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Foreword

This annual report covers the research activities of the
Health Physics Division between August 1, 1974, and
June 30, 1975, and reflects a shifting of the annual
information meeting from October to September. As in
the past, the Division's work in applied health physics is
reported separately by calendar year. The latest report,
for 1974,isORNL-5055.

Several administrative changes were made in the
Division during the year. The fundamental physical
research efforts in the Radiation Research and Develop
ment Section, including proton interaction with noble
gases, and the Fundamental Health Physics Research
Section were divided into two sections - the Biological
and Radiation Physics Section (H. A. Wright, Chief) and
the Chemical Physics and Spectroscopy Section (W. R.
Garrett, Chief)- In addition, the remainder of the
Radiation Research and Development Section was
combined with assessment and analysis studies to form
the Assessment and Technology Section under D. G.
Jacobs. Due to the death of J. C. Hart, the Education
and Information Section became the Office of Educa
tion and Information under the leadership of J. E.
Turner, Associate Director.

As will be seen in this report, programs of the Health
Physics Division have continued to grow, and there has
developed an increasing sense of excitement and pro
ductivity. The highlights are described in the opening

summary, and detailed descriptions of the work are
presented in the six parts of this report. The reader is
invited to contact the individual investigators con
cerning any part of the work reported. Numerous
references to the open literature are given, and a list of
the Division's publicationsis included.

Included in the expandingresearch of the Division is a
strong program in laser physics. The work relates both
to fundamental processes and to the application of
lasers in analytical work. The environmental health
physics program in the Division has grown most rapidly
during the pastyearand now encompasses workranging
from routine monitoring activities to instrumentation
to epidemiological^ oriented research. Collaborative
investigations in many disciplines with individual re
searchers and groups outside the Laboratory have
continued to increase, and the number of post-doctoral
participants and graduate students has increased
markedly.

As is evident from the above, the Division continues
its broad approach to health physics-an approach that
ranges from basic research to the day-to-day practice of
radiation protection and industrial safety. The Divi
sion's programs will remain dynamic and responsive to
the needs and goals of the Laboratory, ERDA, and the
nation.





Summary

PART I. EMERGENCY TECHNOLOGY

1. Strategic Defense

Suppose that, due to relocation of population from
high-risk areas and protective measures against radiation
from fallout, 90% of the U.S. population survives a
hypothetical nuclear attack of magnitude consistent
with current international agreements. Can the popula
tion survive the postattack situation in which major
cities are destroyed, including food warehouses and
processing plants, and transportation is restricted by
radiation from fallout? An overview of the problem is
displayed by computer graphic techniques, and a
possible solution to the starvation problem is shown by
a transport model for grain stocks by surviving aircraft
and trucks.

Continuing research of U.S.S.R. publications re
garding civil defense has revealed no evidence of a
decreasing Soviet interest. On the contrary, constant
upgrading of their CD program is given a great deal of
attention. New efforts noted this year include construc
tion and utilization of training facilities which will give
the entire population the opportunity to perform CD
tasks under simulated emergency conditions. Also,
Soviet planners are working out problems of storing and
distributing food grains - a prime concern in survival
planning.

A case study was made of the Knoxville-Knox
County industrial area to determine the best methods
for sheltering workers in critical industries which would
continue to operate during a nuclear confrontation
which has escalated to an urban evacuation. The

alternatives by order of cost effectiveness are (1)
tactical evacuation, (2) expedient construction of
covered trench blast shelters, (3) expedient modifica
tion of existing structures, (4) precrisis construction of
blast shelters. Recommendations to implement the
alternatives include pilot studies of tactical evacuation
and improvement of expedient blast shelter construc
tion and modification instructions.

Research was continued on survival techniques, with
particular emphasis on life-support equipment which
could be built during a crisis by average Americans
using readily available materials. These include means
for carrying and storing water, means for cooking with
minimum fuel in austere shelters, shelter sanitation
equipment, shelter furnishings, and an accurate, reliable
homemade fallout survey meter. The most exciting of
these is the fallout meter. To make it, all that is needed
is a used No. 2V2 can, aluminum foil, nylon thread such
as dental floss, a 1-ft ruler or stick, coat-hanger wire,
two paper clips, a scrap of nylon cloth, household-grade
transparent plastic, and bits ofhome-roasted Sheetrock
wallboard (dehydrated gypsum). The roasting produces
dehydrated gypsum, an excellent drying agent to keep
the humidity very low and constant inside the instru
ment. This simple homemade fallout meter can measure
the radiation dose accurately enough for a person to
identify fallout radiation fields from background levels
up to 6 R/hr with an accuracy of about 20%. Still to be
determined is what fraction of American families can
successfully follow illustrated instructions for building
and using this instrument.

2. Reactor Studies

As part of the national Nuclear Energy Center site
survey, we are studying the effects of national security
considerations, of terrorist or sabotage threat, and of
natural disasters on the NEC. Work has been started on
the methods and costs of recovery from major accidents
under the NEC siting concept.

In the analysis of the national security aspects of
Energy Center siting, the definition of national security
has turned out to be a problem. We are proposing the
definition: "National security is the capacity of the
government to neutralize threats to the lives, safety,
and property of its citizens." By this definition the
national security problems of nuclear power are two:
(1) incidents which could generate political pressures to



delay the development or increase the cost of nuclear
power and (2) the accumulation of large surface
concentrations of fission products which could add
significantly to the damage done to this country by a
nuclear war.

Reactor complexes of about 5000 MW(e) and up will
be strategic targets by the year 2000 solely on the basis
of their economic productivity. Attacks concentrating
on energy or electric power could include much smaller
plants. By the year 2000, the projected number of
reactors, reprocessing plants, and associated temporary
(ten-year) waste storage will have a fission product
inventory that could add substantially to the fallout
from a nuclear attack and complicate and delay
postattack recovery. One year after an attack on
nuclear facilities in the year 2000, the residual fallout
would be equal to that of an additional 30,000
megatons of 50% fission explosives arriving at the time
of the attack. This additional fallout would increase the
average residual dose rate at one year by a factor of 6
over that from the anticipated weapons.

Studies of the psychological motives of terrorists have
identified a group of motives connected with the desire
for power. While much more destructive tactics are
economically and technically within the means of
terrorists, theft or seizure of plutonium or armed
occupation of a reactor is more consistent with their
inferred motives.

Nuclear power generation stations built in Nuclear
Energy Centers will be no more vulnerable to natural
disasters than similar stations located at dispersed sites.
However, due to the high concentration of power lines
and cooling towers, the probability of damage by one
tornado is slightly higher. But, by separating the cooling
towers in an NEC as much as possible (e.g., 1000 yd
apart) the vulnerability of a generating system based
upon the NEC can be reduced below that of a
comparable system based on dispersed sites.

One other difference between the siting options is
that some dispersed system reactors may be sited in
higher seismic risk areas than the NEC if there is
sufficient water to operate the dispersed reactors
without cooling towers.

There is concern in some quarters that the high rate
of heat release at an NEC may trigger thunderstorms
and/or tornadoes. The maximum practical dispersal of
cooling towers is indicated in order to reduce this
possible hazard.

The quantitative effects of inhaled 239Pu02 aerosols
are calculated and compared with occupational ex
posure data. Calculated effects on the U.S. male work
force and the U.S. population are presented for cases in

which each member of the population has the same
exposure to the aerosol. The effects of cigarette
smoking are comparedwith the effects of a lung burden
of 239Pu02. One microgram of 239Pu retained in the
lungs is estimated (by extrapolation of animal data) to
produce an excess death rate in 40-year-old males that
is one-fourth of the excess rate attributed to average
smoking.

A high-altitude nuclear detonation produces a very
intense short-duration electromagnetic pulse (EMP)
which can cover a large portion of the nation. It is
possible that EMP-induced electrical surges in instru
mentation, control, and power lines of nuclear power
plants could lead to serious consequences. A prelim
inary analysis of the EMP effects on modern pres-
surized-water reactor (PWR) plants has been performed
as a first step to determine if EMP is a serious problem
for nuclear power plants. We found that the most likely
consequence of EMP for PWR plants is an unscheduled
shutdown. EMP may also prolong the shutdown period
by the unnecessary activation of certain safety systems.
It is also possible but not likely that numerous EMP's
can temporarily interrupt the removal of the residual
heat from the reactor. However, no damage to the
reactor is expected, since the prepared plant can
quickly start the steam-driven auxiliary feedwater pump
without the use of electrical controls.

PART II. ASSESSMENT AND TECHNOLOGY

3. Dosimetry Intercomparison Studies

One of the most important aspects of this program in
dosimetry has been the planning and conducting of
studies and workshops in dosimetry standardization
techniques and detector response intercomparisons.
During this year, the first intercomparison of personnel
monitors in low-intensity radiation fields at the Health
Physics Research Reactor was completed. Participants
in this study included representatives of foreign and
domestic laboratories as well as private companies. The
series will continue, with the second study planned for
late 1975. In 1973, a small-scale intercomparison of
environmental dosimetry systems was conducted at
ORNL. The results of the experiment revealed the
existence of inadequacies in many systems. Therefore,
another, more sophisticated experiment was conducted
in Texas in 1974. This field experiment was conducted
under realistic conditions near Houston during the
period July through September and was designed to
assess the capability of dosimetrists to detect (with a
high degree of accuracy) the intensity of natural



background under harsh environmental conditions. Re
sults of this experiment are given in the text.

4. Health Physics Research Reactor

and Accelerator Operations

The specific objective of this group is the mainte
nance and operation of the section's radiation facilities,
which are used as tools in the areas of research, such as

dosimetry, radiation biology, and other radiation
effects studies, and for nuclear safety.

The Health Physics Research Reactor (HPRR) con
tinues to play an important role in the efforts to
correlate radiation dose with biological effects. Scien
tists from the ORNL Biology Division, UT-ERDA
Comparative Animal Research Laboratory, and several
other laboratories comprise the list of most frequent
users. In addition, the HPRR is also used for nuclear
engineering studies and for nuclear safety through the
dosimetry intercomparison studies, which are designed
to evaluate nuclear accident dosimetry systems.

Most of the operation of the DOSAR Low Energy
Accelerator has continued in support of an experiment
designed to determine the stopping of protons, in the
energy range of 50 to 150 keV, in tissue-constituent
gases.

5. Dosimetric Applications of Particle-Track Etching

Our recent work in particle-track registration in thin
foils has been centered in three areas: (1) spark
counting of particle tracks in mica, (2) spark counting
of neutron-induced recoil particle tracks, and (3) the
development of a neutron detector, suitable for making
an accurate measurement of fast-neutron fluences, that

can be transferred through the mail for intercomparison
purposes.

We have demonstrated the feasibility of determining

the density of fission-fragment tracks in inorganic
material such as natural muscovite mica by the spark-
counting technique. This development is important
from the standpoint that trace quantities of 239Pu may
be detected through neutron-induced autoradiography
without suffering from the disadvantages of organic
polymers such as registration of recoil nuclei and
damage from ultraviolet radiation and high tempera
tures. Optimum conditions for spark counting the thin
mica were determined; it was found that the ~10-;um
perforations could be counted with essentially 100%
efficiency and that the reproducibility of repeated
measurements was generally within ±5%. Recoil nuclei
which are registered in organic polymers, in particular
cellulose nitrate, and which result from the direct

interaction of neutrons with the organic, have been
counted successfully by the spark-counting technique.
A series of experiments was performed with monoener-
getic neutrons in the range 2.2 to 15.5 MeV. Results
with the commercially available Kodak Pathe LR-115
were found to be reproducible to within 10%. Workhas
continued on a small-scale effort to develop or evaluate
techniques for making accurate measurements of fast-
neutron fluences for applications such as monitoring
neutron beams for medical irradiations. Using fissile
radiators with thin polycarbonate foils as detectors, it
has been found that determinations of track densities in
foils etched under carefully controlled conditions may
be made by two persons independently with a repro
ducibility within ±5%.

6. Exoelectron and Thermoluminescence

Dosimetry with BeO

The research and application studies using BeO
ceramic for TSEE dosimetry have expanded to include
TL dosimetry. A combined TSEE-TL technique is now
used routinely and permits discrimination between the
weakly and strongly penetrating components in mixed
radiation fields with a single detector. The method
produced promising results for the monitoring of radon.

The TL characteristics of BeO have been studied in
considerably more detail, and a potentially valuable
method of sensitizing the detectors to red light has been
discovered. The betterment of our understanding of the

TSEE process has concentrated on hydration effects,
particularly those likely to be met under field con
ditions.

A bank of 500 BeO disks for TL and TSEE studies
has been processed. The distribution of the individually
calibrated detectors to groups in 14 countries should
accelerate the acceptance, or rejection, of these novel
dosimeters in radiation monitoring and bring better
order into the diverse basic researches.

