matrix B
is defined by b;; = p;,, then

Y(Hy=P ' BE =CE,

where C=P'B.

Let R(C) and /(C) be matrices formed of the real and
imaginary parts of C and similarly let R(E) and /(E) be
the vectors composed of the real and imaginary parts of
E. Then the R[Y(r)], the real part of Y(¢), is given by

R(Y(t)] = RIOYR(E) = HOY IE) . (5)

Since /{Y(0)] = 0 and the differential equation is linear,
this implies that Y(r) = R{Y(2)]. In Table 19.4 the
elements of R(C) and AC) are displayed. In our
notation £ is the vector with jth component e it =
e "R@DT[0g {(—d)t + 1 sin [(—d;)r]. Explicit solutions

Table 19.3. Eigenvalues of the 10 X 10 Matrix of A;, for Stable lodine

Compartment No. Compartment No.

( This Paper) (Berman'’s Paper) Ridp) Iidp RIEpD [(El)

1 i +0).588 0.0 ¢—0.588¢ 0

) 2 +0.134 0.0 e—0.134r 0

3 1 +0.00720 0.0 2—0.00720¢ 0

4 5 +1.71 0.0 e LTIt 0

5 8 +1.82 0.0 e—1.822 0

6 9 +2.43 0.0 e o432 0

7 10 +2.88 —.585 e—2-881 005 0,585¢ ¢—2-887 5in 0.585¢
8 11 +2.88 +0.585 e~ 2-881 006 0.585¢ _e—2-88 i 0.585¢
9 12 +3.47 -0.307 e 347 05 0.3071 —e— 347 0 0.307r
10 13 +3.47 +0.307 e~ 3471 195 0.307¢ e~ 3471 Gin 0.307¢

F147954
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for the retention function Y(r) for the jth com- »
partment are displayed below. Yelt) =0.351 X 107™1e=0-5881+0.285 X 1077 ¢=0-1341

+(0.798 X 10 3e~0.00720 4+ 3 17 X 10%—1.71¢
— 0185 X 10'e— 1820+ (0,199 X Q' e—2-35¢

~0.494 X 10%—2-882 ¢5 0.585¢
Y (1=0.220% 1072e ™ 583~ 0.263 X 0 2 01341

£ 0.941 X 10_36_0.00720r B 0178)( 1008—1'711 -0.816 X 1008—3'47’ cos 0.307r
5 ) 0,—2.887 ; 3
-0.394 % 10% 288 c05 0.585¢ T LITEX A0 sin 0.385¢
£ 0.380 X 10% 3477 cos 0.307¢ T0.356 X 10%€7 347" 5in 0.307r . - (6/)

+0.488 X 107 e 288 5in 0.585¢
+1.330X 1072e7 374 5in 0.307¢ . {6a) ¥.(6) = 0.254 X 1072e=0-5881 _ (105 X 10 3¢=0.1347

Yiry=0.215X 10722705880 _ 0 178 X 107201347 +0.203 X 1077¢70.007200 40,259 X 10%e~1-71¢

+(0.387 X 107 2e—0.007200 + () 185 X 10V e—1.711
0124 X 10'e0-820 _ 0171 X 10%e 3351

- 0.242 X 10%~2-887 c0s5 0.585¢

~1.970% 107 e=3-477 c0s 0.307¢

—0.251 X 10%e~1-820 40,199 X 10' e~ 2351
— 0.494 X 10°e~2-88% 05 0.585¢
~0.816 X 10%e~3-471 ¢05 0.307¢
~0.882 X 10%e~2-882 5in 0.585¢

498 X 10~ e-2-88¢ sin 0.585¢ ~0.476 X 10%e~3-47% 5in 0.307r . {6g)
- 1.830X 107%e=3-47%5in 0.307¢ . (65) .
Yo(t) = —0.132X 1071e=0-5887 + 0,255 X 1077~ 0-134¢
Ya(r) = —0.154 X 1073~ 0-5881 0751 X 107 2p—0-134¢ +0.313 X 10%e-0.007201 _ 5 458 X 10%e~ .71
+0.127 X 107'e=0-007207 _ () 149 X 10'e=1-71f +0.416 X 10%e- 1320 +0.765 X 10%e~2-45!
+0.219 X 10te—1-827 0,173 X 10" e~ 235! ~0.778 X 10'e—2-887 ¢05 0.585¢
+0.520X 10%°e—2-887 c05 0.585¢ ~ 0.648 X 10%e=3-471 c0s 0.307¢
+0.504 X 10%¢—3-471 cos 0.307¢ +0.908 X 10%e—2-83¢ 5in 0.5851
—~0.744 X 10° ¢~ 2-88/5in 0.585¢ +0.356 X 10%e—3-*7! sin 0.307:. {6h)
_1.672 X 107 e 347 5in 0.3071 (6¢)

Yo(r) =0.167 X 1072e-0-588 _ 0975 X [07%e=0-13%¢
+0.295 X 1073¢-0-007201 + 0,497 X 10'e~ 171!
—0.402X 10%—1-711 — 0,237 X 10'e-1-827
+0.202X 10" e—2-887 c0s 0.585¢
~0.594 X 10%e~3-47¢ cos 0.307¢
+0.296 X 10' e~ 2-887 5in 0.585¢
—0.278 X 10' e~ 347 5in 0.307¢. (6i)

Ya(£)=0.134 X 1072 0-5880 _ 0932 X 1073~ 0-134¢
+0.294 X 1073¢-0-007207 + 3214 X 10'e 171!
_0.158 X 10'e—1-82F —0.450 X 10%e— 2251
~ 0494 X 10%°e~2-887 c0s 0.585¢
+0.504 X 10%—3-47% cos 0.307¢
+0.514 X 10%e~2-88f 5in 0.585¢
+0.380 X 10%e~3-477 5in 0.307¢ . (6d)

Ye(r) =0.932X 10727 0-5880 + 0.116 X 1074 e-0-134¢
+0.271 X 1072¢-0.007201 _ (309 X 10% ~'-71f
+0.270 X 10%e— 1821 4+ 0.466 X 10%e—2:35¢
—0.352X 107" e—2-881 c05 0.585¢
- 0.404 X 10%e—3-471 cos 0.307¢
+0.570 X 10%e—2-887 in 0.585¢
+0.226 X 10%e~3-47F 5in 0.307¢ . (6€)

Y, 0(0) =0.207 X 1072e—0.588r _ 0,102 X 107 3e-0.134r
+0.296 X 1073¢—0.007201 + .15 X 10%e~ 171!
—0.102 X 1Q%e— 1827 _ (125 X [Q?e— 2457
+0.832X 10'e—2-88! ¢050.585¢
~0.542 X 10'e—3-471 ¢05 0.307¢
~0.682 X 10'e—2-88f5in 0.585¢
+1.416 X 10'e—3-4715in 0.307r. (6f)
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Table 19.7. Microcurie-Days at 50 Years for
2327Th, 22¥Ra-228 Ac, 229Th, and 2?*Ra Chain in
Man for Cases of No Recycling, 20% Recycling
to Blood of the Two Ra Daughters. and
100% Recycling

Microcurie-Days at 50 Years

Radionuclide Compartment 0cr 20% 100%
Recycling Recycling Recycling
337y Blood 1.267x 100 1.267x 10° 1.267 x 10"
Bone.long term  1.014 x 10°  1.014 x 10° 1.014 x 10%
Bone. short term  1.425 x 10° (425 x 10°  1.425 x 10°
Soft tissues 6.229 X 10°  6.229x 10°  6.229 x 102
228R4.2284:  Blood 3.642% 100 5406 x 101 1.195 x 102
Bone, long term  6.962 X 107 5513 x 10°  1.331 x 102
Bone. short term  1.382x 10°  1.148 x 10' 2,792 x 10’
Soft tissues 6.085x 10" 5.086 x 10" 1.375 x 10
228y Blood 1.699 x 10°  1.487x 10° 1.362x 10°
Bone, long term 6.433x 10> 5.104 x 10> 8.609 x 10!
Bone. short term  1.732x 10° 1497 x 10>  1.043 x 10?
Soft tissues 7569 x 10'  6.551x 10" 4.550 x 10’
2% Blood 7487 x 10°  8.998 x 10°  2.006 x 10°
Bone. long term  6.416 X 10°  4.080 x 10° 5531 x 107}
Bone. short term  1.702 x 10°  1.218 x 10> 8.825 x 10~
Soft tissues 7441 % 100 5.353x 100 4346 x 107!

recvcling is assumed. The reason for this is that the
shortest half-life for radium in blood is 20 days (see
ORNL-4446, Tables 24.5 and 24.6). and hence ***Ra
with its 3.6-day half-life undergoes decay in the blood
before reentering bone. This is the price one pays tor
approximating the power function with a sum of only
three exponentials. Further study ot this problem is
indicated.

SCATTERED ENERGY SPECTRUM FOR A
MONOENERGETIC GAMMA EMITTER
UNIFORMLY DISTRIBUTED IN AN
INFINITE CLOUD

L. T. Dillman®'

Introduction

A basic problem in assessing the radiation dose
received by various parts of the human body due to an
external source of radiation distributed in a cloud is
first of all to determine the spectrum of radiations
incident upon the bodv. It is obvious that for a
monoenergetic gamma emitter uniformiy distributed in
an infinite cloud there will be a continuous spectrum of

2! Consuitant to ORNL from Ohio Wesleyan University.
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scattered photons ranging in energy up to that of the
initial photon. This spectrum results from Compton
events in the scattering medium and also from the
annihilation photons associated with pair production
when this process is energetically possible. [n addition,
there will be a continuous spectrum of scattered
electrons as a result of the photoelectric. Compton, and
pair production events. For the case of an infinite
unbounded medium it is clear from symmetry that
there will be no angular dependence of the scattered
photon and electron spectra but only energy de-
pendence. This fact considerably reduces the com-
plexity of the analysis of the problem, but a residual
core of moderately complex equations remains. This
report discusses analytic procedures which may be used
to determine the scattered photon and electron spectra
for the case of a monoenergetic gamma emitter uni-
formly distributed in an infinite unbounded cloud of
air.