7. Distribution of Energy Losses of Low-Energy
Protons in Hydrocarbon Gases

Measurements of the energy loss distributions of
low-energy protons in several hydrocarbon gases were
made possible by improved data-taking procedures and
better techniques for correctingthe data for accelerator
fluctuations. Incident proton energies ranged between
51 and 153 keV, with the exact energy chosen so that
stopping powers could be quoted at even energies. Gas
pressures were chosen to provide a 40% loss in the mean
energy of the proton beam. For an energy loss of this
magnitude, the mean energy of the protons after



traversing the stopping medium and the second and
third moments will describe the proton energy distri
bution. These values were calculated from the data for

comparison with theoretical values. The energy loss
data will also be used to evaluate the applicability of
Bragg additivity of stopping powers for protons in this
energy range.

8. Developments in Alpha Spectrometry with
Liquid Scintillators

A program to optimize and simplify the chemical
procedures and electronic apparatus used for liquid
scintillation counting of alpha emitters has resulted in a
number of improvements. It was found that repro
ducible results could not be obtained unless the

chemical used to extract the alpha emitter from the
sample into the scintillator was carefully purified. An
alternative scintillator was studied with some success in

an effort to reduce the amount of light being absorbed
by the scintillator. A careful evaluation showed that
only a small loss in counts occurred when an electronic
discrimination method was used to suppress back
ground counts. Chemical procedures were modified to
allow the first stages of sample preparation to use
well-known ion exchange techniques rather than solvent
extraction. A combination of reflector geometry,
photomultiplier tube, preamplifier, and amplifier was
found that provided the best pulse height with back
ground suppression. Preliminary work was also done on
a simplified circuit for background suppression.

9. Dosimetry for Terrestrial Gamma-Ray Sources

Dose rates from natural radionuclides and 137Cs in

soils of the Oak Ridge area have been determined from
in situ and core-sample measurements. Core-sample
measurements were done by using conventional soil
coring and gamma spectroscopy with an Nal detector.

In situ gamma measurements were made in the field
with a self-contained mobile unit that included a

4096-channel analyzer and a 55-cm3 GeLi detector
system designed for these measurements. The GeLi
crystal is mounted on the bottom of the cryostat in a
down-looking configuration, so the detector will not be
shielded from the gamma radiation coming from the
earth. The angular dependence and gamma-ray counting
efficiency of this detector were measured.

In situ spectra were analyzed by a computer program
which was written to identify and assign energies to
peaks, integrate areas under peaks, and calculate radio
nuclide concentrations based on a uniform distribution

in the soil. The assumption of uniform distribution was
adequate only for natural radionuclides, but simple
corrections were applied for man-made radionuclides
distributed on the surface or exponentially with depth
in the soil.

10. Dosimetry for Human Exposures

Depth-dose distributions in the body from gamma
rays and neutrons are being investigated as functions of
the energy and angular distributions of the incident
radiation. Results of these studies have important
applications in radiation therapy, design of dosimeters,
shielding evaluation, and liaison studies with the
Atomic Bomb Casualty Commission (ABCC) in Japan.
During the latest liaison study, data which can be used
to make estimates of the dose to some organs and
tissues of survivors were presented to the ABCC.
Examples are presented to show that these liaison
studies can refine current estimates of risk derived from

the ABCC's epidemiological studies by factors of 2 or
more. Although the emphasis was on estimating dose to
specific organs and tissues of atomic bomb survivors,
some time has been devoted to older, but still impor
tant, items in the liaison studies with the ABCC. These

are (1) the radiation exposure received by survivors now
residing in the United States, (2) the epicenter of the
Nagasaki weapon, (3) the shielding factors for survivors
exposed in concrete buildings and other heavily
shielded structures, and (4) the unknown radiation
exposure cases in major study samples of the ABCC.
Summaries are given of progress made in several phases
of these liaison dosimetry studies by the ABCC and
ORNL.

11. Application of ALAP Concept to
Light-Water Reactors

The application of the as-low-as-practicable (ALAP)
philosophy to radiation exposure of workers at light-
water reactors (LWR's) has recently received increased
attention. The purpose of this project is to investigate
the means by which occupational exposure at operating
LWR's can be reduced to the lowest practicable levels.
Eight such facilities have been studied in phase I of the
project to identify significant sources of exposure and
to determine the magnitude of the exposures. A
complete site review consists of compiling information
from safety analysis reports, plant technical specifica
tions, and radiation exposure records and then making
an on-site visit for discussions with plant personnel,
observation of procedures, and measurement of radia
tion levels. In phase II, specific problem areas are being
studied in depth with regard to corrective measures to
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reduce exposure. Information has been collected on
solving the problem of exposure from valve mainte
nance and repair. These corrective measures will be
evaluated with respect to ease of application and cost
effectiveness. The results of this study will serve as
technical backup for the preparation of regulatory
guides.

12. Health Physics Aspects of Fusion Power

We have begun studies in three areas concerning
potential health physics problems attendant to the
development of fusion power. The first area, which
contains perhaps the greatest number of unknowns, is
that of neutron activation products. Activation prod
ucts (with greater than 30-day half-life) have been
identified which would result from using the principally
discussed materials. Available data necessary to con

struct metabolic models are being collected. In many
cases, few human data are available and animal data are
inadequate.

The second topic is localized tritium behavior. A
computer transport code has been modified to allow
determination of the conservatism introduced in dose

calculations by assuming that all of the tritium released
into the atmosphere is in the form of water vapor. For a
given set of meteorological conditions, the principal
variables are the conversion rate of tritium gas to
tritiated water and the environmental half-time of

tritiated water vapor in the atmosphere.
The third topic under study addresses the global

effects of tritium releases. A multicompartment gener
alized model of global hydrologic cycling is being used
as a basis for determining the relative effects of
alternative modes of tritium discharge on the collective
dose to the world population. The compartments are
assumed to mix instantaneously and uniformly and to
interact with each other in linear fashion. Initial results

indicate that uniform discharges of tritiated water into
the atmosphere may result in as much as an order of
magnitude less collective dose on a global basis than
uniform discharges into the surface waters.

13. Public Health and Demographic Statistics

A study has been initiated to determine the feasibility
of collecting public health and radioactive effluent data
and applying these data to assess the impact of nuclear
facilities on surrounding populations. Several sources of
public health statistics are being evaluated with regard
to the type and availability of information and the
practicality of combining data from these sources. In
addition, consideration is being given to determining

the best statistical methodology. The Oak Ridge area is
being used in a pilot study to determine the adequacy
of existing records and to evaluate current methods of
statistical treatment. Mortality information from the
Tennessee Department of Public Health is being corre
lated with radiation exposures from the radioactive
effluents of Oak Ridge nuclear facilities. Quantitative
data are available for both aquatic and atmospheric
discharges for recent years and can be estimated from
records kept during earlier years. This pilot study will
be used to develop a viable model which will be useful
in achieving the long-range objective of the program,
which is to establish a health and mortality profile for a
proposed nuclear power plant site.

PART III. BIOLOGICAL AND RADIATION PHYSICS

14. Atomic and Molecular Physics

Our work on quasi-liquids (high-pressure gases),
aiming at linking together knowledge on electron-
molecule interactions in gases and liquids, continued
with emphasis on a detailed study of electron attach
ment to S02 in dense gases. Additionally, existing data
on electron capture and drift in gaseshave been related
to those in liquids, and two new pieces of apparatus —
one for the measurement of electron capture and drift
in dense gases and the other for similar studies in liquid
media — have been constructed. Theoretically, in this
area we focused attention on the long-range potential
energy function describing the interaction of an excess
electron with a molecule in a dielectric liquid. Further
more, we synthesized in a coherent fashion, critically
evaluated, and discussed experimental and theoretical
work on electron motion through aromatic vapors and
also on the excitation and ionization, resonant negative
ion states, and negative ions of benzene and its
derivatives.

As part of our effort to extend our understanding of
fundamental processes on radiation (ionizing and non
ionizing) interaction from simple to complex molecules,
we undertook a comprehensive and systematic study of
organic molecules of biological and toxicological signifi
cance. To this end a series of 40 N02 -containing
benzene derivatives have been investigated with mass
spectrometric methods. All these molecules were found
to form long-lived (lifetimes > 10~6 sec) parent
negative ions. The lifetimes of these ions were meas
ured, and their relation to molecular structure, intra

molecular charge transfer, and intramolecular com-
plexing was treated theoretically. Additionally, thresh
old electron excitation and compound-negative-ion
resonant states, as well as photoluminescence processes
in aromatic molecfiles, have been investigated, and the



slowing down of subexcitation electrons in polyatomic
gases has been studied. In the latter study, mobilities,
mean fractional energy losses per collision, stopping
rates, and thermalization times for subexcitation elec

trons in polyatomic gases have been determined as a
function of mean electron energy.

Finally, a program has been initiated to apply the
basic knowledge we have obtained on electron attach
ment to and elastic and inelastic electron scattering
from polyatomic molecules to improve the breakdown
strength of high-voltage dielectrics.

15. Physics of Liquids and Surfaces

Experiments have been initiated on the scattering of
light from cylinders. An He—Ne laser beam is incident
on aluminum-coated glass cylinders as small as 5 /U in
diameter. The scattered light intensity shows structure
due to excitation of surface electronic states. Applica
tion to understanding of electronic behavior of macro-
molecules and to detection of cylindrically shaped
pollutants of the atmospheric and aquatic environments
is anticipated.

The optical and dielectric functions of the alkanes
tetradecane and heptadecane have been obtained in a
joint effort between the Physics Department, University
of Tennessee, and ourselves. Optical absorption charac
teristics out to 26 eV show that these alkanes in the

liquid state have characteristics similar to both lower
and higher alkanes in the vapor and solid states
respectively. However, our liquids show a maximum in
the energy loss function at 21 eV which is similar to
that in pump oils DC-704 and -705, glycerol, and liquid
water and is similarly explained as due to excitation of
a collective electronic resonance.

A cooperative program with the Thermonuclear
Division involves studies of the feasibility of optically

monitoring the thicknesses of deposits on the inner
liner of ORMAK. A prototype device has been designed
and installed on ORMAK which involves shining a laser
beam through windows in the outer vacuum wall and
liner onto the inner surface of the liner. When this has

been calibrated, it should yield the thicknesses of the
deposits from a measurement of the reflectance. The
feasibility studies which preceded the design of the
device are described in Chap. 16 of this report. This
work complements and supplements studies on the liner
being performed by personnel of the Metals and
Ceramics Division.

Equipment is being constructed and assembled to
measure energy losses of electrons scattered from the
surfaces of various low-vapor-pressure liquids whose

electronic behavior has been studied. For example, for
pump oils DC-704 and -705 and/or glycerol, we will
investigate whether or not collective electronic states
are excited as predicted from optical data. We will look
particularly for evidence of surface-plasmon states
similar to those reported by Powell for liquid metals.

16. Physics of Solids and Macromolecules

In this program we are undertaking a study of some
of the fundamental properties of solids and macromole
cules. Photons with energies extending from the in
frared to the soft-x-ray region are used to obtain
reflectance, transmittance, and photoelectron yield.
Such data can be analyzed to yield the optical and
dielectric functions associated with the bulk material,

electron attenuation lengths in the material, and surface
roughness parameters. Interpretation is in terms of
energy levels in the solids and macromolecules and
photon-electron, photon-plasmon, electron-electron,
and electron-phonon interactions. Applications include
studies of solar cell material, photosynthetic processes
in chloroplasts, chemical and radiation assaults to
biological materials such as DNA, basic processes
involved in coal technology, and electron mean free
paths in communications materials. High-energy elec
trons are also used to excite single electron transitions
and collective electron oscillations in solids, yielding
information complementary to that obtained from the
optical measurements. In each case the emphasis is on
understanding the fundamental processes involved
through the study of relatively simple materials.

This year we have obtained the optical properties of
solid sodium and lithium in the range of photon
energies from 0.6 to 3.8 eV by ellipsometric techniques.
This is preparatory to obtaining the optical properties
of liquid lithium, using the same techniques. A com
parison of the data for solid and liquid lithium will test
theories on disordered systems, and the data for liquid
lithium will also have a direct practical application in
the design of fusion reactors.

As an extension of our previous work on surface
roughness, we have measured the specular reflectance
from several diffraction gratings with different groove
profiles and then analyzed the data in terms of the
known periodic "roughness" of the grating profile.

Electron attenuation lengths in solids are known to be
small in the energy range from 10 to 100 eV, and hence
their accurate determination is difficult. At the same

time, the values of these electron attenuation lengths in
both metals and insulators are of great importance,
both theoretically in solid-state physics and practically



in connection with solid-state devices used in communi

cations systems. We have used various photoelectric
yield techniques to obtain values of electron attenua
tion lengths in aluminum and carbon. We are currently
analyzing the sensitivity of each method with the hope
of learning how to get completely consistent and
reliable values of electron attenuation lengths for 10- to
100-eV electrons in both metals and insulators.

Studies of the optical properties of materials of
biological interest, initiated in the Physics of Tissue
Damage program, have been continued with the meas
urement of the optical properties of bovine plasma
albumin (a protein) and of polystyrene over the range
of photon energies from 2 to 82 eV. These data yield
information on the molecular excitations in bovine

plasma albumin and in polystyrene. Most important,
these data indicate that ionizing radiations traversing
either material show a high probability of exciting
collective electron oscillations, or plasmons, with an
energy of ~21 eV.Thissame result has been seen for all
the solid and liquid organic materials (as well as for
water) studied in our laboratory and at the University
of Tennessee over the past few years. Thus plasmon
creation represents an extremely important mechanism
for energy absorption in biological materials and should
be a significant factor in track structure models.

During this reporting year we undertook to examine
the feasibility of monitoring the first wall in ORMAK
(Thermonuclear Division, ORNL) by optical measure
ments. Calculations of the normal-incidence reflectance

as a function of the thickness of a contaminant layer on
a gold substrate showed that a monolayer or two of a
contaminant on the gold produces a measurable change
in the reflectance at a suitably chosen photon energy. A
knowledge of the nature of the contaminant, in
addition to the reflectance, is required in order to
obtain the contaminant film thickness. Uncertainties

concerning the nature of the contaminant coupled with
scattering problems may prohibit calculations of the
exact film thickness by this method, but it should
provide a qualitative, if not quantitative, monitor of the
surface conditions. A monitoring device which has been
designed and installed on ORMAKis described in Chap.
15 of this report.

Soft-x-ray emission spectra have been obtained for
evaporated films of LiF, LiCl, and LiBr. To overcome
the perturbations of the spectra due to halogen evolu
tion, each point on each spectrum was obtained on a
fresh film evaporated in situ. Independently measured
photoelectron spectra and optical gap data used in
conjunction with our soft-x-ray emission spectra lead to
the identification of prominent peaks in the spectra at

61.0, 60.5, and 59.6 eV for LiF, LiCl, and LiBr,
respectively, as due to the radiative decay of core-level
excitons.

17. General Physics

The work of the General Physics Section seems to
divide naturally into two broad categories: (1) the
interaction of charged particles with matter and (2) the
interaction of photons with matter. Although the work
described here is basically theoretical physics, it is
closely related to experimental programs at ORNL and
elsewhere and has direct applicability for areas as
diverse as cancer radiotherapy and nondestructive test

ing.
Interaction of charged particles with matter. In our

theoretical dosimetry program, the computer code
PION-1, written for the transport of pions through
matter, has been further improved and now appears to
contain an adequate treatment of all the physical
processes important for applications to cancer radio
therapy. Several calculations have been made of dose
distributions from pion beams.

Recent interest in the use of negative pions for cancer
radiotherapy has resulted in the necessity for develop
ment of pion dosimetry. The use of ionization methods
for dosimetry requires a knowledge of W, the average
energy required to produce an ion pair. Although W
values have been measured for most common types of
radiation in many gases, its value for the complex
radiation fields that occur from pion irradiation has
not. We have made a study to estimate the value of Win
nitrogen and argon for the radiation resulting from pion
capture stars as well as the value in the plateau and peak
dose region for a pion beam typical of those proposed
for therapy treatments.

As a charged particle penetrates matter, it undergoes a
large number of small-angle scattering events due to
Coulomb forces. This multiple Coulomb scattering
markedly affects the patterns of dose deposition that
can be obtained with pion beams, largely determining
the extent to which observed dose can be localized in a

tumor region. Because of the large number of scattering
events, direct collision-by-collision simulation in Monte
Carlo computer codes is not feasible. Three analytic
procedures for simulating multiple Coulomb scattering
in Monte Carlo codes have been studied, and one has

been selected that gives an adequate treatment for
radiotherapy applications and that is reasonably effi
cient in terms of computer running time.

A great deal of effort has gone into the study of the
interaction of electrons with matter. Our interest here



centers around differential inelastic interaction proba
bilities for low-energy electrons in matter and such
derived quantities as mean free path, stopping power,
and range. Most of these calculations take as a starting
point the dielectric response function of a given
material, e(k, co), which describes the response of the
material to a momentum transfer hk and energy transfer
hco. While this function calculated for the electron gas
model has been used quite successfully in understanding
the properties of metals as a class, calculations of the
dielectric response function for semiconductors, semi-
metals, and insulators usually deal with specific solids.
We have derived a dielectric response function for a
model insulator which should prove to have a similarly
wide applicability in describing the valence-band elec
trons in insulators. This general model may be made to
apply to specific insulators by a proper choice of the
adjustable parameters of the theory. The model insu
lator theory has been applied in a simplified form to
Al203 by assuming that all valence-band electrons have
the same binding energy and determining adjustable
parameters such that the imaginary part of the dielec
tric response function in the zero-momentum-transfer
limit agrees with experimental optical data. En
couraging results have been obtained even with this very
simple form of the model insulator theory.

The electron gas model for the response of conduc
tion electrons in metals is limited to some extent by the
assumption of a uniform electron density. We have been
examining a statistical method for the evaluation of
low-emwgy-electron inelastic mean free paths which
incorporates the relative simplicity of the electron gas
model. The response of the conduction electron at
some point in the metal is taken to correspond to an
electron gas of density equal to the electron density at
that point. The electron inelastic mean free path
calculated for a given density is then averaged over the
distribution of electron densities in some appropriate
volume of the metal. Relativistic Hartree-Fock methods
have been used to calculate the electron density
distribution in space for silver and gold. Low-energy-
electron mean free paths obtained using this statistical
procedure agree reasonably well with experimental
results for low-energy electrons, considering the diffi
cult experimental problems involved.

The differential cross sections for excitation of
electrons to the continuum from the inner shells of
aluminum and oxygen atoms by incident electrons have
been computed from tabulated generalized oscillator
strengths (K shell of 0,L shell of Al) and hydrogenic
form factors (K shell of Al). This information will be
combined with an electron gas treatment of the

conduction-band electrons in aluminum metal and the

model insulator theory for the response of valence-band
electrons in the insulator A1203 to describe the most
important processes by which electrons lose energy in
these materials. This information will be used to

tabulate mean free paths, stopping power, and range for
electrons over an energy range of ~10 eV to 10 keV.
These tabulations should be useful to workers in many
areas.

A theory has been developed to account for the
energy loss of swift proton clusters in solids. Energy
loss measurements in transmission experiments on
carbon and gold foils with ~100-keV/nucleon H2+ and
H3+ beams reveal that protons moving in spatially
correlated clusters have effective charge numbers signifi
cantly larger than unity. Qualitatively, as the molecule
enters the target, the valence electrons are stripped and
the atomic ions move apart under the influence of
Coulomb repulsion. The energy loss of the cluster thus
is some intermediate value between what is predicted
for a point charge corresponding to the sum of the
charges of the atomic ions and that for the completely
separated atomic ions, depending on the time spent in
the target. A linear response theory treatment has been
used to derive an effective charge for the cluster as a
function of dwell time in the target. The theory takes
account of the motion of the particles in the cluster,
the distribution of internuclear distances in the cluster

on entering the target, and the coherent dynamic
response of the target electrons. Quantitative agreement
is found between theoretical predictions and the meas
urements of cluster energy loss for H2+ and H3+ beams.

Interaction of photons with matter. In our continuing
study of collective states in solids and their role in
energy transport processes, we have been examining
numerically the equations describing the scattering of
light by cylinders and the excitation of surface-plasmon
modes on the cylinders. We have developed a computer
program to calculate the extinction, scattering, and
absorption efficiencies for a plane wave of arbitrary
angle of incidence on a right circular cylinder. We are
now able to calculate these quantities for a cylinder of
arbitrary complex dielectric function with a cylinder
radius less than about 2 11. Calculations using a complex
dielectric function describing an electron gas of a
density corresponding to the density of conduction-
band electrons in aluminum show peaks in the scat
tering efficiency corresponding to the excitation of
various surface-plasmon modes on the cylinder. These
efforts are designed to complement experimental work
carried out in the Physics of Liquids and Surfaces
Section.
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Void formation in a solid subjected to neutron
irradiation may cause serious deterioration in the
mechanical strength of the material. Nondestructive
diagnostic techniques are needed in this area. Our
earlier calculation of surface-plasmon excitation on
spheres hasbeen reexamined and revised to describe the
excitation of surface plasmons on voids in x-ray
inelastic scattering. The response of the medium in
which the voids are located is described by a free-
electron-gas model. Intensity measurements and energy
analysis of the scattered x rays should reveal informa
tion on, for example, void density, void size distribu
tion, etc. We are encouraging experimental work along
these lines to determine the usefulness of the theory for
practical studies of void formation in metals.

PART IV. CHEMICAL PHYSICS

AND SPECTROSCOPY

18. Chemical Physics Studies

A number of new and some very dramatic results have
been obtained in our continuing studies of the physical
and chemical properties of molecular negative ions.
With the unique crossed-beam, charge-exchange tech
nique for studying properties of molecular negative
ions, studies of chemi-ionizing collisions of sodium,
potassium, and cesium atoms with both organic and
inorganic molecules have revealed abnormally large
electron affinities for several hexafluoride molecules

(more than 4.5 eV) and the first observation of a
thermal-energy gas-phase collisional ionization process
between ground-state reactants (a new kind of chemi-
ionization). Detailed experimental studies of alkali-
atom scattering by linear triatomic molecules have
contributed greatly to our understanding of molecular
collision physics. Here we find linear molecules which
produce negative ions only after undergoing extreme
distortions into a "bent" configuration. A new and
potentially very useful method for predicting electron
affinities of polyatomic organic molecules of the simple
conjugated hydrocarbon type has been developed. The
semiempirical theoretical method gives results which are
in extremely good agreement with experimental data
from molecular beam experiments.

Our detailed studies of molecular dissociative ioniza

tion by electron impact have been extended to include
polyatomic as well as simple diatomic molecules. The
kinetic energy information on various dissociative prod
ucts provides unique input to questions involving "hot"
atoms or ions in atmospheric physics or radiation
chemistry studies.

In addition to studies of attachment to and excitation

and ionization of atoms and molecules by electron
impact, we have also studied reactions of highly excited
atoms with unexcited molecules to produce positive
and negative ion pairs and with other atomic species to
form ionic species through associative ionization. Other
properties of highly excited molecularspecies havebeen
further elucidated through an extension of a theoretical
study of unimolecular decompositions. Close agreement
has been obtained with recent experimental data. Our
experience in electron transfer mechanisms, electron
affinity, and ionization potential determinations has
been brought to bear on a cooperative study with other
divisions of the Laboratory of highly conducting
organic charge-transfer salts. Initial studies of TTF-
TCNQ salts, mentioned last year, have been extended to
studies of ionization potentials and electron affinities of
a number of other organic donor-acceptor molecules.
Additional optical and electrical conductivity measure
ments have been made on TTF-TCNQ and other
charge-transfer salts over a wide range of temperatures.

Finally, theoretical studies have been made of level
shifts of spectral lines which result from Coulomb
interactions of neighboring atoms in a high-pressure gas
and of rotational resonances in low-energy electron
scattering by molecular hydrogen. The first theoretical
confirmation has been obtained of the presence of a
rotational resonance in the elastic scattering by molec
ular hydrogen of electrons with energies below the first
inelastic rotational threshold. Certain experimental data
have been rationalized on the basis of rotational

resonances for the last five or more years. The present
study has confirmed long-standing speculations on such
phenomena.

19. Atomic Physics and Laser Research

This year our research program on energy pathways
reached an exceptional level of excitement through new
scientific accomplishments and through recognized
applicability of the research to several first-order
practical problems. We developed a new method for the
study of quantum-selected excited species. The method
(called resonance ionization spectroscopy, RIS) involves
saturated photoionization of excited states, making
possible the measurement of the absolute number of
states by accurate and sensitive ionization means. RIS
impacted our study of the energy pathways following
pulsed proton excitation of gases by making possible
direct measurement of metastable- and resonance-state

populations with laser pulses combined with proton
pulses in an ionization chamber.



Research on energy pathways in the noble gases has
been a major program for the understanding of the
interaction of radiation with matter, and knowledge
from this area of physics research has been directly
translatable, for instance, to radiation chemistry re
search and to gas discharge and other plasma devices.
Currently, we see two other important applications of
these studies, both of which (atmospheric pollution
characterization and laser research and development)
are now being pursued as an integral part of this
program.

Atmospheric pollution characterization. Energy
stored in noble gases will seek out trace quantities of
impurities and either ionize these (Jesse effect) or cause
them to fluoresce. Thus, very sensitive analytical
systems are possible simply by looking at characteristic
emission from impurities mixed with an irradiated
noble gas. This year we have obtained energy transfer
rates for several excited atomic and excimer states of

both helium and argon to various atmospheric pollu
tants. Also, we have developed new facilities for the
characterization of pollutants through their emission
spectra (500 to 10,000 A).

Laser research and development. ERDA has pro
grammed considerable effort into the development of
high-power gas lasers for controlled fusion and isotopic
enrichment applications. Several of the major ap
proaches under way in the Laser Research and Tech
nology Division of the Los Alamos Scientific Labora
tory can utilize the research results which we obtain on
energy pathways for specific laser systems; hence, our
program now derives financial support from LASL. Our
research can be utilized directly for the development of
excimer lasers, including those involving noble gases and
metal vapors. Thus we have developed heat pipe
facilities and other equipment necessary for the study
of metal vapors with our pulsed proton (3-MV Van de
Graaff) accelerator. Time-resolved emission studies will
also be made on quantum-selected atomic precursors of
the metal vapors. Another laser system of considerable
promise is the energy transfer laser; this year we made
time-resolved emission studies on one example, the
Ar-N2 system.