Several calculations of scattered photon spectra
similar to those reported here have been made pre-
viously for the case of a water medium,?? but the

22y. Fano. L. V. Spencer, and M. J. Berger, “‘Penetration and
Diffusion of X-Rays.” Handbuch Der Physik, S. Flugge, ed., vol.
XXXVIIL/2, pp. 660817, Springer-Verlag, 1959.
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Table 19.6. Comparison of Microcurie-Days Residence at 50 Years in Thyroid (T} Compartments and
Total Body (TB) Compartments from Berman's Model and Riggs’ Model

123 124 125 126 131
Lumped { 1 [ ! [

Compartment Berman Riggs Berman riggs Berman Riggs Berman Riggs Berman Riggs
T 0.181 0.184 1.74 179 16.7 18.0 315 5.30 329 3.39
TB 0.240 0.277 n.387 0416 1.19 2.60 0.596 1.786 0.471 1.567

formed by decay of the thorium parent was cycled to
biood. where it was eliminated as would be the case
with freshly injected radium. We tested these models
against data of Stover er al.*° on retention of ***Th
and “?*Ra in beagle dogs. They defined the fraction of
radium daughter undergoing translocation in the body
by

1 — (***Ra/**8Th) body
0.3

Frlr)=

and reported that F(f) decreased with time after
injection (see Fig. 19.14). The fraction Fj(s) was
computed for the extreme cases of no recycling and tor
100% recycling of the * ** Ra daughter using parameters
appropriate for the beagle dog (see ORNL-4446), and
results are plotted in Fig. 19.14. As can be seen the
assumption of 0% recycling produces a lower estimate
of F(¢) than the data of Stover er al. This lower FA1)
would correspond to higher esumates of dose com-
mitment than the other case.

In this report we have made additional calculations
corresponding to the cases ot 50% recvcling and 20%
recycling, and the results are also plotted in Fig. 19.14.
Here it can be seen that the case ot 20% recycling of
***Ra daughter corresponds to an £ () which more
closely agrees with the experimental findings than the
other cases shown in the figure. The case of 50%
recycling overshoots the data at all times. Since the
agreement with the dog data is better when 0%
recycling is assumed, we shall assume in the following
that this fraction also applies to man and compute
corresponding estimates of microcurie-days residence in
the various compartments ot the mammillarv model. In
order to estimate microcurie-days residence in man, we
use the data for the mammillary model given in the
previous report. There we showed how to operate on
total-body-retention equations to estimate parameters
tor the mammillary model. We only present here the

208 1. Stover et al, “The *2®Th Decay Series in Adut
Beagles: 224R,, 12ph, and *'2?Bi in Blood and Excretion.”
Radiation Res. 26,226 (1965).
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final results in microcurie-days residence employing the
parameters derived betore for man.

Table 19.7 presents estimates ol microcurie-days
residence for 2*2Th, **®*Ra-***Ac. ***Th.and ***Ra
following entry of **2Th to blood. For comparison.
estimates of microcurie-davs residence are given using
these assumptions: 0% recvcling ot all daughters, 20%
recycling ot the two radium daughters. and 100%
recvcling of all daughters. As can be noted. the
long-term bone compartment has the highest micro-
curie-days, and the estimates of residence using 20%
recycling of radium daughters is not much different
than that using 0% recvcling. Also. it can be noted that
in the case of 100% recvcling of all daughters the
residence in blood is higher than it is in the other cases.
Note too the microcurie-davs residence in blood of
129Ra is higher than the residence in bone when 100%

ORNL-DWG 63-8897R
0.8
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Fig. 19.14. Stover er al. Estimate of Fraction of ***Ra
Formed in the Dog Which Translocates Compared with
Estimates Made with Model in Text.



[t will be noted in Table 19.4 that certain elements of
the matrix C are exceedingly small. less than 107'°.
and these have been interpreted to be 0. These occur in
the imaginary parts of columns 1 through 6. Also,
column 7 is the negative of column 3, and similarly tor
columns 9 and 10. It s also noted that only three digits
have been used in the solutions Y (), .Y, o(0). If
additional digits (accuracy) are needed. then these can
be obtained trom Table 19.4.

The microcurie-davs residence at SO years were also
computed in each of the ten compartments for injec-
tion of 1 uCiof 230 2L "2 "% and '*'linto
compartment | and appear in Table 19.5. We mention
that the correspondence between rows of the vector
and Berman's compartment system is as follows:

Berman's
Row No.
Compartment No.
1 1
2 2
3 4
4 3
3 8
6 9
7 10
8 11
9 12
10 13

Now the microcurie-days residence in the T and TB
compartments mentioned earlier for each of these
isotopes are shown in Table 19.6. Also shown are the
estimates obtained by Snvder and Ford (unpublished
data) in application of Riggs three-compartment
(Pharmacol. Rev. 4, 284, 1952) model as studied by
Snyder, Fisher, and Boyd (ORNL-4007, p. 228). Here
the inorganic and organic compartments are combined

Table 19.5. Microcurie-Days Residence at 50 Years in Each Compartment for
Different Radionuciides per Microcurie Administered
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into the TB compartment. The point to note in this
table is that there is onlv a slight difference in the
microcurie-davs residence given bv either model. {t is
seen that the two models vield about the same
residence times for these two compartments, nameiv.
thvroid and total body. but in one case differ by a
factor of about 2. This suggests that the three-
compartment model of Riggs might be adequate for
internal dose estimation for various isotopes of iodine
injected into man.

APPLICATION OF A MAMMILLARY
COMPARTMENT MODEL TO ESTIMATION
OF MICROCURIE-DAYS RESIDENCE OF
*32Th, 228Ra.**® Ac, 2?Th, AND 22*Ra IN MAN

S.R.Bernard  C. F. Holoway

In a previous annual report'® a mammillary model
tor distribution of thorium and radium in organs and

tissues of man was presented. and the residence times-

for 22?Th and *?®Ra were estimated with this model.
Two sets of residence nmes were computed. One
calculation corresponded to the assumption of no
recvcling of radium daughter born in each of the
compartments by decay of the thorium pareni. Thus
the radium daughter was assumed to be eliminated only
by radioactive decay in situ. Another estimate of
residence times was computed by the use of the other
extreme assumption: namelv. all of the radium daughter

'9S. R. Bernard and C. F. Holoway, “Application of a
Mammillary Compartment Model to the Estimation of Micro-
curie-Days Residence of 232Th Parent and *?®Ra Daughter in
Man.” Health Phys. Div. Ann. Progr. Rept. July 31, 1969,
ORNL-4446, p. 285,

Compartment Microcurie-Days Residence for Isotope —

No. 123[ 124l lZSl lZGI 1311
! 0.236 x 10° 0.323 x 10° 0.383 x 10° 0.345 x 10° 0.336 x 10°
2 0.827 x 107" 0.182 x 10° 0.237 x 10° 0.207 x 10° 0.198 x 10°
3 0.125x 1072 0407x 107" 0.614 x 10° 0.162 x 10° 0.933x 10!
4 0.292x 10~ 0.863 x 10~ 0.118 x 10° 0.102 x 10° 0.863 x 107
5 0.152% 1072 0.173x 107 0.148 x 10° 0478 x 107" 0.314x 107}
6 0.863 x 1073 0.607 x 107° 0.444 x 107" 0.150x 107" 0.102x 107"
7 0.102 x 10~} 0.726 x 107" 0.115 x 10° 0.955 x 10° 0.873 x 107
8 0.242%x 107! 0.124 x 10 0.160 X 10° 0.455 x 10’ 0.273 x 10}
9 0.206 x 107! 0.818 X 10" 0.117 x 10° 0.100 x 10° 0.936 x 107
10 0.145 x 107! 0.775 x 107! 0.117 % 10° 0984 x 107" 0910%x 107
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technique emploved was numerical solution of the
moment equations rather than direct numerical integra-
rion of the integral equation, which is discussed in this
report. Calculations ot the scattered electron spectrum
have not been reported previousiv in the literature.

Calculation of the Differentiail Photon
and Electron Density Functions

The principal mathematical svmbols used in this
report are defined below.

E4 = energy of initial photons in MeV.
HEY = differential photon density at energy
E' (photons per initial photon per
unit energy interval},
wy = En/moc’ . the initial photon energy
in terms of rest-mass energy units,
K \E'. EYdE = probability that a photon of energy £
will give rise to a Compton-scattered

photon in the range of energy be-
tween £ and £ + dE .

KE'. EYdE = probability that a photon of energy
E will give rise to a Compton-
scattered elecrron in the range of
energy between £’ and £ + dE’.

P(E’. E) dE = probability that a photon of energy
£ will give rise to a pair-production
electron or positron in the range of
energy between £ and £ + dE’.

r(E) = photoelectric cross section at energy
E,

a(£) = Compron cross section at energy £,

K{E) = pair-production cross section at en-

ergy E,
MEY=T1(E) + o(E) + k(F) = total cross
section at energy £,

g(£) = differential  electron  density  at
energy £ (electrons per initial
photon per unit energy interval),
a=E/mc*. the energy £ in terms of
rest-mass energy units.

With these definitions the function f{E’) is determined
from

HE) <K& En)+ [

E
° HE) KP(E. EVYdE. (1)

The first term on the right-hand side ot Eq. (1) is the
contribution to f{E) due to the initial photons, and the

(147960

second term s the conurbuton to HE) tfrom the
scattered radiation ot energy higher than £. The
integral in the second term s required since all radiation
ot energy higher than £ has a tinite probability of
scattering with a resultant scattered photon energy of
E . Of course. the Compton scattering equations imply
that l\'p(E, Ey =0 E < EXxl + 2a), and this
Jiscontinuity must be taken into account.

In this integral equation for AE’). which is ot the
Volterra type. tunction K:,lE', EY for an air medium.
using MeV as the energy unit and all cross sections in
cm®/g. is given by

K E. E)

l’ Cooatxrl
=0.0755829 11 +(] —x) + —_ . (D)
\ | +ax | af WE)

where

tor

E<

1+ 2a

The integral equation has been solved numerically using
an iterative technique. This iterative technique makes
use of the fact that the solution is given exactly by
Kp(Eo. Eo) when E = E. One uses this result as a trial
solution at £’ slightly less than £, and performs the
integration ot the second term on the right-hand side to
obtain a better approximation to the solution. This
second approximation is then used in the integral on
the right-hand side to obtain a still better approxima-
tion to the solution, etc.. until the iterative procedure is
terminated when the change in the iterated solution is
less than 0.1% from the previous iteration. By this
process one can work graduaily downward in energy to
obtain fIE) at all desired energies.