Resonance ionization spectroscopy can, in principle,
be utilized with ionization detectors (Geiger-Mueller
counters, proportional counters, and other one-electron
detectors) to make possible the detection of one atom
in a large-volume sample. We have started a program on
"one-atom detection" aimed at demonstrating this
ultimate analytical sensitivity. Our current research in
this area includes a broad study of laser-induced
background and a study of a combination of laser

beams fired directly into a gas-flow proportional counter.
Future applications of one-atom analytical devices may
include (1) aerial survey of atmospheric pollution and of
mineral and oil deposits, (2) detection and characteri
zation of new elements, (3) measurement of extremely
slow chemical reaction rates, (4) measurement of very
slow diffusion of species through materials such as
reactor vessels, (5) detection of sputtering products
associated with radiation damage, and (6) vapor pres
sure measurements of the metals.

PART V. MEDICAL PHYSICS AND

INTERNAL DOSIMETRY

(Chapters 20-38)

The report of the Section continues to illustrate the
merging of the several disciplines which comprise this
research area, although internal dosimetry remains the
firm basis of much of our research. The Section has

attempted to meet the continuing demands placed on
the dose-estimation program through additional refine
ments to the computer codes and models used to
produce these estimates.

The annual progress report contains a large number of
papers on metabolic modeling and dose estimation. We
have attempted to provide data applicable to some of
the more practical problems faced by the health
physicist. One of the highlights is the paper by Bernard
and his colleagues on the noble gases. This paper
develops metabolic models needed for estimation of
dose equivalent from exposure to noble gases. The
models are based on published data on exhalation of
222Rn by a human subject. The variation of absorbed
dose with shape and size of the thyroid is also a timely
study. The thyroid is quite variable in size and shape.
Dose estimates are required for use in environmental
impact statements, etc., and a range of sizes and shapes
(corresponding to various age groups) must be con
sidered in order to put these dose estimates in the
proper perspective.

The extension of internal dosimetry research into the
area of nuclear medicine is apparent also in our progress
report. Two papers on the continuing study of the
bladder and excretion patterns illustrate this point. We
also propose a semitheoretical approach to the reten
tion and excretion of various ions based on the results

of a continuing study in cooperation with the Radio-
chemistry Group in the Division. In addition, we report
on two studies related to the development and use of
nuclear-powered cardiac pacemakers.

Other aspects of our research are shownin the papers
on exposure of children to an infinite cloud of a photon



emitter, the effect of source-organ size on the absorbed
fraction distribution, and the development of improved
mathematical models for a one-year- and five-year-old
child. The remaining papers reflect our interest in x-ray
diagnosis and therapy, dosimetry for neutron therapy,
and other aspects of internal dosimetry (e.g., the
cooperative research program with the Comparative
Animal Research Laboratory).

PART VI. OFFICE OF EDUCATION

AND INFORMATION

(Chapters 39, 40)

The Division's Faculty Institute in Applied Health
Physics was started in the summer of 1974. Under this
program, which was undertaken in recognition of the
nation's growing need for technologists trained in
health physics at the bachelor's level, up to ten
participants spend ten weeks in the Division during the
summer. Nine faculty members from different colleges

and universities participated during 1974 in anticipation
of implementing undergraduate courses in health
physics at their home institutions. The Institute pro
vides supplemental training, experience, and educa
tional materials for college faculty to teach under
graduate health physics. A follow-up survey of the first
year's participants indicates that the Institute was
successful in increasing the number of institutions
where formal undergraduate health physics training is,
or soon will be, available.

The Division has continued its teaching, training, and
research relationships with Oak Ridge Associated Uni
versities, the University of Tennessee, and a number of
other universities at home and abroad.

The Health Physics Information System has de
veloped rapidly. During this year the structuring of the
data base and format has been finalized in consultation

with the Division's staff and the Laboratory's Energy
and Information divisions. A number of requests for
health physics information on a range of topics were
answered.



Part I. Emergency Technology
C. V. Chester

1. Strategic Defense

G.A.Cristy C.M.Haaland C.H.Kearny Ruby N. Thurmer

NATIONAL SURVIVAL AFTER A

NUCLEAR ATTACK

C.M.Haaland

Introduction

It is becoming widely conceded among "thinkers
about the unthinkable" that the Soviet Union would

not attack the U.S. with nuclear weapons without first
activating their extensive civil defense plans, which
involve the massive evacuation of population from
urban areas. Such large-scale movement would quickly
become evident to the U.S. through many channels, and
if it were combined with an obvious escalation of

military activity and political tension, it is believed by
many defense officials that an effective evacuation
could be carried out in the U.S. during the same time
period. The planning required to make this evacuation
effective has come to be known as Crisis Relocation

Planning (CRP) within the Defense Civil Preparedness
Agency (DCPA), and the general philosophy of crisis
relocation and preparation for threatening nuclear
attack has been adopted by Secretary of Defense
Schlesinger, as described in his report to Congress on
February 5, 1975.

One of our tasks in the Emergency Technology
Section is to define the nature and scope of plans for
taking care of the needs of the people after a nuclear
attack, assuming that most of the urban population has
been relocated to low-risk areas before the attack, and

that protection from the radiological hazards of fallout
has been provided. The magnitude of the nuclear attack
on the U.S. is assumed to be consistent with the current

SALT limitations, which are to extend through the year
1985. Through effective execution of CRP, we are to
assume that over 90% of the U.S. population is
expected to escape the direct effects of nuclear weap
ons and will be protected against the harmful effects of
fallout. However, most of the urban centers will be
destroyed, including their warehouses, storage facilities,
communication and transportation centers, industrial
plants, hospitals, and social service centers. Further
more, the movement of people and goods in unattacked
areas may be hampered in many places by the presence
of dangerous radiation from fallout for a few weeks
after the attack. Under these circumstances the major
problems become those of existence for the evacuated
population through threats of starvation, thirst, and
disease, exacerbated by breakdown of authority and
general loss of morale. Our problem is to determine (1)
whether continued existence is possible after a nuclear

attack with current CRP, (2) what is required to make
existence (survival) possible if it doesn't appear to be
possible at present, and (3) what plans can be made to
enhance survival and shorten the time-span from nu
clear attack until most of the evacuated labor force can

be put back to work again. Answers to these questions
are being sought under the assumption that the entire

nuclear exchange would occur in a few hours or days,
with an attack pattern given to us by the DCPA.

An Overview of the Problem

A simplified approach to the first problem mentioned
above, namely, whether existence is possible after a
nuclear attack, is to ask whether there will be enough



food and water, assuming lodging facilities exist, to feed
the survivors, and if there is, how is that food and water
distributed geographically in relation to the distribution
of the survivors; and if it is poorly distributed, how can
it be redistributed?

Water Supply

For most areas designated as reception areas in the
U.S., there are abundant water sources. In many
localities, local water purification equipment will be
overloaded if evacuees and hosts attempt to use water
at the precrisis rate of about 100 gal/day per person.
Reduction in the use of purified water for bathing and
washing will result in an adequate supply of drinking
water for nearly all areas. In those few areas where the
local water purification equipment will not be adequate
to handle the overload, there will be other sources of
water from streams and dams which can be purified by
mobile emergency water purification units. In the worst
case, some people may use water from these sources for
drinking without purification, and there is a danger that
some of these people may consequently suffer from
various dysenteries, typhoid, hepatitis, and other wa
ter-borne diseases. In general, there will be enough
water such that people will not die of thirst in the
postattack situation. There may be a problem in some

locations with soluble radioactive components of fall
out, such as iodine, which may require special treat
ment of water by filtration or distillation, or which may

be counteracted by prophylactic measures.

Food

In the postattack period, most of the processed food
in homes, retail outlets, and wholesalers' warehouses
will have either been consumed during the preattack
crisis period or destroyed by the attack. Most of the
livestock processing plants are located in target areas;
hence the livestock food reserve will be largely unusable
after the attack. Furthermore, much of the livestock

may be killed by radiation from fallout, because little

planning is being done to protect them from this
hazard.

The major food reserve will therefore reside in
unprocessed grains in the postattack situation. The food
value of grains in normally covered storage is unaffected
by fallout, and most of the U.S. grains are stored on
farms, some in privately owned rural elevators, mills,
warehouses, and processors, and some in grain termi
nals. We estimate that less than 20% of the total grain
stock will be located in target areas at any one time.
Total grain stocks in the U.S. in terms of food supply

amounted to about 78 billion man-days or about one

year for the U.S. according to the USDA report on
October 1, 1974, and about 2'/3 years on January 1,
1975, including wheat, corn, oats, barley, and soybeans.
We assume that 3000 cal/person are required per day,
and that an approximate average of 2 lb of grain will
supply this caloric requirement. With 20% of the grain
stocks destroyed by the attack, there will remain
approximately one year's food supply in grains for the
surviving 180 million Americans, at the low stock level
reported above for October, and about two year's
supply at the January stock level. Since most of the

U.S. farm area will be arable within a few weeks or

months after the attack, regardless of fallout and the
time of year of the attack, there will be ample time and
opportunity to plant, grow, and reap new harvests
before the grain stocks are depleted, assuming that
petroleum is available for operating farm machinery.
The problem now remains to determine how well the
grain stocks are distributed in relation to the distribu
tion of the postattack population.

Distribution of People in the
Postattack CRP Situation

In our study the relocated people will be assumed to
be distributed according to the plans of the DCPA,
which follow fairly closely the computer program called
ADAGIO, developed by Leo Schmidt at the Institute
for Defense Analyses. This program indicates where
people from each urban area should go in order to reach
a low-risk area in terms of nuclear weapons effects,
and it also evaluates the evacuated area in terms of its

hosting ratio and the distance the evacuee must travel
(straight-line). The hosting ratio is the number obtained
by dividing the number of evacuees in a community by
the number of preevacuation inhabitants. We have been
provided with a data base which lists the number of
evacuees and the initial population by county for the
U.S., corresponding to a particular hypothetical attack
pattern and level of attack.

Distribution of Grain Stocks

Information on total grain stocks cannot be obtained
from USDA for counties in which there are less than

three elevators, in order to protect the privacy of
individuals in those counties; however, data on the total
grains produced per year are available by individual
counties for as late as the year 1973. We will assume
that, for a part of the year at least, the grains are located
within or near the county in which they are produced.



We further assume that the location and availability of
grains at the time of the hypothetical attack under
consideration can be fairly well represented by the data
for 1973. The number of days of food available from all
grains for the evacuated population distribution has
been listed by county. This listing shows that even
though there are adequate grain stocks for the nation to
survive, they are not distributed where the people may
be located after the cities are evacuated. Furthermore,

although the evacuation program ADAGIO will indicate
where people should go to avoid a high-risk area, we
assume that the grain stocks are not moved during the
crisis period, that grain stocks may be located in areas
of high fallout contamination, and may not be acces
sible for movement for many days.

Distribution of Fallout Radiation

The attack pattern given to us by the DCPA was
combined with the WSEG-10-NAS fallout model to

generate radiation contours at different times after the
attack. For simplification of the calculation it was
assumed that all weapons were delivered simultaneously
and that stratospheric winds, primarily responsible for
delivering fallout from surface nuclear bursts, were
uniform from the West, resulting in a 25-mph effective

wind for computing the arrival of fallout downwind
from the bursts. Radiation levels for 3 ft elevation

above flat ground were calculated at the centroid of
each 0.1° sector of latitude and longitude, and the
contours were drawn by a linear interpolation program.
Two representative fallout maps for the New England
states at H + 48 hr and H + 336 hr (two weeks) are
shown in Figs. 1.1 and 1.2 respectively. These maps
indicate where movement of grains and people will be
hazardous from radiation due to nuclear fallout.

Interstate Highways and
Commercial Airports

The computer-drawn map in Fig. 1.3 shows a dot map
of the interstate highway system. We also possess a data
base showing the location of commercial airports and
runways in the New England states. With the maps and
listings described so far, especially when produced as
transparencies at the same scale, an overview of the
essential elements of the problem is presented.

In an actual situation of this nature, distribution of
fallout radiation would not be predictable because of
the variability of wind patterns and the additional
uncertainty introduced by the effects of a large-scale
nuclear attack on meteorological conditions. Further-

ORNL-DWG 75-7147

80.0 78.0 76.0 74.0 72.0 70.0 68.0

46.0

44.0

42.0

40.0

Fig. 1.1. Fallout radiation dose-rate contours for the northeastern United States at 48 hrafter anuclear attack. Dose rates at the
contours are 1, 3, 10, 20, 30, and 100 R/hr, beginning at the outermost contour.



40.0

ORNL-DWG 75-7148

J°-° 78.0 76.0 74.0 72.0 70.0 68.0

Fig. 1.2. Fallout radiation dose-rate contours for the northeastern United States at 336 hr (two weeks) after a nuclear attack.
Dose ratesat the contoursare 1, 3, 10, 20, 30,and 100 R/hr, beginning at the outermost contour.

ORNL-DWG 75-7149

S0.0/->^120.0 70.0_

Fig. 1.3. The U.S. interstate highway system represented by acomputer-drawn map with dots located at curves in the highways.



more, the actual distribution of the evacuated people
may be uncertain. In order to solve the potential
postattack food supply problem, it would be highly
desirable to map the fallout radiation fields in some
manner, perhapsby plane or by automatic field stations
reporting upon radio call. The distribution of the
evacuated population should be determined during the
crisis period before the attack.

After the attack, the locations of destroyed bridges,
runways, and railways should be assessed as rapidly as
possible, as well as the availability of transport vehicles
and operating personnel. A great number of commercial
airports and truck terminals will survive the attack,
including reserves of petroleum fuels stored at these
facilities, as well as the transport vehicles themselves.
We also assume that at least 3% of the U.S. and
Canadian petroleum refining capacity survives, because
it would require over 470 nuclear weapons to destroy
97% of the capacity existing in 266 plants, assuming
80% reliability for each weapon.

At present there are not enough separately targetable
weapons in the Soviet arsenal to accomplish this ob
jective in addition to the destruction of other targets
which we assume must be rated with higher priority,
such as the destruction of military targets and military-
industrial complexes. This situation may change rapidly
in the near future, as the Soviets replace their current
missiles with the larger ones now ready for deployment,
and replace the single warheads with MIRV's having
much greater accuracy than the present missiles.

Transport Scheduling Model

The elements of the problem, as presented above, of
providing adequate nourishment for the relocated popu
lation surviving a large nuclear attack can be solved by
computer by use of modern linear programming tech
niques. While such an idealized situation and solution
may be hopelessly impossible under actual conditions,
it may be useful to go through the idealized calculation
to determine whether the redistribution of grain stocks
can be accomplished within the restrictionsimposedby
petroleum limitations. The basic assumptions of the
model will be presented here without going into the
details of the calculation.

The problem is to establish G days of grain supply in
every county within D days after the operation begins,
such that the days of grain supply on hand,//, are never
less than some minimum, M, no person is exposed to
more than R rads of radiation, and the total consump
tion of fuel, F, isminimized. Movement of grain may be
accomplished by truck or aircraft. Trucks must be
routed so that the operator receives no more than some
level of radiation, to be determined, on the delivery leg

of the trip. Aircraft operators are assumed to be
exposed to no radiation during the entire trip, except
while at their destination, and people may be trans
ported out of a county on the return trip of the
aircraft. Note that G will be variable in every county,

depending on the population, P, of the county; so when
people are transported out of a county, the ultimate
grain goal, G, will be reduced, and H will be increased.
This double operation of aircraft, hauling grain in and
transporting people out, makes them more competitive
with trucks, although the fuel penalty per pound-mile is
much higher. A model in which trucks will haul people
from certain areas will also be considered.

During the entire operation the radiation fields will be
decaying in intensity as f-12; hence at later times in
the operation, more and more trucks will be able to
operate. We will assume that major highway bridges
which have been destroyed in the attack have been
repaired or replaced by temporary bridges in a few days
after the attack. For the purpose of calculation of fuel
consumption, distances for aircraft transportation will
be computed as straight-line distances between the
geographical centroids of airports. Various truck routes
will be postulated to maintain the total radiation
exposure to the operator to R rads, with a protection
factor of 1.5, and rerouting to avoid radiation fields will
be assumed to proceed along the straight-line segments
between the geographical centroids of counties. The
maximum distance for a one-way trip will be 250 miles
for truck (the usual radius of operation) and 1000 miles
for aircraft.

We will assume that 20% of the current commercial

aircraft force will be available immediately for the

emergency airlift of grain, and that 10% more will
become available in each of the following three weeks.
During the crisis period, both trucks and commercial
aircraft should be moved out of target areas. We assume

that 30% of the precrisis truck force, by state, will be
available for shipment of grains.

The establishment of this model and the calculation

of results corresponding to different inputs will provide
insight into the problems of whether survival is possible,
and what is required to make survival possible. Addi
tional studies are under way to develop plans which
would enhance survival and shorten the time to reach a

recovery stage.

SOVIET CIVIL DEFENSE STUDIES

Ruby N. Thurmer

Our continuing research of Soviet civil defense activi
ties has revealed no evidence of any lessening of the



effort to prepare their people and industries for
defense.

Since 1961, Civil Defense in the U.S.S.R. has been
changing in scope and tasks. The nature of the measures
carried out has also changed. During World War II the
local air defense forces were credited with putting out
90,000 fires, preventing 32,000 serious accidents in
critical industries, and disarming or rendering ineffec
tive 430,000 bombs and 2.5 million shells and mines in
the Moscow area alone. In 1961 this local air defense
system was changed to Civil Defense.

Since that time its functions have increased sharply.
Protection of the people is its main goal;however, Civil
Defense is also expected to ensure the stable operation
of units and branches of the national economy under
conditions of war and natural disasters. Its responsibili
ties include the protection of industry, agriculture,
communications, transportation, etc., against "weapons
of mass destruction."

The Civil Defense organizations of the U.S.S.R.
interact with the armed forces to a very great extent. In
fact, both operate under a single military command.
Soviet leaders consider Civil Defense an extremely vital
part of their defense planning: quite naturally —
because upon it depends the continuation of the
essential activities of the state under conditions of a

contemporary war.

In late 1973, party directives were issued which
stipulated that civil defense preparations should be
intensified. This increased effort was to be concentrated

on bringing civil defense information and skills to the
entire population. The manner in which this was to be
accomplished was referred to as "practical training
exercises." This meant that everyone —workers, stu
dents, housewives, and retired persons — was to be
included in training classes. These classes were to teach
by actual performance the measures necessary to
survive a nuclear war.

In 1974 the Communist party directives stated that
"site exercises" were to be introduced into the pro
gram. This new method means that training centers are
being constructed which make it possible to teach such
techniques as evacuation, fire fighting, decontamina
tion, rescue and restoration, and shelter building under
realistic crisis conditions. It has become apparent that
shelters are considered a necessity for the entire
population. Many industrial installations already have
constructed large-capacity, permanent-type shelters for
their employees. Other shelters are constructed in rural
and residential areas in the course of the training
exercises.

Another development of significance which we have
noted is the recent announcement that planners in the
U.S.S.R. intend to provide more adequate grain storage
facilities throughout the country. They intend to
increase their capacity by 2,500,000,000 bu, and this
increase alone would result in an allotment of ~10 bu

of wheat for every person in the Soviet Union.
Additionally, they have declared that these new silos
and elevators will be sited in rural, nontarget areas. It
appears that the Soviets are getting to the problem of
providing food supplies for their population who would
survive a nuclear war.

The Communist press regularly emphasizes the im
portance of upgrading their country's defense capabili
ties - military as well as civil defense. It stresses their
"peace-loving policies, coexistence, and detente" in one
breath and their armed forces' ability to deliver a
crushing blow to "the aggressive forces of imperialism
at any time" in the next.

Again this year we have been able to complete the
extensive editing and publication of a translation of the
new Russian handbook entitled Civil Defense, Moscow,
1974, ORNL-tr-2845. Frequent articles in journals,
annual reports, and oral reports to various groups serve
to bring the results of our research to the attention of
both the general public and influential decision makers.
We maintain contacts with the Department of Defense,
various Civil Defense officials, members of Congress,
and others interested in furthering the cause of survival
for the U.S.

BEST SHELTER FOR CRITICAL

INDUSTRY WORKERS

G. A. Cristy

One of the serious problems related to the CRP effort
of the DCPA is providing adequate shelter for workers
in industries which need to continue operating even
during a period of international crisis so intense that a
strategic evacuation (i.e., crisis relocation) is initiated. A
study was performed to determine what needs to be
done by CRP planners and industry to provide adequate
shelter. The study took the form of a case study of the
Knoxville-Knox County industrial area.

A priority list was prepared of Knoxville industries
which probably would be expected to continue opera
ting during a crisis period (limited to the period of time
between initiation of an evacuation and the detection
of an enemy attack or the termination of the evacua
tion). Visits were made to 31 of the 135 companies on



the priority list. The information gained in those visits
forms the basis for the conclusions reached.

Very few blast shelters are available, and few of the
structures are of sufficiently strong construction to be
considered for upgrading for blast resistance. A manual
should be developed which would give guidance to
companies who wish to plan for expedient modification
of existing buildings. Most of the businesses employ
such heavy and complicated machinery that it is
impractical to consider relocation of the business to the
low-risk areas. On the other hand, there are a significant
fraction (25%) who could move part of their operations
to low-risk areas, and a smaller group (13%) who have
multiple plants which would allow shift of operations
from high-risk to low-risk areas.

Many companies, particularly those in industrial park
areas, have space available for constructing expedient
covered trenches. Structural materials and mechanical

earth-moving equipment could be made available
through precrisis "mutual aid" agreements. To prepare
fully for this alternative, new information on expedient
shelter construction (especially blast-resistant covered
trenches) needs to be developed and disseminated.

In the higher-blast-threat areas the only alternative
seems to be to plan and execute a tactical evacuation
plan. With careful preplanning and proper instruction of
the workers, coupled with the relatively small number
of people who would be in the evacuated area, the
workers could drive to the locations where their

families are sheltered after a warning of start of
hostilities was given. Pilot studies of tactical evacuation
are recommended.

The alternatives by order of cost effectiveness are: (1)
tactical evacuation, (2) expedient construction of cov
ered-trench blast shelters, (3) expedient modification of
existing structures (number capable of such modifica
tion is severely limited), (4) precrisis construction of
blast shelters.

EXPEDIENT LIFE-SUPPORT

EQUIPMENT FOR SHELTERS

C. H. Kearny

The Need

Although the basic requirement for survival in a
nuclear attack is an adequately protective shelter, most
unprepared Americans also would need several life-sup
port items in order to make their shelter structures
habitable, and to improve their chances of surviving
during the shelter-occupancy period and beyond. There
fore, during the past several years the writer has

devoted almost as much of his civil defense efforts to

the design and field testing of expedient life-support
equipment for shelters as he has to the development
and testing of expedient shelters suitable for crisis
construction and use in the principal environments of
the United States.1"4

For an essentially unprepared population, during a
nuclear war crisis, there is certain to be a deficiency of
adequately protective shelter space. There would be
serious shortages, both of separate expedient shelters
built during the crisis and of good shelters in preexisting
structures, especially basements. In warm or hot
weather, most such below-ground shelters must be
provided with forced ventilation; otherwise, the humid
heat produced by crowded occupants would, in many
cases, rise to lethal levels. The best expedient air pump
developed to date is the Kearny Air Pump,5 so named
by the Office of Civil Defense after extensive testing.

Since dependable light can be of critical importance
in any long-occupied shelter, the writer has developed
and tested several types of expedient lights. The best
two types have been described in an ORNL publi
cation.5

New or improved items of expedient life-support
equipment have been thoroughly or partially tested and
will be described in detail in ORNL reports to be issued
during the next 12 months. These include (1) a
homemade yet accurate fallout survey meter, (2) means
for carrying and storing water, (3) means for cooking
with minimum fuel in austere shelters, (4) shelter
sanitation equipment, (5) shelter furnishings to increase
both shelter capacity and comfort.

A Homemade Yet Accurate Fallout

Survey Meter

Americans with the best chances of surviving an
all-out Soviet nuclear attack — those outside the cities

and other targeted areas — probably would have no
information concerning, and would have no way of

1. C. H. Kearny, "Hasty Shelter Construction Studies," chap.
21 of Civil Defense Research Project Annual Progress Report,
March 1970-March 1971, ORNL4679.

2. C. H. Kearny, "Construction of Hasty Winter Shelters,"
chapter 14 of Civil Defense Research Project Annual Progress
Report. March 1971-March 1972. ORNL4784.

3. G. A. Cristy and C. H. Kearny, Expedient Shelter
Handbook, ORNL4941 (Oct. 22, 1974).

4. "Civil Defense Research," in Health Phys. Div. Annu.
Progr. Rep. July 31, 1974, ORNL-4979, pp. 79-106.

5. C. H. Kearny, How to Make and Use a Homemade,

Large-Volume, Efficient Shelter-Ventilating Pump, the Kearny
Air Pump, ORNL-TM-3916 (August 1972).



measuring, the dose rate from fallout radiation, either
outside or inside their shelters. Before an obviously very
threatening crisis develops, very few Americans would
buy or maintain conventional fallout monitoring instru
ments, all of which require batteries. Furtheimore, such
instruments would not be available in adequate num
bers after a nuclear crisis became widely recognized.

Figure 1.4 pictures a man taking a reading with
instrument No. 7, one of the first dependable home
made fallout survey meters that can be made using only
materials found in millions of American homes. Instru
ments made like instrument No. 7, one of a number of
different designs made and tested by the writer, give
promise of being accurate within ±20% in the wide
range of gamma dose rates (1 mR/hr to 6 R/hr)
concerning which shelter occupants would need to be
informed in order to decide when they could leave their
shelters for extended excursions, or permanently. This
simple instrument probably could be built and used
successfully by millions of American families - pro
vided they are given very thoroughly field-tested,
step-by-step illustrated instructions, and have sufficient
motivation to study and follow these instructions. The
development and field testing of these instructions will
require much more work than has been required to date
for the conception and development of this fallout
survey meter.