[n the computer implementation of Eq. (1), AE") was
determined for 100 uniformly spaced energy incre-
ments between zero energy and the initial photon



energy, £,. The numerical integration of the second
term on the right-hand side of Eq. (1) was performed
bv quadrature using Simpson's ruie, and the integration
was terminated when the approximation to the integral
changed by iess than 0.1% :n consecutive quadratures.

AE)
= {1 { E
g‘{E) ](E)H(E)+Ae(g' o)
.
. jE' * REVK (E. EVAE SNEY

o
+2PE. Eg) + j; . AE) P(E", E) dE] .

+2mge

The first term on the right-hand side ot Eq. (3) is due to
photoelectric absorption of photons of energy £, the
second term is due 1o Compton scattering of the initial
photons which give rise to electrons of energy £, the
third term is due to scattered photons which give rise to
electrons of energy £'. and the fourth and last term is
due to pair-production events which give rise to
electrons of energy £ . The factor of 2 in the fourth
term is present because a positron and an electron are
created with each pair-production event, and statis-
ticallv over many such events the number of positrons
of energy £ is the same as the number of electrons of
energy £°. The fourth term has been separated into two
parts, the first term being the contribution due to the
initial photons and the second term being due to the
scattered photons.

tn Eq. (3) the function K (£'. £) for an air medium,
using MeV as the energy unit and all cross sections in
cm®/g. is given by

KAE . B

r a*x? 1
=0.0755829 {L+(l —x)* + , (4
11_ { x) T+ ox | oF uB) (4)

where

for

and

K E.EY=0.0

3

+
[N
=3
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Similarly the function AE", £) is given by
PE, EY=0.0012925TZ(1 — QYK(EMWE) . (5)
where O = 0.135(T — 0.52Z(1 — Z*). with the
restriction that Q is set equal to zero it this expression

for Q is negative, and where

Z=2x(l —x)]l/2

where
£
YTE T omger
and
e P? j_‘__f_/:} mic*Ey, mic B
E 3P P P?
mn(Eh EER P 2
- m0(,‘2 P 3P2
_micE, (méc“e +§_,i\ 1
2N Vi
where

<Eh +P>
€ =in = |
Mmyc

P=(EL - mic2

In addition to the above expressions for E) and
g(E’) the probability of obtaining annihilation radiation
per initial photon. 2, is

K(E,) %o KEY
+ 2 E) = dE . (6)

[u{fo) fzmow 0B |
where the integral is, of course, zero if £, < 2mge?.

The probability of obtaining photoelectrons of energy
equal to the initial photon energy, P,. is

T(Eo)
P, = .
¢ WEgy)
The probability of obtaining photoelectrons of energy

gqual to the ar - hilation radiation energy, P, is

P =

a

19

(7)

P

ae ~

T _) 8)
)

2 utmyg.

These equations have been applied to find the
differential photon and electron densities for a source

¥
3
{
]
:)




of monoenergetic photons unitormiy distributed in an
intinite homogeneous cloud ot air. The generated table
‘of terms of f{£”) as a function of £ from Eq. (1) is used
1o evatuate g(£). The integrals on the right-hand side of
Egs. (1), 13), and (6) must. in generai. be evaiuated by
Jividing the range of the integration into several smaller
subranges of integration because ot discontinuities in
the functions AE). KU(E. EY.and KAE. E). For
exampie. f(£) is disconunuous at £ = £i(1 + lag),
K,(E. E) is discontinuous at £ = £/(1 + 2a). and
K E. E) is discontinuous at £ = laf/(1 + la). The
cross sections used in this work were computed from
theoretical expressions given in Chap. 2 ot Alpha-, Beta-
and Gamma-Ray Spectroscopy.”? but interpolation
from National Bureau of Standards or comparable
rables=#-25 would work equally well and prowide
greater speed.

Calculation of the Photon and
Electron Fluxes

The equations discussed above may in turn be used to
find the photon and electron fluxes which pass through
any given cross-sectional area of the intinite cloud.
Consider the volume element of the cloud. r* dr sin ¢
d§. which is illustrated in Fig. 19.15. The number of
disintegrations per second in this volume element, d¥,
is 3.7 X 10 Co dV. where dV = cm’. 3.7 X 10* =dis
sec™t pCi™'. € = uCi per gram of air. and p = the
density of air = 1.2929 X 107 g/em’. Thus disintegra-
tions per second in volume dV = 47.84C JV. Now the
wolid angle subtended bv an intinitesimal area dA4 as
shown, tor a pointat dV'is

g =24t
JE:
and so the fraction of radiations emitted from dJV
which start out in a direction such that they would pass
through dA4 if undetlected or unabsorbed is

dA cos 8

fraction = 3

d4nr
But the probability that the gamma rays survived to
distance r is e 7, where u is the linear absorption
coetficient. Thus the number of gamma rays from

volume element dV which pass through d4 per second
s

17.84CdV FdA cos B e #

477’.2
_3.807CF cos 6 dA dV e~ wr

>
PA

r

(1479472

N TRNL—-DWG 70-10368

Fig. 19.15. Illustration of Geometric Parameters Invoived in
the Calculation of the Photon Flux.

where F is the number of initial gamma rays per
disintegration. Integrating over the half space which can
contribute to photons passing through dA in one
direction (i.e.. integrating over the ranges 0 < ¢ < 27,0
<O <72 and O <r < °°), we have

initial photons per second passing through dA in one
sense

2n 7/2 =
=3.807CFdAf dof cosOsin8dd [ e-wrar
[s] 0 4]
11.96CF
=2 g,
I

Thus the number of initial photons per second per
square centimeter of area is obtained by dividing this
result by dA4 ; so we have

o LL9SCF

initial photons sec™ cm {9
P WE)

Since we are dealing with an intinite medium, there
are scattered photons associated with each initial
photon, Let A£) represent the number of scattered

23C. M. Davisson. “Interaction of Gamma Radiation with
Matter,” Alpha-, Beta- and Gamma-Ray Spectroscopy, K.
Siegbahn, ed., chap. 2. North-Holland. Amsterdam, 1966.

2%G. W. Grodstein, “X-Ray Attenuation Coetficients for 10
keV to 100 MeV.' NBS Circuiar 583, 1957. and R. T.
McGinnis. Supplement to NBS Circular 583, 1959.

253 H. Hubbell. “Photon Cross Sections, Attenuation Coef-
ficients. and Energy Absorption Coetficients from 10 keV to
100 GeV.” NSRDS-NBS 29, 1969.



photons per initial photon per MeV at energy £ [see
Eq. (1)]. Then the number of scattered photons sec !
cm ? MeV ™! at energy £ is

scattered photons sec ' cm ™ MeV™!

_11.96CF fE)

WEy (1o
. In Egs. (9) and (10), @£} = linear absorption coef-
ficient in cm ™' rather than in cm? /g as used previously.
In addition, if the initial photon energy is above 2mgc?.
pair production will give rise to annihilation quanta. Let
P, be the probability of obtaining annihilation radiation
per initial photon {see Eq. (6)]. Then the number of
annihilation photons sec™ cm™* will be given by

, L11.96CFP
annihilation photons sec ™' cm ™ = ———7 (11)

p(mec?
Next we shall calculate the number of electrons sec ™
cm > MeV ™' which cross a unit cross-sectional area in
one sense in the medium of air. The number of
disintegrations per second per cubic centimeter of air is
3.7 X 10* pC = 47.84C. where the units are as given
previously. Thus the number of electrons per unit
volume per second associated with a particular gamma
ray and of energy equal to that of the gamma ray is

initial photoelectrons sec™ cm ™ =47.84CFP, ,

where F is the number of gamma rays per disintegration
and P,is the probability of obtaining photoelectrons of
the energy equal to the initial photon energy as given
by Eqg. (7). Consider a volume of cross-sectional area 4
and thickness dr. The number of initial photoelectrons
emitted per second by such a volume is 47.84CFP A dr.
Now dE = S(E) dr, where S(E) is the stopping power:
that is, S(E) = dE/dr by definition. Hence the number
ot initial photoelectrons emitted per second by such a
volume may be written as 47 .84CFP,4 dE/S(E).

Half of these photoelectrons will pass through one
surface of area A and the other half through the other
surface. The number of photoelectrons which pass
through surface A in one sense per second is
23.92CFP,A dE/S(E). The number of initial photo-
electrons per square centimeter per MeV is simply
obtained by dividing this result by 4 dE. Letting N(E)p
represent the number of initial photoelectrons per
square centimeter per MeV in one sense we have

n
MEY, = 23.92CFP,

SE) (12)
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Because of scattering there will be a continuous
distribution of Compton-scattered electrons and photo-
electrons of energy lower than the initial gamma-ray
energy. Now g(£') in Eq. (3) represents the number of
such electrons per initial photon per MeV. Any such
electrons which initially start out with an energy greater
than £ will pass through energy £ in the slowing-down
process and thus contribute to the tlux at energy £

Therefore the number of scattered electrons cm™
sec ™! MeV™'. ME),, is

23.92CF fEE o EVdE

M = S(E)

(13)

The total number of electrons cm™ sec™’ MeV ™',
ME), is thus

23.92CF
S(E)

This expression negiects the probability ot obtaining
photoelectrons of energy equal to the annihilation
radiation energy, P,,, which is negligible for air. To
include this effect in the above equation one would
merely add the term P,, to the two terms in the
brackets.

In Eqgs. (12), (13), and (14), S(E) is in units of
MeV/cm. S(E) was determined from the relativistic
Bethe-Block equation.?®

E
ME) = [Pe+j;_ “HEVIE] . (14)

Discussion of the Results

The calculated photon and electron fluxes for initial
photon energies of 0.1. 0.5, and 4.0 MeV are shown in
Figs. 19.16, 19.17, and 19.18 respectively. The results
are for a source intensity of | uCi per gram of air and
assuming | photon per disintegration. The dis-
continuities in the photon flux curves occur at an
energy corresponding to the fact that there is a
minimum energy of the scattered photon equal to
Fo/{l + 2a4) when the initial photon scatters. The
discontinuity in the case of the 0.1-MeV initial energy
photon curve is sufficiently severe that a small bump in
the curve occurs at an energy value of approximately
E/l + 2a), where £ = E4/(1 + 2a0). This is precisely
what one would expect.

The discontinuities in the siope of the electron flux
curves occur at an energy complementary to that of the

26G. Knop and W. Paul. “Interaction of Electrons and Alphs
Particles with Matter,” Alpha-, Beta- and Gamma-Ray Spec-
rroscopy, K. Siegbahn, ed.. chap. 1, p. 12, North-Holiand,
Amsterdam. 1966.
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the Cloud. Source intensity is | uCi per gram of air.

photon flux discontinuity, namely, at an energy value
of Eq - E5/t1 + 2ap).