Instrument No. 6 (not pictured) may be termed an
electroscope-capacitor. It has two aluminum-foil leaves
suspended on insulating nylon threads that are con
nected to the upper edges of its housing can, a standard
No. 2V2 can. The relative dimensions and positions of
the leaves, their supports, and the housing cause
instrument No. 6 to be much more stable and easy to
read than is the Alvarez Fallout Meter,6 to which the
writer is indebted for ideas. Furthermore, the upper
edges of this new instrument's leaves are stiffened with
straightened paper-clip wire, both to prevent them from
being deformed when they are being charged and to
keep the like charges on the fully charged leaves from
forcing them too far apart.

The suspended aluminum-foil leaves can be observed
through the air-tight clear plastic covering that is taped
over the open upper end of the housingcan. The air and
other things inside the sealed housing can are kept at a
very low and constant humidity by small pieces of
dehydrated gypsum7 placed on the bottom of the
housing can.

The efficiency of dehydrated gypsum in maintaining
very dry and constant humidity inside instrument No. 6
(and also inside similar models) is proven by the fact
that, even with leakage and normal background radia
tion, the change in reading of instrument No. 6 during a

13-hr period was only 1 mm. This change corresponds
to a dose rate of 0.21 mR/hr; the dose rate from normal
background radiation alone is about 0.02 mR/hr -
assuming a normal background radiation of 170
mR/year.

The two insulated aluminum-foil leaves are charged
by touching them with the charged strip of insulated
aluminum foil of the expedient electrostatic charging
device. This frictional device is inside the housing can
and is operated by means of the handle of its movable
part. This handle is made of coat-hanger wire and
protrudes through a snug nail hole in the housing can.

The best electrostatic charging device tested before
April 1975 consists of a strip of aluminum foil,
insulated as a result of its being connected by nylon
threads (such as nylon dental floss) to a small movable
frame made of coat-hanger wire. The strip of insulated
aluminum foil is charged by rubbing it back and forth
on a piece of nylon cloth fixed to a coat-hanger-wire
"seat" attached to the inside of the housing can. The
aluminum-foil leaves are charged by touching them with
the charged aluminum-foil strip. Two nylon stop
threads, connected to the sides of the housing can,
prevent the leaves from accidently touching the housing
can and being discharged accidentally while the instru
ment is being charged or carried.

The like charges on the stiffened and weighted
aluminum-foil leaves cause them to be pushed apart,
while the unlike charge on the housing can causes the
leaves to be pulled apart. The geometry and relative
dimensions of instrument No. 6 are designed so that, as
ionizing radiation causes the charges on the leaves to be
decreased, the resultant decrease in the forces pulling
the leaves apart compensates for the decrease in the
horizontal components of the gravitational forces push
ing the leaves together. As a result of this approximate
balancing of some of the forces acting on the leaves,
equal gamma doses produce almost equal decreases in
the observed separation of the lower edges of the leaves,
as shown by Fig. 1.5.

6. The Alvarez Fallout Meter was developedduring the Cuban
Missile Crisis by L. W. Alvarez of the University of California. It
can be made in a few hours with common household materials.
However, because its interior and its electrostatic charging
devices are exposed to the ambient air, the Alvarez instrument
cannot be charged under the humid conditions typical of a
long-occupied fallout shelter. Furthermore, it is difficult to
manipulate and has severalother disadvantages.

7. Dehydrated gypsum can be made easily from ordinary
Sheetrock wallboard, by heating pieces of its gypsum in a
kitchen oven at 400°F, or higher, for an hour, or in a very hot
frying pan for 15 min.
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Fig. 1.4. Reading instrument No. 7 by looking straight down so as to observe the separation of the lower edges of the
aluminum-foil leaves within the sealed housing can. The observed separation is noted on the scale (which has 1-mm divisions)
attached to the top of the clear plastic covering of the housing can. The reader's eye is kept at a constant distance from the leaves by
means of the 12-in. ruler, the lower end of which rests on a support attached to the outside of the housing can '/> in. below its upper
edge, while its upper end presses against the reader's eyebrow. (Instrument No. 6 is read in the same way.)
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Fig. 1.5. Graph showing the almost straight-line relationship between four 15.2-mR gamma doses to which instrument No. 6 was
exposed and the resultant observed separations of the lower edges of its aluminum-foil leaves.

An instrument of this type can be used most
advantageously by charging it while inside a good
shelter, and then exposing it for periods specified by
tables and/or graphs that would be glued to its housing
can. The tables and/or graphs would give dose rates for
each of the specified exposure periods, corresponding
to observed decreases in the separation of the leaves.
For example, if a 30-sec exposure of instrument No. 6
outside a shelter results in a decrease of 10 mm in the

apparent separation of its leaves, the outside dose rate is
~ 3.6 R/hr; if a 30-min exposure results in a decrease of
10 mm, the outside dose rate is ~0.06 R/hr, that is,
~ 60 mR/hr.

Fortunately, average citizens who will make and use

this instrument will have no need to know all the hows

and whys of its design and operation. If they follow the
instructions and build their fallout meters out of the

recommended cans, regular aluminum foil, No. 1 paper
clips, and other remarkably standardized American
products required, the fallout survey meters they make
will be calibrated automatically and permanently —

probably for decades if the instrument is kept stored in
a sealed metal can with some dehydrated gypsum or
other desiccant.

Means for Carrying and
Storing Water

If subjected to the heavy, long-lasting fallout dangers
that an all-out Soviet attack would cause, few shelters

would have enough stored water to last the occupants
until they were ready to leave shelter permanently. The
most practical expedient means tested to date for

carrying water is to line sacks, trouser legs, or pillow
cases with larger-diameter plastic garbage or trash bags.
With a plastic-lined, water-filled trouser leg or sack
carried front and back over a person's shoulder, he can
carry 40 to 80 lb of water for miles in relative comfort.
Tests have likewise proven that a car can carry hundreds
of pounds of water over rough roads, if the water is
inside plastic bags used as the waterproof liners of
somewhat smaller sacks, pillow cases, boxes, or large
cans.

Plastic-lined sacks, boxes, or holes dug in the ground
are generally the most available expedient containers in
which to store large volumes of water. Field tests have
shown that if a hole is dug with a diameter an inch or so
smaller than the diameter of its intended plastic liner
bag, and if all ends of roots and other sharp objects are
first removed from the hole, then 25 gal of water can be
stored in a hole with no other lining than an ordinary
30-gal polyethylene trash bag. To protect stored water
from contamination by fallout particles or dissolved
radionuclides in downward-percolating rainwater, holes
or pits used for water storage should be provided with
rainproof earth-covered roofs, like those of a small
covered-trench shelter.

Up to hundreds of gallons of water can be stored in a
pit lined with ordinary 4-mil polyethylene film. From
such a storage pit, a below-ground shelter can be
supplied with running water by making a siphon out of
a garden hose.

From the above-outlined field tests, one can conclude
that even the most economical civil defense prepara
tions of a family or a community should include the
stockpiling of large plastic bags and rolls or sheets of
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4-mil polyethylene film for expedient water transport
and storage.

Means of Cooking With Minimum
Fuel in Austere Shelters

Although lack of adequate water is likely to be of
life-or-death importance long before starvation en
dangers all but the youngest of shelter occupants,
having a means to cook efficiently is likely to prove
important. Figure 1.6 shows an expedient Bucket-Stove.
the most efficient expedient stove developed and tested
to date for use both during the shelter-occupancy
period and the very difficult following months. Instruc
tions have been field tested that enable average citizens

to make and use this Bucket-Stove, using only common
household tools, a metal bucket, coat-hanger wire,

metal from a can, and a medium-sized cooking pot.
When burning small pieces of dry wood or twisted

paper in this Bucket-Stove, only about 7 oz of fuel are
needed to boil 3 qt of water, or to boil 3 qt of soaked
grain or beans covered with water. And if an expedient
Fireless Cooker has been readied - a job that takes a
person having the proven instructions and materials
only about 15 min to complete - then no additional
fuel is required to thoroughly cook even 3 qt of
water-covered grain, beans, or tough meat. The Fireless
Cooker keeps the food so near boiling temperature for
hours that it cooks thoroughly. Furthermore, a Bucket-
Stove can quickly be moved to whichever shelter

PHOTO 2861-74

Fig. 1.6. Expedient bucket stove. The adjustable damper slides on its attached clamp springs made of coat-hanger wire. The
lidded pot issupported on two coat-hanger wires. The movable coat-hanger-wire grate holds the fuel: frequently replaced small pieces
of wood, or twisted pieces of paper.
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opening is serving for the air-exhaust opening, depend
ing on wind direction.

Shelter Sanitation Equipment

The most practical means so far tested to enable most
occupants of expedient shelters to dispose of human
wastes is for several persons to defecate in a piece of
plastic, or in a plastic bag, then to tie the excrement
inside the plastic so that flies cannot reach it, and
finally to toss the package outside —preferably into a
pit. Flies cannot reach the packaged excrement to lay
their eggs or contaminate their feet, but are attracted
for days by the gases escaping from the package. By
thus attracting the flies to packages outside the shelter,
the occupants of shelters lacking insect screen or
netting over their openings would be spared harassment,
and flies can easily be killed by the thousands if an
effective stomach poison8 is available.

Urine is best collected in a bucket, and occasionally
poured outside. Odors inside the shelter can be mini
mized by placing containers of human wastes near the
shelter's air-exhaust opening and using a Kearny Air
Pump to pump air through the shelter when wind
velocities outside are too low. Keeping a tightly tied
plastic cover over the large can or bucket that temporar
ily holds excrement or urine helps control odors. Odor

problems also can be lessened by venting through a hose
the gases that are produced in such containers when
they are closed, by keeping one end of the hose outside
the shelter.

Expedient Furnishings to Increase the
Capacity and Comfort of Shelters

Shelter space provided with adequate forced ventila
tion can accommodate many more occupants if they
are able to sleep at night in two or three tiers and to sit
comfortably during the day in the same space. A
promising expedient means to attain this objective is for

each shelter occupant to sleep in a boatlike Bedsheet-
Hammock made by folding and tying a double-bed
sheet in a novel manner, so as to make a short, boatlike
hammock that it is almost impossible to fall out of (see

Fig. 1.7). Expedient hammock ropes can be made easily
from strips of cloth. In the daytime, each occupant
quickly converts his hammock into a comfortable
suspended chair - if he can follow illustrated instruc
tions that must be made clearer than the first set the

writer produced.

The failure of the first two test subjects to be able to
follow what the designer thought were clear instruc
tions for making and using this Bedsheet-Hammock and
suspended chair is another illustration of the necessity
of thoroughly proof-testing all instructions for the
making and using of survival items.

Conclusions and Recommendations

1. During an escalating crisis, the wide distribution of
illustrated step-by-step written instructions for making
the above-mentioned expedient life-support items
would significantly increase the number of survivors if a
nuclear attack did occur.

2. Even if the likelihood of a nuclear war is small,
Americans would be well advised to keep on hand
detailed instructions for making and using expedient
shelters and the life-support items needed to make them
more effective.

3. Since during a crisis sufficient time is unlikely to be
available to build all of the needed items of life-support
equipment in addition to essential expedient shelters,
prudent citizens should build and store at least some of
these very inexpensive items - especially a Kearny Air
Pump and a homemade fallout survey meter - before a
crisis occurs.

4. Realistic field testing of expedient shelters and
life-support equipment should be continued, including
the planned blast testing of 15 ORNL shelters of six
expedient types during Defense Nuclear Agency's
planned surface detonation of 1,200,000 lb of conven
tional explosive at White Sands Missile Range.

8. The best tested poison for this purpose is "Super Die-Fly,"
which contains 0.46% 2,2-dichlorovinyl dimethylphosphate
(DDVP) in a sugar base and is manufactured by Farnam
Companies, 8701 N. 29th St., Omaha, Nebraska 68112.
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PHOTO 2969-74

Fig. 1.7. Expedientbed-sheet hammock,slungfrom the roof polesof an aboveground crib-walled shelter. The roof of this shelter
is only 42 in. above the floor, yet one boatlike hammock enables two men to sleep comfortably where only one could sleep
otherwise.
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NATIONAL SECURITY AND NUCLEAR POWER

C.V.Chester

In most discussions of military or paramilitary action
against any class of facilities, the phrase "national
security" is usually invoked, and usually without
definition or question. We have found it a difficult term
to define in most contexts in such a way that the
definition is readily accepted by interested persons.
"Provide for the common defense" is the traditional

phrase bat is inexplicit in some situations. We will
nevertheless propose the following definition:
"National security is the capacity of the government to
neutralize threats to the lives, safety, or property of its
citizens."

"Neutralize" is used in the military sense to mean
"render ineffective," often but not always by physical
destruction, and can include "deter" and "stalemate."

"Safety" subsumes "health" and "freedom," since the
former must be threatened in order for the latter two to

be threatened. The will to resist threats is a necessary
part of the capacity. It follows that anything that
erodes the will to neutralize threats reduces national

security.