The curves illustrated have been tested in several
wavs. The energy integral ot the function gt£) de-
rermined by Eq. (3) plus the energy associated with
initial photoelectrons should equal the initial photon
energy, since all of the photon energy is eventually
detivered to electrons, The observed error increases
slowly as the initial photon energy increases and
amounts to 1.2% at 4.0 MeV, the highest energy used.
At 0.5 MeV the error is 0.3%. One expects the error 10
increase with increasing initial photon energy because
ot the rapid variation of g(£) at low energy values when
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the initial photon energy is high. The numerical
integration of the function g(£) over energy thus
becomes less accurate.

Another test of the accuracy ot the resuits presented
here has been to obtain the curves by an alternate
procedure.’” The alternate procedure is only expected
to be accurate at energies greater than approximately
20% of the initial photon energy. and the two methods
agree to better than 1% in this region.

*7L. T. Dillman, unpublished data. 1969.
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ORNL— DWG 70~ 1037 It is important to note that the photon fluxes
tott Lok illustrated in Figs. 19.16—19.18 are only for scattered
< — photons. In addition, there are initial photon fluxes of

6.098 X 10%. 1.055 X 10°, and 2.997 X 10° photons
em™ sec™t for the 0.1-, 0.5-. and 4.0-MeV initial
photon energy cases respectivelv. Furthermore, there is
an annihilation quanta flux of 1.500 X 10* photons
cm™? sec” in the case of the 4.0-MeV initial photon
energy case. where pair production is possible.

Work is presently in progress to apply these results to
immersion dose problems. The most obvious applica-
. tion is to program the Monte Carlo gamma-ray code
— N developed bv Snyder and Fisher?8:29 for a source
unitformiy distributed on the surface ot the phantom
they use to represent standard man. Then if one picks
initial photon energies according to the probability
distribution implied by the photon fluxes calculated in
this report and runs the Monte Carlo code for many

,k«*
o1
/

L ]
./{/
1Y)
' Mev !

KHJ’/

o
electrons ¢m

scotteced pholons cm © sec
o

PHOTONS photons, one may calculate the relative dose dis-
tribution to various organs of the body. A number of
modifications must be considered so that photon and -

‘ 2 electron fluxes associated with finite and bounded
i clouds may be determined.
Ty 410"
5 — 15
2BY. L. Fisher. Jr., and W. S. Snyder. Health Phys. Div. Ann.
Progr. Rept. July 31, 1966, ORNL-4007, p, 221.
2 b — 2 29Y. L. Fisher, Jr.. and W. S. Snyder. Heaith Phys. Div. Ann,
: Progr. Rept. July 31, 1967, ORNL-4168. p. 245,
102 10"
. 20 40 60 80 102

PERCENT OF iNITIAL PHOTON ENERGY (4.0 MeV)

Fig. 19.18. Photon and Electron Fluxes in an Infinite Cloud
of Air for a 4.0-MeV Photon Emitter Uniformiy Distributed in
the Cloud. Source intensity is 1 «Ci per gram of air.
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20. Stable Element Metabolism

ELEMENTAL INTAKE AND EXCRETION
IN LONG-TERM BALANCE STUDIES

Isabel H. Tipton'  Peggy L. Stewart!

This final year of the program for the study of trace
elements in normal human beings has been spent for the
most part in analyzing duplicates of the seif-chosen
daily diet and all excreta of a fourth adult male, subject
F. for the period November 6, 1967, to November 4,
1968. This material has been ashed, and values for the
concentrations of Cd, Ca, Mg, P, K, Na. and Zn have
heen determined by atomic ibsorption or flame pho-
tometry. Ashed samples have been excited in a dc arc,
and photographic records of spectra have been made.
Transmissions of appropriate lines of 16 elements (Al,
Ba, Be,B.Cr.Co,Cu,Fe, Mn, Mo, Ni, Sr, Sn. Ti, V, and
Zn) on the resulting films have been measured with a
densitometer. Unfortunately there has not been time to
convert these raw data into concentrations nor to
calculate the daily intake and excretion from the
concentrations already determined.

Descriptive statistics for a full year’s data for subject
E [see annual report 1969 (ORNL-4446)] have been
prepared, and multiple regressions of diets and feces
and diets and urine have been carried out [see annual
report 1968 (ORNL-4316)]. Table 20.1 includes the
mean daily elemental intake by ingestion and fecal and
urinary excretion and Table 20.2 gives the mean daily
gross dietary intake and gross fecal and urinary ex-
cretion.

Plots of daily intake and excretion (Fig. 20.1)
brought to light an interesting circumstance for this
subject. A marked elevation in the intake of mag-
nesium, which began on the 148th day ot the period
and continued for 14 days, was tollowed by a simular
elevation in fecal excretion on the 174th day which
lasted for 17 days.

Regressions were run on fecal excretion over a 4-day
period and intake over the same period. the previous
4-day period, 2 periods previous, and so on through 12
periods previous or covering a total of 48 days before

114179050
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excretion for the three subjects C, D. and E. For
subjects C and D no significant relation between fecal
excretion and intake by ingestion of magnesium was
hrought out by this statistical treatment. For subject E,
lhowever, this treatment indicated a high correlation
between the 4-day amount of magnesium excreted in
feces and the intake by ingestion during the two 4-day
periods that included the 29th to 36th days previous. In
fact, the multiple correlation coetficient R for this
subject was 0.91, indicating that 83% (R?®) of the
variability of magnesium in feces was due to the intake
29 to 36 days previously. The correlation coefficients
for the periods 29-32 and 33-36 days previous were
0.43 and 0.26. indicating that for this subject 69% of
magnesium ingested during an 8-day period was ex-
creted after an elapse of about 4 to 5 weeks.

GROSS COMPOSITION OF BONE AND CARTILAGE

[sabel H. Tipton!  Cyrus Feldman®
Mary Jane Cook

Samples of bone and cartilage, carefully collected by
Alfred P. Stoholski, M.D., or the New York Medical
Examiner’s office, were analyzed at ORNL, and the
results of the analyses were used to calculate the gross
composition shown in Table 20.3.

The same rib and vertebra and a portion from the
same region of costal cartilage, skull, and sternum were
taken at autopsy, placed in polyethylene bags, and
transported frozen to ORNL, where they were kept
frozen until analysis.

Specific gravity was determined by the method of
water displacement on thawed bone. Dry weight was
determined first after the sample had been in a
freeze-drying apparatus overnight at 50 u pressure and

1Depanmem of Physics. University of Tennessee.
? Analytical Chemistry Division.
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Table 20.1. Mean Daily Intake by ingestion and Fecal and Urinary Excretion

Subject E: October 5. 1964 —October 5, 1965 (365 days)

All values except ratio in milligrams per day

Excreta Balance (+95%
Diet, Feces, Urine. F ) Confidence Interval). Urine/Excreta
Element Mean (+S.E.) Mean (+S.E.) “ean (+S.E) Sum (.)t eces Difference. Diet Minus F
plus Urine (£S.E.) u
Excreta (£25.E)
Al 21(2) 13.(0.6) 16(0.03) 14(0.6) 7.44.2) 0.040
, Ba 1.0(0.1) 0.96(0.02) +,021(0.007 0.98(0.02) 0.02(0.13) 0.021
Be 0.043(0.003)  0.00034(0.0001)  0.00058(0.0003) 0.00092(0.0003) 0.042(0.006) 0.63
B 13.01) 0.30(0.606) 2.2(0.4) 2.5(0.4) 10.5(2)) 0.88
Ca 1100.(23.) 790.(17.) 230(5.1) 1000(18) 80.(60.) 0.23
Ccd 0.14(0.004) 0.047(0.001) 0.075(0.004) 0.12¢0.004) 0.02(0.01) 0.62
Cr 0.51¢0.07 0.12(0.001) 0.33(0.04) 0.45(0.04) 0.06(0.08) 0.62
Co 0.24(0.02) 0.047(0.003) 0.16(0.02) 0.21(0.02) 0.03(0.06) 0.76
Cu 4.1(0.2) 2.5(0.1) 0.031¢0.004) 2.8(0.08) 1.3(0.4) 0.011
Fe 25.(0.8) 18.(0.4) 1.6(0.13) 20(0.4) 5(2) 0.080
Mg 380.(19.) 320.(14)) 70.(2) 330(14) 50(50.) 0.21
Mn 7.9(0.8) 2.5(0.1) 0.006(0.002) 2.5(0.1) 5.4(2) 0.0024
Mo 0.11(0.01) 0.052(0.001) 0.053(0.015) 0.11(0.01) 0.0(0.03) 0.48
Ni 0.88(0.25) 0.29(0.0D 0.084(0.016) 0.37(0.02) 0.51(0.5) 0.23
P 1900.(32) 550.(14.) 1100.(25.) 1700(28) 200.(90) 0.65
N 3100(35.) 420(10) 2500(48.) 2900.(50) 200.(120) 0.86
Ag 0.095(0.008)  0.0037(0.0005) 0.010¢0.002) 0.014¢0.002) 0.081(0.02) 0.71
Na 4500.63.) 210.(7.) 4300.(71) 4500(72) 0(190) 0.96
Sr 2.2(0.1) 3.4(0.1H) 0.21¢(0.011) 3.6¢0.1) -1.4(0.4) 0,058
Sn 15(0.8) 2.7(0.1) 0.066(0.018) 2.8(0.1) 12.(2)) 0.024
Ti 0.18(0.02) 0.26(0.01) 0.14(0.01) 0.40(0.02) —0.22(0.06) 0.35
\% 0.071(0.004)  0.053(0.002) 0.010(0.001) 0.063(0.003) 0.01(0.02) 0.16
Zn 14.0(0.3) 15.0(0.4) 0.52(0.02) 16.0(0.4) 2.0(0.3) 0.032
Zr 0.045(0.004)  0.032(0.002) 0.058(0.019) 0.090(0.02) -0.045(0.04) 0.64
Table 20.2. Gross Daily Intake and Excretion (g/day)
Subject E: October 5, 1964—October 5, 1965
Mean : standard deviation
Total daily intake by ingestion 3200 ¢ 520
Water content 2700 + 580
Total daily fecal excretion 220+ 72
Total daily urinary excretion 1100 + 200
Table 20.3. Gross Composition of Bone and Cartilage
Number of subjects included in each determination indicated in parentheses
Tissue Water Ash Fat Protein Specific
(% +S.D) (% +S.D.) (% + S.D.) (% + S.D.) Gravity
Cartilage (costal) 54.7 1 6.2(4) 2.1:+0.2(4) 3.4:0914) 32,1 £3.3(4) 1.13 £ 0.001 (4)
Rib 259+108(4) 38.8:6.6(5 9.0+4.7(4) 22,6 £+ 6.9(4) 1.40 + 0.08 (4)
Skull 15.6 £ 6.8 (7) 502+54(7) 7.2+4.1(7 204 £ 3.8(7N 1.66 + 0.116 (T)
Sternum 46,4 = 8.2(8) 13.0 £ 2.7 (8) 10.1 + 3.0 (8) 27.4 £ 5.1(8) 1.14 + 0.028 (8)
Vertebra 453 +4.8(4) 17.2: 3.8(4) 222+294) 10.1 £ 2.0(4 1.17 £ 0.030 (4)
Rib plus vertebra 33.0(D) N.D. 10.8 24.1 1.25
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again after the freeze-dried sample had been in a drying
oven at 110° for 18 hr. The water content was
deteérmined on the basis of the weight after this final
drying, An aliquot of the freeze-dried material was
ashed ‘in a muffle furnace at 450°C, and the weight of
ash was related back to wet weight to determine ash
percent of wet weight.
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Each freeze-dried sample was finely divided in a
special apparatus. Aliquots of this mealy material were
taken for fat extraction by the Folch procedure [(/.
Biol. Chem. 226, 479-509 (1967)] and total nitrogen
determination by the Kjeldahi method. Total nitrogen

values were used in calculating the protein in ihe toial
sample.




Theses, Papers. Publications. and Lectures

Theses

A. J. Braundmeier, Jr1.
Plasmon Radiation from Electron Bombarded Aluminum Foils, ORNL-TM-2612 (December 1969).
A. J. Braundmeier. Jr.
Radiative Decay of Coulomb-Stimulated Plasmons in Al, Mg, and Be (in preparation).
Barbara Brooks
The Application of the Technique of Ellipsomerry in the Determination of the Optical Constants of Sodium (in
preparation).
E. L. Chaney
Electron Attachment to Polvatomic Molecules, ORNL-TM-2613 (January 1970).
A. A. Christodoulides
Resonant Electron Attachment Processes in Polvatomic Molecules (in preparation).
P. M. Collins
[nvesrigation of Negative {ons with Electron Beams. ORNL-TM-2614 (in preparation).
J.J. Cowan
Surtace Plasmon Resonance Effects in Grating Diffraction, ORNL-TM-2615 (November 1969).
C. E. Easterly
Study of Aromatic Hydrocarbons in Relation 1o Carcinogenesis, ORNL-TM-2616 (in preparation).
J. M. Elson
Collective Excitations in [nhomogeneous Plasmas (in preparation).
T.F.Gesell
Photoelectric Properties of Magnesium in the Vacuum Ultraviolet, ORNL-TM-2617 (in preparation).

J. T. Grissom
Electron Impact Excitation and [onization Studies of the Rare Gases, ORNL-TM-2618 (March 1970).
W. F. Hanson
Optical Properties of Solids in the Extreme Ultraviolet (in preparation).
D. L. McCorkle
Interactions of Low-Energy Electrons with Polvatomic Systems (in preparation).
W. T. Naff
Transient Negative lon States and FElectron Excitation in Cyclic Molecules (in preparation).
S. J. Nalley
Charge Exchange Between Fast Atoms and Molecules, ORNL-TM-2620 (in preparation).
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M. N. Pisanias
Inelastic Scattering of Slow Electrons by Organic Molecules (in preparation).
B. L. Sowers
Optical Properties of Organic Liquids in the Vacuum Ultraviolet (in preparation).
R.B. Vora
Stopping Power of Matter at Extreme Relativistic Energies, ORNL-TM-2621 (in preparation).
U.S. Whang :
Optical Constants of Cesium for Photons of Energy 5 to 9.6 eV, ORNL-TM-2622 (March 1970).

Papers

E.T. Arakawa

Optical and Electronic Properties of Liquids in the Vacuum UV, Symposium on Recent Developments in
Radiation Dosimetry, March 4, 1970, Dallas, Texas.

E.T. Arakawa and T. Gesell
High Current Exo-Electron Emission from Mg, American Physical Society, September 2—4, 1969. Honolulu,
Hawaii.

J. A. Auxier, T. D. Jones, and H. H. Hubbell, Jr.

Review of Depth Dose Calculation and Experimentation, Symposium on Neutrons in Radiobiology, November
11-14, 1969, Qak Ridge, Tennessee.

K. Becker

New [maging Techniques for Ionizing Radiation, Second International Conference on Medical Physics, August
1115, 1969, Boston, Massachusetts.

Recent Progress in Solid-State Dosimetry, Symposium on Neutrons in Radiobiology, November 11—14, 1969,
Oak Ridge, Tennessee,

Recent Progress in Solid-State Dosimetry (Refresher Course), 5S5th Scientific Assembly of the Radiological
Society of North America. November 30—December 5, 1969, Chicago, lllinois.
Thermal Fading in TSEE Dosimeters, Radiation Research Society, March 2—5, 1970, Dallas, Texas.

Solid-State Microdosimerrv, IVth International Congress of Radiation Research, June 28—July 4, 1970, Evian,
France.

Klaus Becker, J. S. Cheka, and R. B. Gammage

Progress in Exoelectron Dosimetry, International Symposium on Exoelectrons, July 6~8, 1970, Braunschweig,
Germany.

Klaus Becker and K. W. Crase

Gamma and Fast Neutron Response of Ceramic TSEE Dosimerers. Health Physics Society, June 28—July 2,
1970, Chicago, Illinois ( presented by K. Becker).

K. Becker and D. R. Johnson

Some Dosimetric Applications of Nuclear Track Registration in Polvmers, Radiation Research Society, March
2-5,1970, Dallas, Texas. ‘

S.R.Berard

Use of Mathematics in Interpreting Bioassav Data, Health Physics Society Annual Meeting, June 28—July 2,
1970, Chicago, Illinois.
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S. R. Bernard (and R. L. Hayes)
Dose to Various Segments of the Guastrointestinal Tract, ORAU Symposium on Medicai Radionuciides:
Radiation Dose and Effects. December 3—11. 1969, Oak Ridge, Tennessee.

R. D. Birkhotf

The Electron Flux Spectra and Radiation Yields in Solids [rradiated by Nuclear Radiation, IEEE Conterence on
Nuclear and Space Radiation Effects. July 7—11., 1969. University Park. Pennsyivania.

W.P. Bonner

Poilution of an Underground Aquifer in Florida, Annual Meeting of Florida Pollution Control Association and
Florida Section of American Water Works Association. November 2—6. 1969, Miami Beach. Florida.

R. H. Bovett. D. R. Johnson, and K. Becker

On the Oxygen Enhancement of Alpha Particle Track Registration in Polvmers, Second [nternational Conference
on Medical Physics, August 11-15, 1969, Boston. Massachusetts.

R. L. Bradshaw

Disposal of Solidified Power Reactor Wastes in Sait Mines, American Nuclear Society Meeting, December 2—4.
1969, San Francisco, California.

A.J. Braundmeier. Jr.. and E. T. Arakawa

Emission of Photons by Nonradiative Surface Plasmons, American Physical Society, Southeastern Section.
Novembper 6—9, 1969, Gainesviile, Florida.

Zolin G. Burson

Energy and Angular Distribution of Neutrons Emerging from the HENRE Targets, American Nuclear Society,
June 28—July 2. 1970, Los Angeles, California.

E. L. Chaney and L. G. Chrisiophorou

Electron Attachment to N,0, Sixth International Conference on the Physics of Electronic and Atomic
Collisions, July 26—August 2, 1969, Cambridge, Massachusetts.

E. L. Chaney, L. G. Christophorou, P. M. Collins, and J. G. Carter

Electron Attachment in the Field of the Ground and Excited Electronic States of the A zulene Molecules, 22nd
Annual Gaseous Electronics Conference, October 29-31, 1969, Gatlinburg, Tennessee.

L. G. Christophorou
Electron Molecule interactions, 1BM Corporation Research Center, Apnil 6, 1970. York Town Heights, New
York.

Resonance Electron Attachment Processes in Polvatomic Molecules, Symposium on the Chemistry of Ions in the
Gas State, May 24-29, 1970, Toronto, Canada.
Criteria for Scientific Research, Nuclear Research Center “Democritus,” June 5. 1970, Athens. Greece.
Cross Section Functions for Slow-Electron Molecule Collision Processes, International Discussion on Progress
and Problems in Contemporary Radiation Chemistry, June 2225, 1970. Marianské Ldzné, Czechoslovakia.

L. G. Christophorou, J. G. Carter, E. L. Chaney. and P. M. Collins
Long-Lived Parent Negative fons Formed by Capture of Low-Energy Electrons (0—3 eV) in the Field of the
Ground and Excited Electronic States of Organic Molecules, 1Vth International Congress of Radiation Research,
June 28-July 4, 1970, Evian, France.

P. M. Collins, L. G. Christophorou, E. L. Chaney, and J. G. Carter

Electron Attachment Cross Sections and Negative-lon Lifetimes for p-Benzoquinone and 1.4-Naphthoquinone,
22nd Annual Gaseous Electronics Conference. October 29-31. 1969, Gatlinburg, Tennessee.

Mary Jane Cook (W.S. Snyder. and G. G. Warner)

Estimates of Dose to Red Bone Marrow from Monoenergetic Sources of Photons in Lung and Other Organs,
Second Congress of the International Radiation Protection Association. May 3—%. 1970. Brighton. England.
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R. N. Compton
Mass Identificarion of Negative lons Formed in Electron Swarm Experiments, Annual Conference on Mass
Spectrometry and Allied Topics. June 14—19, 1970, San Francisco. California.

R.N.Compton. J. A. D. Stockdale. and H. C. Schweinler
Negative lon Formation in Selected Hexafluoride Molecuies. Sixih International Conference on the Physics of
Electronic and Atomic Collisions. July 26—August 2, 1969, Cambridge, Massachusetts,

J.J.Cowanand E. T. Arakawa

Dispersion of Surface Plasmons in Dielectric-Metal Coatings on Concave Diffraction Gratings, American Physical
Society, Southeastern Section, November 6—8, 1969, Gainesville, Florida.