The first line of defense against external threats is the
Department of Defense and its armed services. The
capacity of the armed services to neutralize threats,
measured in response time and size of threat, is
dependent on the economic resources that can be
allocated to the Department of Defense. This in turn
depends on the size and health of the national
economy. An unhealthy economy can directly threaten
the safety and property of the citizens. Obviously,
anything that adversely affects the economy can be a
threat to national security.

1. Department of Physics, Ursinus College. Collegeville, Pa.

It is in this line that most considerations of the

national security aspects of energy development lie.
Events that could result in further delays in the
development of energy production facilities adversely
affect national security. In addition to the effect on the
economy, foreign control of a critical component, oil,
of our present energy supply gravely reduces the
capacity of our government to cope with threats from
this quarter.

Nuclear power has some unique assets and special
problems from the standpoint of national security. It is
totally independent of foreign imports. To the con
trary, exports of U.S. reactors, fuel, and instruments are
a positive contribution to our balance of payments.

The relatively small mass of fuel required for reactors
makes nuclear electric generators immune to protracted
nationwide labor disputes in the coal or transportation
industries.

The national security problems of nuclear power stem
from the fission products generated, the plutonium
produced, and the popular fear of both.

Possibly the major national security problem of the
nuclear industry is the assurance of the prevention of
plutonium diversion and its coercive use as an illegal
nuclear explosive. The technical aspects of an actual
diversion have been adequately discussed by Ted Tayor
and others {Nuclear Theft: Risks and Safeguards,
Ballinger, Cambridge, Mass.). The difficult part of the
problem is maintaining such assurance in the safeguards
program that an extortion attempt involving a false
claim of a nuclear explosive can be readily diagnosed.
Overreacting or incompetent handling of this type
of threat will invite imitation and provide political pres
sure for additional controls, delays, and expense on the
development of nuclear power.

A similar, principally political problem is that of
terrorist action against an operating power reactor. It is
theoretically possible for a well-armed and trained
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squad to overwhelm the defenses of a large nuclear
power station. If members of the attack force have been
carefully instructed and rehearsed by someone person
ally familiar with all the safety systems on that station,
they can disable enough systems to induce an uncon-
tained meltdown of the reactor. The ensuing loss of
generating capacity and the threat to the safety of a few

hundred (or even a few thousand) residents downwind
do not constitute a threat to national security, which
we assert is the capacity of the government to deal with
the problem. The threat would be from the ensuing
public outcry against nuclear power, which could well
delay or even stop the development of this energy
source, with the consequent impact on economic
growth.

A more likely occurrence, and nearly as damaging
politically, would be the armed seizure and occupation
of a nuclear station by some dissident group, followed
by political demands and threats of a meltdown. Unless
this group had very detailed inside information, it is
unlikely that they could cause irreversible core
damage if they were dislodged quickly. They would
present a painful dilemma to the authorities and give
much ammunition to the opponents of nuclear power.

The development of the nuclear industry will result in
the development of a large inventory of fission products
retained above ground in a finite number of locations,
most in the populous eastern half of the country. By
the year 2000, this inventory would have the potential
to increase by a factor of 5 or 10 the residual (one year
later) fallout from a nuclear war, seriously complicating
and delaying postattack recovery. While a war is
extremely unlikely, the existence of this vulnerability
could affect crisis negotiations by which international
disputes are settled without war. If the vulnerability
were unique to the United States, it would seriously
degrade our bargaining position if both sides had access
to computations that indicated that our opponent
would recover from our attack in less than five years

but we would not recover from his attack in 20 years.

NUCLEAR ENERGY CENTERS

G. A. Cristy R. R. Davis

One development recommended by the pioposed
federal energy research and development program
(1973) relates to construction of nuclear energy centers
(NEC). An NEC is conceived as a site which contains
many nuclear power plants (of the order of 10 to 40)
plus supporting fuel-cycle facilities. The rationale for
such clustering of reactors is based on the idea that they
will permit more rapid increases and greater economy in

electric generating capacity for one or more of the
following reasons:

1. a major reduction in time required to site reactors

and to bring them on-line because the site selection,
environmental impact studies, licensing procedures,
and the public acceptance efforts would be com
bined;

2. reduction in time and cost of construction through

use of a relatively stable and technically sophisti
cated construction force with specialty in the
construction of nuclear reactors;

3. more efficient operations from added flexibility and
the ability to share costs for some support facilities;

4. confinement of fission products, plutonium, and
wastes to a single location.

The Energy Reorganization Act of 1974 requires the
Nuclear Regulatory Commission (NRC) to report to
Congress by October 11, 1975, on its evaluation of the
NEC concept. The NRC report will include recommen
dations regarding feasibility and practicality of locating
the majority of new nuclear power reactors in "Power
Parks" (i.e., NEC) which would have from 10 to 40
power reactors and other facilities of the nuclear fuel
cycle (e.g., fuel reprocessing plant, fuel fabrication
plant, high-level solid waste storage).

The NRC established assumptions and ground rules
for the NEC site survey study and contracted with
ORNL to provide certain information2 for the NEC site
survey report.

The work being done by the Emergency Technology
Section to provide information for NRC's report
involves four topics:

1. national defense (nuclear attack threat),

2. sabotage or terrorist activities,

3. natural disaster,

4. recovery from major accidents.

Progress reports on the first three topics are included
later in this chapter. Recovery from major accidents
will be reported at a later date.

In each of the four cases a comparison is being made
between the NEC concept and the alternate siting
method which assumes a continuation of present
dispersed siting, limiting the number of reactors to four
on any one site. The comparison is made to determine

2. Nuclear Energy Center Site Survey, Nuclear Regulatory
Commission, Office of Special Studies, NUREG-75/018, March
13, 1975.
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whether any adverse or beneficial effects will result in
choosing the NEC siting alternatives. An attempt will be
made to estimate the additional cost or effort required
to reduce any adverse effects to the level of the
dispersed siting alternate.

Assumptions and Ground Rules

Site selection criteria for NEC. One task group of the
NEC site survey project (from the Energy Division) is
performing a rough screening of potential sites for
nuclear energy centers. The goal of the rough screening
is to select three typical or surrogate sites —one coastal,
one inland, and one remote. The site criteria established
by the NRC are extensive; so for brevity and clarity,
only those criteria which directly affect our study are
included here. They are:

1. Ten to forty reactors, each with a nominal
1200-MW(e) generating capacity (reactors to be built
in clusters of four reactors with at least 2'/2 miles
between clusters).

2. One-third of the reactors will be BWR's, the re

mainder will be PWR's. Assumed thermal efficiency
is one-third.

3. Exclusion area will be sized to permit 1 acre of
exclusion area per megawatt (electric) of generating
capacity.

4. Cooling towers are assumed to be either natural
draft or mechanical draft, using an open (i.e., wet)
cycle. Natural-draft towers are assumed to be de
signed for maximum loads from 120-mph winds at
30-ft elevation and 195-mph winds at 400-ft eleva
tion.

5. A fuel reprocessing plant and a fuel-element fabrica
tion plant are assumed on site.

6. All radioactive wastes will be processed and stored
on site. The high-level liquid wastes will be calcined
to solid waste and stored in above-ground, air-cooled
containers similar to those proposed by
WASH-1539.3

Description of surrogate site. Only one surrogate site
has been selected at this time - the inland site on

Kentucky Lake. The major elements of the surrogate
site are on the layout shown in Fig. 2.1.

Dispersed site alternative. For purposes of comparing
with the assumed NEC option, a list was prepared of

3. Draft Environmental Statement - Management of Com
mercial High Level and Transuranium-contaminated Radioactive
Waste, WASH-1539, September 1974.

the location and selected characteristics of the presently
operating, authorized or proposed reactor sites. This list
was augmented by adding assumed locations of addi
tional sites which, with the assumed expansion (to four
reactors) of existing dispersed sites, would provide the
projected generating capacity for the year 2000.

Cooling Towers

Background. The NEC will generate a substantial
amount of waste heat that requires dissipation [e.g., a
48,000-MW(e) park would release 96,000 MW of
thermal energy]. Cooling towers dissipate the waste
heat by breaking the water into small droplets and
cooling them in a draft of air (coolant). This process
causes some of the hot water to be evaporated and
some of the droplets to be entrained in the coolant.
Drift eliminators are installed in the towers for the

removal of the entrained water before it escapes from
the top of the tower; that which does escape is known
as drift.

Mechanical-draft towers incorporate fans to force or
pull air past the water droplets to cause cooling,
whereas the natural-draft tower uses the chimney effect
created by the difference :in density between the warm
moist air inside the tower and the colder denser air

outside to move the cooling air.

Characteristics of natural-draft and mechanical-draft

cooling towers which are of concern to our study are
included here primarily for reference to the state of the
art. Specifically we are interested in the mechanical
stability of hyperbolic cooling towers, some compari
sons between types of flow, a comparison between
natural- and mechanical-draft towers, the problem of
drift, and the effect that the loss of a cooling tower has
on generating capacity.

Mechanical stability of hyperbolic cooling towers.
Hyperbolic cooling towers have only recently been
employed in the United States. Before 1960 no actual
construction had begun on the towers. Today the
structures are widely used and are reaching heights of
more than 500 ft. The hyperbolic towers are thin-
shelled structures with a height-to-base ratio of approxi
mately 4 to 3. Figure 2.2 shows a typical cross section.

The mechanical stresses that a tower of this height
experiences need careful analysis. Characteristically,
thin-shelled structures fail by a buckling of the shell,
which then causes a catastrophic localized failure of the
reinforcement. This was the actual triggering mecha
nism for the collapse of the only towers which have

failed the Ferrybridge towers in England (Fig. 2.3).
The Ferrybridge towers had only one layer of steel
reinforcement and a constant shell thickness of 5 in.
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Since the Ferrybridge collapse, designers have reevalu
ated the stresses due to wind loading and now are
careful to design the towers strong enough to prevent
buckling.

Wind loading. Wind velocity is seen to increase with
altitude. For heights up to 1000 ft, Eq. (1) is utilized to
find the dynamic pressure exerted by the wind on the
structure at any level h:

/ h \2/1q=[0.00256(V30)2] (^ (0

where V30 is the wind velocity at 30 ft, obtained from
a map of annual extreme wind velocities by Thorn.4
Equation 2 gives the local pressure (force) at any point
at height h:

P-qcp, V

4. H. C. S. Thorn, "New Distribution of Extreme Winds in
the United States," Journal of Structural Division Proceedings
of American Society of Civil Engineers. ST7, pp. 1787-1801,
July 1968.
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Fig. 2.2. Hyperbolic cooling tower.
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Fig. 2.3. No. 2A cooling tower from west. SOURCE: Report ofthe Committee ofInquiry into Collapse ofCooling Towers at
Ferrybridge, Monday 1November 1975, Central Electricity Generating Board, Sudbury House. 15 Newgate Street. London. E.C.I.

where Cp is awind coefficient obtained from Table 2.1.
The coefficient Cp varies with angle (0) from the wind
direction and with surface roughness. By observing Fig.
2.4 it is evident that a constant pressure is not exerted
completely around the structure (variation ofCp). Only
part of the tower actually undergoes a positive pressure;
the rest is in a state of suction (negative pressure).Wind
tunnel tests on Plexiglas models have shown that rough
(surface) structures exhibit lower pressures than the
smooth structures (Fig. 2.4). Therefore on actual
towers vertical fluted ribs or spoilers have been incorpo
rated to reduce these negative pressures.

From Fig. 2.4, it is observed that the maximum Cp is
obtained at an angle of 75° from the point of contact
of the wind. Since the local pressure is proportional to
C , a point at this location on the structure will
experience the maximum local pressure. Using the
criteria cited by the U.S.N.R.C. for the 30-ft wind, the
tower experiences a force of - 71.2 psf at a height of
530 ft; similar calculations on a point 265 ft up the
tower yield -58.4 psf.

To design for this variation in force due to wind
loading, the constant reinforcement and concrete thick-

WIND DIRECTION

1.0

ROUGH SURFACE SMOOTH SURFACE

Fig. 2.4. Wind force distribution.

ORNL-OWG 75-6860
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Table 2.1. Wind coefficients

(deg) Smooth surface Rough surface

0 +1.0 + 1.0

15 +0.85 +0.80

30 +0.40 +0.40

45 -0.45 -0.45

60 -1.35 -0.8

75 -1.65 -0.85

90 -1.10 -0.6

105 -•0.6 -0.5

120 -0.5 -0.5

135 -0.45 -0.45

150 - 0.45 -0.45

165 -0.45 -0.45

180 -0.45 -0.45

ness used in the Ferrybridge towers are no longer
employed. Figure 2.5 illustrates the variations in shell
thickness and reinforcement pattern of a typical hyper
bolic cooling tower.