'K. E. Cowser and E. G. Struxness

Methods of Estimating Potential Dose Equivalents ro Population Groups, 1969 Winter Meeting of American
Nuclear Society, November 30—December 4, 1969, San Francisco, California.

Wallace de Laguna
Radioactive Waste Disposal by Hydraulic Fracturing, Third Annual National Pollution Control Conference, April
1-3, 1970, San Francisco, California.

Radioactive Waste Disposal by Hydraulic Fracturing, American Gas Association Conference on Underground
Storage, April 13—15, Denver, Colorado.

Waste Disposal by Hvdraulic Fracturing, American Institute of Chemical Engineers. August 26—28, 1969,
Portland, Oregon.

Radioactive Waste Disposal bv Hydraulic Fracturing, 25th Industrial Waste Disposal Conference. Purdue
University, May 5—7, 1970, Lafayette, Indiana.
B. R. Fish

Parricle-Particle and Particle-Surface Adhesion and Removal Forces and Parametric Sampling of Gasborne &
Particles, U.S.—Japan Seminar on Particulate Technology, October 5-11, 1969, Kyoto, Japan. g
&

Mary Rose Ford (W. S. Snyder and)

Energy Absorbed in Body Organs from Internal Emitters, Health Physics Society Annual Meeting, June 28—July
2. 1970, Chicago, I[llinois.

C. W. Francis

Soil Mineral Segregation Using Isopvcnic Zonal Centrifugation, Annual Meeting of the American Society of
Agronomy, November 913, 1970, Detroit, Michigan.

W. R. Garrett

Variational Method for Long Range Scattering Interactions, Sixth International Conference on the Physics of
Electronic and Atomic Collisions, July 26—August 2, 1969, Cambridge, Massachusetts.

W. R. Garrett and V. E. Anderson
Electron Scattering by Polar Molecules, 22nd Annual Gaseous Electronics Conference, October 29-31. 1969,
Gatlinburg, Tennessee.

T.F. Gesell
Contamination Effects on the Photoelectric Properties of Magnesium Films in the Vacuum Ultraviolet, Optical 2
Contamination in Space, August 13—15, 1969, Aspen, Colorado.

J. T. Grissom, R. N, Compton, and W. R. Garrett
Electron Impact Excitation and lonization Studies of He, Ne, and Ar, 22nd Annual Gaseous Electronics
Conference, October 29-31, 1969, Gatlinburg, Tennessee.

R.N.Hamm, M. W. Williams, and E. T. Arakawa

Optical Properties of Organic Liquids in the Vacuum Ultraviolet. I. Analysis of Optical Data, American Physical
Society, Southeastern Section, November 6—8, 1969, Gainesville, Florida.
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W.F.Hanson and E. T. Arakawa
Optical Properties of MgO and Mgf, in the XUV, American Physical Society, April 27 -30. 1970. Washington,
D.C.

S. Jablon, S. Fujita, K. Fukushima. T. Ishimaru, and J. A. Auxier

RBE of Neutrons in Japanese Survivors, Symposium on Neutrons in Radiobiology, November [ 1-14. 1969. Oak
Ridge, Tennessee ( presented by J. A. Auxier).

D.G. Jacobs

Consideration of the Radiological Impact from the Hvpothetical Use of Contaminated Natural Gas from
Nuclearly Stimulated Reservoirs. Second International Congress of the International Radiation Protection
Association, May 3-8, 1970, Brighton. England.

A Preliminary Assessment of the Radiological Implications of Commercial Utilization of Natural Gas jfrom a
Nuclearly Stimuiated Well, Fourth Plowshare Symposium. January 14—16, 1970. Las Vegas, Nevada.
T.D.Jonesand J. A. Auxier

Dose, Dose Equivalent, and Linear Energy Transfer Distributions from Several Configurations of $52Cf Sources
of Neutrons, Health Physics Society, June 28-July 2. 1970, Chicago. lllinois.

C.E.Klots
Photosensitized lonization of Molecules, 2nd U.S.—Japan Conference on Fundamental Processes of Radiation
Chemistry, November 1013, 1969, Hakone, Japan.

Fundamental Processes in Gas-Phase Radiolysis, Gordon Conference on Radiation Chemistry, July 14—18, 1969,
New Hampton, New Hampshire.

Comparison of Photoabsorption and Resonance Energy Transfer Processes. IVth International Congress of
Radiation Research, June 28 —July 4, 1970, Evian, France.

C.E.Klots and D. R. Neison

The Ratio of Transverse and Longitudinal Diffusion Coefficients, 22nd Annual Gaseous Electronics Conference.
October 29-31, 1969, Gatlinburg, Tennessee.

W. T. Naff, R. N. Compton, and C. D. Cooper
Electron Attachment in Substituted Aromatic Hyvdrocarbons, 18th Annual Conference on Mass Spectrometry
and Allied Topics, June 14—19, 1970, San Francisco, California.

S.J. Nalley, J. A. D. Stockdale, and R. N. Compton

Charge Transfer from Negative Halogen lons to NO,, 22nd Annual Gaseous Electronics Conference, October
29-31, 1969, Gatinburg, Tennessee.

D. R. Nelson and F. J. Davis

Thermal Electron Attachment Rates of SF for Different Carrier Gas Dilutants, Sixth International Conference
on the Physics of Electronic and Atomic Collisions. July 26—August 2, 1969, Cambridge, Massachusetts.

Jacob Neufeld
An Alternative Approach to the Formulation of Qualitv Factor, Second International Congress of IRPA, May
3-3, 1970, Brighton, England.
Ambiguity of the Term “Qualitv Factor.” Second International Conference on Medical Physics, August 11-15.
1969, Boston, Massachusetts.

R. H. Ritchie
Surface Plasmons in Solids, American Physical Society. September 2—4., 1969, Honolulu. Hawaii.

Surtace Collective Modes in Solids. 4th Thin Films and Surface Conference. April 6—8. 1970. Reading, United
Kingdom.

S. Y. Shieh and R. H. Ritchie

Simultaneous Generation of Transition Radiation and Bremsstrahlung from a Thin Foil. American Physical
Society, January 26-29, 1970, Chicago, lllinois.
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W.S. Snyder
The Use of the Reciprocity Theorem for Estimation of Dose. Second International Conference on Medical
Physics. August 11-15, 1969, Boston, Massachusetts.

The Relation of Intake to Blood, Blood Acunvity, and Excretion of Plutonium at Early Times Post Exposure,
tSth Annual Bicassay and Analytical Chemistry Meeting, October 9—-10, 1969, Los Alamos, New Mexico.

Estimation of Absorbed Fraction of Fnergy from Phoron Sources in Body Organs. ORAU Symposium on
Medical Radionuclides: Radiation Dose and Effects. December 8—11. 1969, Oak Ridge. Tennessee.

Esnimation of Dose to Gonads from Gamma Emitters Present in the Body, Second Congress of the International
Radiation Protection Association, May 3—8, 1970, Brighton. England.

Estimation of Dose and Dose Commitment to the Bladder Wall from a Radionuclide Present in Urine, Health
Physics Society Annual Meeting, June 28—July 2. 1970, Chicago, Illinois.

B. L. Sowers. R. N. Hamm, M. W. Williams, and E. T. Arakawa

Oprical Properties of Organic Liquids in the Vacuum Ultraviolet. I1. Saturated Hydrocarbons, American Physical
Society, Southeastern Section, November 6—8, 1969, Gainesville, Fiorida.

J. A. D. Stockdale, R. N. Compton, and P. W. Reinhardt

Reactions of Low Energy O~ with Hydrocarbons, 1Vth International Congress of Radiation Research, June
28—July 4, 1970, Evian, France,

E. G. Struxness and P. S. Rohwer

An Approach to the Development of Guidelines for Plowshare, presented at 2nd Session of US.-US.S.R.
Exchange Talks, Moscow, February 10-18, 1970.

Tsuneo Tamura

Soil Mineral Segregation Using [sopycnic Zonal Centrifugation, Annual Meeting of American Society of
Agronomy, November 10—14, 1969, Detroit, Michigan.

J.E. Turner

Determination of Dose Equivalent for Monte Carlo Analysis of Pulse Height Spectra, Second International
Conference on Medical Physics, August 11-15, 1969, Boston, Massachusetts.

J. E. Tumer, R. D. Birkhoff, V. E. Anderson, E. B. Wagner, and H. A. Wright
Monte Carlo Method of Determining LET Spectra from Pulse-Height Measurements, Second Symposium on
Microdosimetry, October 20—24, 1969, Ispra, Italy.

J. E. Turner, J. Dutrannois, H. A. Wright, J. Baarli, R. N. Hamm, and A. H. Sullivan

Calculation of Pion Depth-Dose Curves and Comparison with Experiment, 1Vth International Congress of
Radiation Research, June 28—July 4, 1970, Evian, France.

J. E. Turner and H. A, Wright

Calculation of Dose from High-Energy Nucleons, Second International Conference on Accelerator Dosimetry
and Experience, November 5—7, 1969, Stanford, California.

R.B. Vora and J. E. Turner

Stopping Power of Matter for Deuterons at Extreme Relativistic Energies, American Physical Society,
Southeastern Section, November 6—8, 1969, Gainesville, Florida.

U.S. Whang, E. T. Arakawa, and T. A. Callcott

Optical Constants of Cesium for Photons of Energy 5 to 9.6 eV, American Physical Society, March 23-26,
1970, Dallas, Texas.

M. W. Williams, B. L. Sowers, R. N. Hamm, R. D. Birkhoff. and E. T. Arakawa

Optical Properties of Organic Liquids in the Vacuum Ultraviolet. [Il. Silicone Pump Oils, American Physical
Society, Southeastern Section, November 6—8, 1969, Gainesville, Florida.

Harvel Wright and W. S. Snyder .

Summability of the Derivates of Arbitrarv Real-Valued Set Functions, 76th Annual Meeting of the American
Mathematical Society, January 22—26, 1970, San Antonio, Texas.
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H. A. Wright and J. E. Turner

Free-Nucleon Target Model Applied ro Nucleon Penetration Through Matter. American Nuclear Society,
November 30—December 4. 1969, San Francisco. California.

Publications

J. C. Ashley and R. H. Ritchie
“Double-Plasmon Excitation in a Free Electron Gas.” Phys. Status Solidi 38, 425—-34(1970).

“The Mean Free Path of Relativistic Electrons for Plasmon Excitation.” submitted for publication in Physica
Status Solidi.

J.A. Auxier. J. S. Cheka. and T. D. Jones

Report of Trip to Japan During Period August 17 Through September 19, 1969, October 29, 1969 (internal
memorandum).

K. Becker
Report of Trip to Germany. Belgium, and France April 28 Through May (3, 1969, July 11, 1969 (internal
memorandum).

Thermallv Stimulated Exoelectron Emission from Terrestrial and Lunar Materiais, ORNL-TM-2869 (February
1970).

“Radiophotoluminescence Dosimetry Bibliography I1.” Health Phys. 17,631-36 (1969).

“Application of the Track Etching Process in Radiation Protection.” Proceedings of [nternational Topical

Conterence on Nuclear Track Registration in Insulating Solids, May 69, 1969, Clermont-Ferrand, France (to be
published).

“Recent Progress in Neutron SolidState Dosimetry,” Proceedings of the Symposium on Neutrons in
Radiobiology, November [1-14, 1969, Qak Ridge, Tennessee (to be published).

“Principles of Thermally Stimulated Exoelectron Emission (TSEE) Dosimetry.” to be published in Aromic
Energy Review.
“Solid-State Dosimetry,” to be published in Critical Reviews in Radiological Sciences.
K. Becker and N. Chantanakom
“On the Thermal Fading Characteristics of Some TSEE Dosimetry Materials.”” Atompraxis 16(1), 31-36 (1970).
Klaus Becker and K. W. Crase

“A Sensitive [ntegrating Fast Neutron Dosimeter Based on TSEE,” to be published in Nuclear [nstruments and
Methods.

K. Becker and D. R. Johnson

“Non-Photographic Alpha-Autoradiography and Neutron-Induced Autoradiography,” Science 167. 1370-72
(1970).

K. Becker, M. Oberhofer, and J. S. Cheka

“Thermally Stimulated Exoelectron Emission, Thermoluminescence, and Impurities in LiF and BeO.” to be
published in Health Physics.

G. M. Begun and R. N. Compton

“Threshold Electron Impact Excitation and Negative lon Formation in XeF, and XeF,,” J. Chem. Phys. 51,
2367-70(1969).

S. R. Bernard and R. L. Hayes

“Dose to Various Segments of the Gastrointestinal Tract.” p. 295 in Medical Radionuclides: Radiation Dose and
Effects, USAEC-DTIE, Oak Ridge, Tenn., June 1970.
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R. D. Birkhoff
“Electron Flux Spectra and Radiation Yields in Solids Irradiated by Beta Rays,” JEEE Trans. Nucl. Sci. 16(6),
233—41(1969).
“Electron Flux Spectra and Radiation Yields in Solids Irradiated by Beta Rays,” submitied for publication to
Nationa! Academy of Sciences—Narional Research Council.

R.D. Birkhoff, J. E. Turner. V. E. Anderson, J. M. Feola, and R. N. Hamm
“The Determination of LET Spectra from Energy Proportional Pulse-Height Measurements. [. Track-Length
Distributions in Cavities,” Heaith Phys. 18, 1-14(1970).

W. J. Boegly, Jr..D. G. Jacobs, T. F. Lomenick, and O. M. Sealand
The Feasibility of Deep-Well Injection of Waste Brine from [nland Desalting Plants, Research and Development
Progress Report No. 432, U.S. Govt. Printing Office. Washington, D.C. (March 1969).

W. 1. Boegly, J1.. W. L. Griffith, O. M. Sealand, and W. E. Baldry
Solid Waste Management Practices: An Annotated Bibliography and Permurted-Title and Key-Word Index,
ORNL-HUD-12 (February 1970).

W. P. Bonner and Tsuneo Tamura

Walker Branch Watershed Project: Progress Report for the Period 1968—-1969 on Characterization of Soil and
Water and Their Possible Interactions (internal memorandum).

BT s

R. H. Boyett and K. Becker %
“LET Effects on the Chemical Resistance of Irradiated Polymers.” to be published in the Journal of Applied el
Polvmer Science.

R. H. Boyett, D. R. Johnson, and K. Becker
“Some Studies on the Chemical Damage Mechanism Along Charged Particle Tracks in Polymers,” Radiation Res.
42, 1-12 (1970).

R. L. Bradshaw, F. M. Empson, W. C. McClain, and B. L. Houser

“Results of a Demonstration and Other Studies of the Disposai of High Level Solidified. Radioactive Wastes in a
Salt Mine,” Heaith Phys. 18, 63-67 (1970).

R. L. Bradshaw, W. C. McClain. and F. M. Empson

“Disposal of Solidified Power Reactor Wastes in Salt Mines,” Transactions of 1969 Winter Meeting of American
Nuclear Sociery, November 3(—December 4, 1969, San Francisco, California 122). 452 (1969).

R. L. Bradshaw and Florentino Sanchez
“Migration of Brine Cavities in Rock Salt,” J. Geophys. Res. 74(17),4209—-12 (Aug. 15, 1969).

A. J. Braundmeier, Jr., and E. T. Arakawa
“Observed Radiation from ‘Nonradiative’ Surface Plasmons in Aluminum,” submitted for publication in
Zeitschrift fiir Physik.

A.J. Braundmeier, Jr., E. T. Arakawa, and M. W. Williams

“Intrinsic Damping Rate and Volume Plasmon Energy in Mg from Radiative Decay Measurements,” submitted
tfor publication in Physics Letters.

Daniel G. Brown, Donald F. Johnson, and John A. Auxier

“Unilateral and Bilateral Exposure of Swine to Fission Neutrons.” to be published in Health Physics.
E. L. Chaney and L. G. Christophorou

“Electron Attachment to N,O.” J. Chem. Phys. 51,883-93 (1969).

E. L. Chaney, L. G. Christophorou. P. M. Collins, and J. G. Carter

“Electron Attachment in the Field of Ground and Excited Electronic States of the Azulene Molecules.” J.
Chem. Phys. 52,4413-17(1970).

J.S.Cheka
Distriburion of Radiation from a 14 MeV Neutron Source in and near Structures, CEX-65.13 (May 1969).
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J.S. Cheka and K. Becker
“High Dose-Level Glass Dosimeters with Low Dependence on Energy,” Vucl. Appl. 6. 163—67 (1969).
J.S. Cheka, E. M. Robinson. Leo Wade, Jr.. and W. A. Gramly

“The UT-AEC Agncultural Research Laboratory Variable Gamma Dose Rate Facility,” to be published in Health
Physics.

L. G. Christophorou
Atomic and Molecular Radiation Physics, Wiley, Sussex. England. 1970.
L. G. Christophorou, J. G. Carter. E. L. Chaney, and P. M. Collins

“Long-Lived Parent Negative lons Formed by Capture of Low-Energy Electrons (0 to 3 eV) in the Field of the
Ground and Excited Electronic States of Organic Molecules,” submitted for publication in FProc. [Vth
Internarional Congress of Radiation Research, Gordon and Breach, Paris.

L. G. Christophorou. J. G. Carter, C. E. Easterly, and D. L. McCorkle

“Anomalous Emission trom Liquid Benzene, Toluene. and Ethyl Benzene." submitted for publication in
Chemical Physics Letters.

L. G. Christophorou and E. L. Chaney
“Electron Attachment to Gaseous Naphthalene.” J. Chem. Phys. 52, 2165—66 (1970).
L. G. Christophorou, E. L. Chaney, and A. A. Christodoulides

“Electron Attachment and ‘Carrier Gas’ Energy Distribution Functions,” Chem. Phys. Letters 3, 363—-66
(1969).

L. G. Christophorou. D. L. McCorkle, and J. G. Carter

“Cross Sections tor Thermal Peaking Electron Attachment Resonances,” submitted for publication in the
Journal of Chemical Physics.

L. G. Chrnistophorou and D. Pittman
*“Thermal Electron Scattering by Polar Molecules,” submitted for publication in the Journal of Physics B.

T.G. Clark, B. R. Fish, W. H. Wilkie, J. L. Thompson,. R. H. Boyett, and G. W, Royster
Biohazards of Aerospace Nuclear Systems. Final Report, SC-CR-69-3291 (December 1969).
P. M. Coillins, L. G. Christophorou, E. L. Chaney, and J. G. Carter

“Energy Dependence of the Electron Attachment Cross Section and the Transient. Negative-lon Lifetime for
p-Benzoquinone and |,4-Naphthoquinone,” Chem. Phys. Letters 4, 646—650(1970).

R. N.Compton and R. H. Huebner
“Collisions of Low-Energy Electrons with Molecules: Excitation and Negative lon Formation.” in 4dvances in
Radiation Chemistry (ed. by J. L. Magee) (in press).
“Temporary Attachment of Electrons to Azulene-#g and Azuleneds,” J. Chem. Phys. 51, 3132-33(1969).
J.J.Cowanand E. T. Arakawa

“Dispersion of Surface Plasmons in Multiple Metal and Dielectric Layers on Concave Diffraction Gratings,” Phys.
Status Solidi (a) 1, 695 (1970).

J.J.Cowan, E. T. Arakawa, and L. Robinson Painter
“Time Studies of the Polarization Due to Gratings,” Appl. Opt. 8, 173435 (1969).
J.J.Cowan, E. T. Arakawa, and R. H. Ritchie

“Dispersion of Surface Plasmons in Dielectric-Metal Coatings on Concave Diffraction Gratings,” submitted for
publication in Zeitschrift fiir Physik.

K. E. Cowser and E. G. Struxness

“Methods of Estimating Potential Dose Equivalents to Population Groups,” Transactions of 1969 Winter

Meeting of American Nuclear Society, November 30—December 4, 1969, San Francisco, California 12(2),
814-15 (1969).
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K. E. Cowser. W. S. Snyder, and E. G. Struxness
“Application of ICRP Recommendations Relevant to Internal Dose.” Proceedings for the Symposium on Public
Health Aspects of Peaceful Uses of Nuclear Explosives, sponsored by the Southwestern Radiological Health
Laboratory, Las Vegas, Nevada, April 7 through 11, 1969, U.S. Public Health Service ( 1969).

Juiian Croweil and R. H. Riichie
“Surface Plasmon Effect in the Reflectivity of a Metal.” J. Opt. . . Am. 60, 794—-99 (June 1970).
F.J. Davisand D. R. Nelson
“Attachment Rate of Thermal Electrons to SF¢,” to be published in Chemical Phvsics Letters (August 1970).

“Pseudo-First Order Attachment Rates of Thermal Electrons by SF, in Different Carrier Gases,” Chem. Phys.
Letters 3,461-63 (1969).

Wallace de Laguna
“Control of Pollution from the Generation of Nuclear Power.” /EEE Trans. Geoscience Electronics GE-7(4),
212-19 (October 1969).
Radioactive Waste Disposal by Hvdraulic Fracturing (internal memorandum).
Hydraulic Fracturing Test in New York State (internal memorandum).

“Tracer Aids Interpretation of Pumping Test.” Water Resour. Res. 6(1), 172—84 (1970), published by American
Geophysical Union.

Wallace de Laguna and W. C. McClain
First Fracturing Test, West Valley, New York, Preliminary Report (internal memorandum).

C. E. Easterly, L. G. Christophorou, R. P. Blaunstein. and J. G. Carter

“Fluorescence from the Second Excited #-Singlet State of 1,2-Benzanthrane and 3.4-Benzopyrene in Solutions,”
submitted for publication in Chemical Physics Letters.

J. M. Eison and R. H. Ritchie
“Photon Surface Plasmon Coupling at a Dielec:  Shield,” submitted for publication in Physics Letters.

L. C. Emerson
“Induced Radioactivity” (book review), to be published in Health Physics.

Chester W. Francis, Gordon Chesters, and Larry A. Haskin
“Determination of 2 ' °Pb Mean Residence Time in the Atmosphere,” Environmental Science and Technology (in
press).

C. W, Francis, Tsuneo Tamura, W. P. Bonner, and J. W. Amburgey, Jr. i
“Separation of Clay Minerais and Soil Clays Using Isopycnic Zonal Centrifugation.” Soil Sci. Soc. Amer. Proc. 3‘
34(2),351-52(1970).

F.W. Garber, M. Y. Nakai, J. A, Harter, and R. D. Birkhoff

“Low-Energy Electron Beam Studies in Thin Aluminum Foils,” submitted for publication in the Journal of
Applied Physics.

W. R. Garrett
“Critical Binding of an Electron to a Non-Stationary Electric Dipole.” Chem. Phys. Letters 5. 393-97(1970).

“Variational Method for Elastic Scattering Involving Long Range Forces,” submitted for publication in the
Joumnal of Physics B.

W. R. Garrett, J. E. Turner. and V. E. Anderson

Analysis of Ground-State Energy Eigenfunctions for Finite Dipole in Spherical Coordinate Systems, ORNL-4431
(February 1970).

“Spherical Coordinate Analysis of Ground State Energy Eigenfunctions for an Electron in the Field of a Finite
Dipole,” Phys. Rev. 88, 513—-14 (1969).

T.F. Gesell, E. T. Arakawa, and T. A. Callcott

“Exo-Electron Emission During Oxygen and Water Chemisorption on Fresh Magnesium Surfaces.” Surface Sci.
20, 174-78 (1970).
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J. T. Grissom. R. N. Compton. and W. R. Garrett

“Electron Impact Excitation and lonization of Helium near 60 eV.” Phys. Letters 30A, 117—-18 (1969).
V.G. Horton.E. T. Arakawa. R. N. Hamm, and M. W. Williams

A Triple-Reflection Polarizer tor Use in the Vacuum Ultraviolet.” Appi. Gprics 8, 667—-7G (1969).
S. Jablon, S. Fujita. K. Fukushima. T. Ishimaru. and J. A, Auxier

“RBE of Neutrons in Japanese Survivors,” Proceedings of the Symposium on Neutrons in Radiobiology,
November [1-14, 1969, Oak Ridge, Tennessee {to be published).

D. G. Jacobs

“Isotope and Radiation Techniques in Soil Physics and Irrigation Studies” (book review), Health Phys. 18, 300
{1970).

D. G. Jacobs and M. J. Kelly
Fifth Quarterly Progress Report on the Theoretical Evaluation of Consumer Praducts from Nuclearly Stimulated
Gas Wells, ORNL-TM-2862 (February 1970).

Fourth Quarterly Progress Report on the Theoretical Evaluation of Consumer Products from Project Gasbuggy,
ORNL-TM-2721 (October 1969).

D. G. Jacobs, E. G. Struxness, and C. R. Bowman

A Preliminary Assessment of the Radiological Implications of Commercial Utilization of Natural Gas from a
Nuclearly Stimulated Well,” p. 83 in Proceedings of the ANS Topical Meeting, Engineering with Nuclear
Explosives, Las Vegas, Nevada, January [970, CONF-700101, vol. [ (1970).

D. R. Johnson, R. H. Boyett, and K. Becker
“Sensitive Automatic Counting of Alpha Particle Tracks in Polymers and Its Application in Dosimetry,” Health
Phys. 18,424-25(1970).

“Some Studies on the Chemical Damage Mechanism Along Charged Particle Tracks in Polymers.” Proceedings of

[nternational Topical Conference on Nuclear Track Registration in [nsulating Solids, May 6-9, 1969,
Clermont-Ferrand, France (to be published).

D. R. Johnson, J. H. Thorngate, and P. T. Perdue
*“A Sensitive Spectrometer for Fast Neutrons Using Lil(Eu),” Nucl. Instr. Methods 75. 6165 (1969).

D. R. Johnson, J. A. Auxier, J. W. Poston, D. G. Brown, W. A. Gramly, W. D. Gibbs,
Harold D. Hodges, and D. R, Davy

*Total’ and ‘Exchangeable’ Sodium Studies in Swine and Sheep Using Activation Analysis and Isotopic
Dilution,” Health Phys. 18, 729-30(1970).

Larry D. Johnson

“Molecular Orbitals and Oscillation Strengths for Magnesium Porphin.” submitted for publication in the Journal
of Chemical Physics.

T.D. Jonesand J. A. Auxier
““Absorbed Dose and Linear Energy Transfer Distributions from Therapeutic Sources of * 52Cf,” to be published
in Physics in Medicine and Biology.

“Neutron Dose. Dose Equivalent. and Linear Energy Transfer from ?*2Cf Sources.” to be published in Health
Physics.
T.D. Jones, W. S. Snyder, and J. A. Auxier

“Absorbed Dose, Dose Equivalent, and LET Distributions in Cylindrical Phantoms Irradiated by a Collimated
Beam of Monoenergetic Neutrons,” to be published in Health Physics.

S. V. Kaye and P. S. Rohwer

Dose Estimation Studies Related to Proposed Construction of an Atlantic-Pacific Interoceanic Canal with
Nuclear Explosives: Phase [{I, ORNL-4579 (in press).

14179890



238

C.E.Klots
“Bimolecular Association Reactions and Microscopic Reversibility,” to be published in the Journal of Chemical
Physics.
“Comparison of Direct and Photosensitized lonization Efficiencies.” to be published in Proceedings [Vth
Internarional Congress of Radiation Research, Gurdon and Breach, Paris.
C.E.Klots and P. W. Reinhardt
“Energy-Loss Rates of Slow Electrons in Hydrocarbons.” J. Phys. Chem. (in press).
C. E. Klots and Harvel Wright
“Aspects of Degradation Spectra.” International Journal of Radiation Physics and Chemismry (in press).
Vinod Krishan and R. H. Ritchie
*“Anomalous Damping of Volume Plasmons in Polycrystalline Metals.” Phys. Rev. Letters 24, 1117-19 (1970).
T.F. Lomenick and R. L. Bradshaw
“Deformation of Rock Salt in Openings Mined for the Disposal of Radioactive Wastes.” Rock Mechanics 1,
5-30(1969).
T. F. Lomenick and NSIC Staff
Earthquakes and Nuclear Power Plant Design, ORNL-NSIC-28 (July 1970).
W. C. McClain

“Disposal of Radioactive Wastes by Hvdraulic Fracturing: Part V. Site Evaluations.” Nucl. Eng. Design 9,
31526 (1969).

W. C.McClain and R. L. Bradshaw
“Radioactive Wastes in Salt Mines,” Mines Mag. 59, 11-14 (1969).

“Status of Investigations of Salt Formations tfor Disposal of Highly Radioactive Power-Reactor Wastes.” Nucl.
Safety 11(2), 130—41 (March—April 1970).
W. C. McClain and G. A. Cristy
Examination of High Pressure Water Jets for Use in Rock Tunnel Excavation, ORNL-HUD-1 (January 1970).
W. C. McClain and O. H. Mvers
Seismic History and Seismicity of the Southeastern Region of the United States, ORNL-4582 (June 1970).
K. Z.Morgan
“Risks from Diagnostic X-Rays,” 4mer. Radiography Technologist 14(4), 15-22 (Winter 1969).

“History of the Health Physics Society,” to be published as part of The RSNA Symposium on the Critical
History of American Radiology (November 1970).

o
£
=1

“History of the International Radiation Protection Association.” to be published as part of The RSNA
Symposium on the Critical History of American Radiology (November 1970).

“Tainted Radiation,” Sci. Technol. No. 90, 4650 (June 1969).

“You Can Drastically Cut X-Ray Exposure Below Today’s Levels.” reprinted from Consultant, March—April,
1970.

K.Z.Morgan and J. E. Tumer
“Health Physics,” submitted for publication in American Institute of Physics Handbook.
O. H. Myers

- The ORNL Seismograph Station ORT: Operation from September I, 1968, to Februaryv 28, 1969 (internal
memorandum).

The ORNL Seismograph Station ORT: Operation from March 1, 1968, to August 31, 1968 (internal
memorandum).

W. T. Naff, C. D. Cooper. and R. N. Compton

“Attachment of Electrons to Substituted Benzenes,” submitted for publication in the Journal of Chemical
Physics.
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D. R. Nelson and F. J. Davis

“Determination of Diffusion Coefficients of Thermal Electrons with a Time-of-Flight Swarm Experiment,” J.
Chem. Phys. 51, 2322-35(1969).

J. Neufeid
“*Comments on Quality Factor,” Health Phys. 17, 62528 (1969).
“Dosimetric Field Quantities in Health Physics.” submitted for publication in Health Physics.
*Radiation Quanuties and Their Significance in Health Physics,” Health Phys. (in press).

“Revised Formulation of the Macroscopic Maxwell Theory — . Fundamentals of the Proposed Formulation,”
Nuovo Cimento 65B, 33—-69 (1970).
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