Overturning. The characteristic shape of the hyper
bolic towers provides a high resistance to overturning.
From ref. 5, the maximum overturning moment due to
wind for a 345-ft-high tower with a base of 290 ft is
290,000 kip-ft. This is resisted by 22,100 kips of self
weight. The moment of self weight above the leeward
edge of the tower is approximately 22,100 kips X 145
ft = 3,210,000 kip-ft. This incorporates a safety factor
of 11 against overturning. Even though this is shown for
a 345-ft-high tower, analysis conducted by TVA on
towers of heights to approximately 500 ft show similar
results. As previously stated, the mode of failure of

thin-shelled structures is buckling which results in a
localized failure of the shell. The Ferrybridge towers,
375 ft high, collapsed with no overturning (Fig. 2.3).
Figure 2.6 shows that most of the debris is located
inside the base of the structure.6

To date, analysis of hyperbolic towers to heights of
approximately 550 ft is well understood. Towers of

greater heights need more careful analysis before
industry is ready to accept them.7 It hasbeen proposed

5. German Gurfinkel and Adolf Walser. "Analysis and Design
of Hyperbolic Cooling Towers," Journal of the Power Division
Proceedings of the American Society of Civil Engineers, p. 148,
June 1972.

6. Central Electricity Generating Board, "Report of the
Committee of Inquiry into Collapse of Cooling Towers at
Ferrybridge, Monday, 1 November, 1955," Subdury House,
London, E.C.I., England.

7. Private communication, Bob Barney, TVA, to R. R. Davis,
ORNL, on "Hyperbolic Cooling Towers."

by manufacturers to surpass the 550-ft mark. Currently,
research is being conducted to fabricate these towers
from steel, thus to reduce construction time and also
provide the added strength at greater heights.

Types of natural-draft towers. Depending on the
particular requirements for a natural-draft tower, the
designer will arrange for either a counterflow or a
crossflow movement of the air past the falling water. In
a counterflow tower the water moves down and the air

moves up; in a crossflow tower the water moves down

and the air moves horizontally.

ORNL-DWG 75-6859

Fig. 2.5. Reinforcement layout of shell, typical.
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In a counterflow tower, the "fill," that is, the

material in the tower that breaks up the water into fine
droplets, is located in the base of the tower. As the
water is cooled by the air circulating around the
droplets, the fill plus the water causes a significant loss
of draft in the tower.

In a crossflow tower, the fill is located at the base of
the tower, on the outside. As the air flows through the
water, it meets little resistance because of the fill and
thus has a lower loss of draft. Therefore, the crossflow
tower will have a higher cooling performance than a

counterflow tower of equal height. Because of this the
crossflow tower is usually shorter in height than the
counterflow tower for a specified cooling performance.
The crossflow tower is superior to the counterflow
tower in handling heavy loads of water with long
cooling ranges and close approaches to the wet-bulb
temperature.

Mechanical-draft cooling towers. The height of fill
that can be incorporated in a mechanical-draft tower is
set by the height of the tower. The only variable in

Fig. 2.6. Ferrybridge C power station, debris in cooling tower No. 1A. SOURCE: Report of the Committee ofInquiry into
Collapse of Cooling Towers at Ferrybridge. Monday 1 November 1975. Central Electricity Generating Board, Sudbury House, 15
Newgate Street, London, E.C.I.
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cooling capacity is in the draft of air flowing through
the tower. This can be accomplished by varying the fan
speed or replacing the fan motor with a larger one.

The main reason for choosing a mechanical-draft
tower over the hyperbolic tower is one of initial capital
investment and land availability. By 1970 values, the
dollar investment of a mechanical-draft (wet) tower was
Si.7 million, whereas the cost of a natural-draft (wet)
tower was S4.2 million. These costs relate to an
800-MW(e) station.8 However, since the natural-draft
tower operates on the chimney effect and the mechan
ical draft requires forced-air cooling (i.e., large fans),
the maintenance and operating costs of the mechanical
towers should be considered.

TVA has postulated that assuming the life of the
structures to be 40 years, the mechanical-draft tower
will cost about 5% less. In actuality the life of a
mechanical-draft tower is approximately 40 years,
whereas a hyperbolic tower could conceivably last
forever.

Because of the close proximity to the ground, the
drift released by the mechanical-draft towers will be
kept in the immediate vicinity of the plant, depending
upon the surrounding terrain, which could be of major
importance.

TVA utilizes the mechanical-draft cooling tower at its
Browns Ferry Station. The towers occupy an area of
45.5 ft2 per MW(t) dissipated. This does not include the
exclusion area around the towers.

Anatural-draft tower capable of providing the cooling
of a 1250-MW(e) reactor utilizes 37.6 ft2/MW(t) with
out exclusion area. Since the mechanical-draft tower is
a class III structure, it can be designed to withstand the
required wind loadings (i.e., up to 120mph) with little
difficulty.

Drift. The water lost from a tower as liquid droplets
entrained in the exhaust air is known as drift. The
objective of installing drift eliminators is for the
removal of the entrained water droplets from the
exhaust air. For the measurement of the entrained
water vapor that escapes the drift eliminators, a cyclone
separator is utilized. The most effective method of drift
elimination involves a combination of direct impinge
ment and rapid changes in the direction of the air
stream which is accomplished by the geometric arrange
ment of the blades. This depends not only on the
individual blade size and shape, but also its spacing,
pitch, number of rows, and the ability of the blades to
drain moisture. In addition to these criteria, minimum
resistance to air flow must be maintained.

R. D. Woodson, "Cooling Towers," Set Amer. 224, 70-79
(1971

A typical drift sensor is shown in Fig. 2.7. TVA
specified that the drift measured at the top of the tower
not exceed 0.01% of the flow rate. Using the criteria of
the Hartsville Station, a water flow rate of 450,000 gpm
accounts for a water release of 45 gpm as the max
imum allowable. The drift is composed of all sizes
of water droplets; therefore they will be dispersed over
a large area. The area covered depends upon their
release point (height)and the windvelocity at the time.

By the use of Figs. 2.8 and 2.9, information can be
obtained as to the size and quantity of a particular
droplet released from the natural-draft tower and its
corresponding fall velocity. With this information, Fig.
2.10 is obtained and canbe extrapolated to involve any
droplet size.

Droplets smaller than 100 /x have fall velocities
extremely low, indicating that the weight of these small
drops has a minor influence on their dynamic behavior.
Thus, their path and position will be primarily governed
by aerodynamic forces, most important of which are
wind, buoyancy of the exhaust plume, and turbulence
in the atmosphere. Plume buoyance and vertical atmos
pheric turbulence will tend to keep these small droplets
in suspension for an extended period. The smaller
droplets will essentially follow the plume path, and
their concentration at any point downwind will be
ultimately governed by atmospheric dispersion. If the
ambient air iscold, the exhaust air is rapidly cooled and
becomes supersaturated. The moisture released upon
condensation is sufficient to cause some fogging in the
area around the NEC. Natural-draft towers by virtue of
their height of release tend to reduce the incidences of
fogging. The small drift droplets that remain entrained
in the exhaust vapor act as condensation nuclei and
tend to grow in size as long as this supersaturated
condition remains and therefore do not effect localized
fogging.

Effect of cooling tower loss ongenerating capacity. In
the event of severe damage to a cooling tower, the
effects on the power generation capability of the center
depend upon the alternate piping configuration in
corporated into the main condenser heat removal
system. These alternates are known as the open,
crosstie, and closed configurations. In the open system
(i.e., once-through cooling), the hot water (coolant) is
simply discharged back into its source (lake, pond,
river, etc.). Because of recent changes in environmental
water quality standards, this system will not be con
sidered an alternative for the NEC. The crosstie system
uses a series of valves to divert the flow from the faulty
tower to a tower being used by an adjacent reactor (or
reactors). When this situation occurs the reactors must
reduce their output power, the amount depending upon
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the wet-bulb temperature at the time. In a study
conducted by TVA, it was found that in the winter two
reactors using a single tower could operate between
75—85% of total power, and in the summer they would
be limited to between 55-65% of total power. In the
closed system there is no alternative in the event of the
loss of the cooling sink, except to shut the reactor
down and repair the tower.

Examples of plants operating under these various
systems follow:

1. open - TVA Browns Ferry (initially),

2. crosstie - proposed for TVA Sequoyah Station,

3. closed - TVA Hartsville Station.

PERCENT BY NUMBER VS DROPLET SIZE.
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Fig. 2.8. Percent by number vs droplet size. SOURCE:
Ecodyne Cooling Products Division of Ecodyne Corporation,
Santa Rosa, California, January 1973.

FALL VELOCITY OF WATER DROPS AS
FUNCTION OF SIZE
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Fig. 2.9. Fall velocity of water drops as function of size.
SOURCE: Ecodyne Cooling Products Division of Ecodyne
Corporation, Santa Rosa, California, January 1973.

NUCLEAR REACTOR COMPLEXES

IN STRATEGIC WAR

C.V.Chester

In a world in which forces armed with large strategic
nuclear weapons exist, the consequence of large-scale
construction of nuclear power plants is a legitimate
question. There are at least two parts to this question:

1. Would reactors be targets in a nuclear war?

2. If they are targets, what are the consequences of an
attack on them, including the impact on the
postattack recovery efforts of the nation?

Different aspects of these questions have been raised by
several concerned parties. Unfortunately, many dis
cussions contain more emotional reaction than in

formed analysis.
The question of targeting reactors cannot be answered

with certainty without access to the top-secret war
plans of the potential attacker. Even then the unknown
reliability and untested battle performance of his forces
add uncertainty to the conclusions.
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Fig. 2.10. Cooling tower drift pattern. SOURCE: Ecodyne Cooling Products Division of Ecodyne Corporation, Santa Rosa,
California, January 1973.

However, reactors, and especially reactor complexes,
can be compared in economic value with other portions
of our economic system. If we have a rough idea of the
size of the attacker's strategic payload, and make some
reasonable assumptions as to how much of it is
allocated to industrial targets, it is feasible to reach
some conclusions as to the priority of different size

reactor complexes as purely economic targets.

MVA Density

It is assumed here that an industrial attack would be

designed to destroy the maximum amount of economic
productivity measured as manufacturing value added
(MVA). To keep the calculation simple, it will be
assumed that within the scale of strategic weapon
effects, MVA is colocated with the population. Spe
cifically it is assumed to have the same density
distribution as the 1970 U.S. population. If we use a
per capita annual gross national product of $10,000
(for the year 2000), multiplying the population density
in persons per square mile by 10,000 gives an MVA
density distribution in annual dollars per square mile.

Figure 2.11 is the curve obtained by plotting the
population density of each 0.4° quadrangle against the
cumulative area. The population density multiplied by
the annual per capita MVA and the area covered per
megaton equivalent gives a measure of the MVA de
stroyed in order, starting with the most valuable and
moving down the curve.

The MVA of a reactor is taken as the value of the

electricity produced. For an ideal 1000-MW(e) reactor
operating 7000 hr (out of 8760) per year and selling the
power at $0.01/kWhr, the MVA is $70,000,000/year. A
quadruple installation of 1200-MW(e) reactors has an
MVA of 5336,000,000, equal to that of a town of
33,600 economically average people in the year 2000.

Megaton Equivalents

It is convenient to express the size of a strategic force
in megaton equivalents. These are defined as the sum of
the yields of the warheads, each raised to the %power.
The sum is proportional to the area which can be
destroyed, and it is very nearly proportional to the total
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payload weight of the force, regardless of how the
payload is subdivided.

A discussion in these terms minimizes the effect of

errors in assumptions as to the extent to which multiple
independently targeted reentry vehicles (MIRV's) are
introduced into the force in question.

The target area that is assumed destroyed by a

megaton equivalent depends on the hardness assumed
for the structures to be destroyed. For most urban-
industrial targets, 10 psi is adequate for destruction.

One megaton equivalent will cover an area of 21.2 sq
miles if burst at optimum height. Ground-bursting the
weapon reduces the area covered by almost a factor of
2, to 10.2 sq miles; however, it covers thousands of
square miles with lethal fallout.

From these considerations, it can be seen in Fig. 2.11
that from an economic standpoint, a ground burst that
could destroy four quadruple units in a power park
would become an attractive target for the 75th megaton
equivalent. A single quadruple unit would be a target
for the 1000th ground-burst megaton equivalent. A
single 1200-MW(e) unit would be a target for the
2200th ground-burst megaton equivalent. By com
parison, this is the approximate MVA rank of a

160,000-barrel-per-day oil refinery. Attacks designed
to produce bottlenecks in the economy by concen
trating on energy production would assign much higher
priorities to targets of these values.

-SINGLE UNIT
1200 MWe

10' 10' 10J 10" 10D

CUMULATIVE AREA (mi2) RANK ORDERED BY POPULATION DENSITY

Fig. 2.11. Population and MVA density vs cumulative area.
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Present and Projected Soviet Forces

The composition of the present Soviet strategic force,
based on unclassified sources, is given in Table 2.2. The
total is about 4500 megaton equivalents. If they carry
out improvements permitted under the SALT and
Vladivostok agreements, and presently under testing or
preliminary deployment, the force will increase to
about 5000 megaton equivalents. It would be reason
able to assume that over the next two decades there will

be significant improvements in delivery accuracy and
reliability. These improvements will permit the use of
fewer weapons for any given target, making weapons
available to attack targets of progressively lower value.
One possible future configuration of the Soviet force is
given in Table 2.3.

Kill Probability and Reliability

At the present stage of technology, there is no
dependable method of determining whether a strategic
weapon has destroyed its intended target in the time
likely to be available for decisions in a nuclear war.
Therefore, an estimate is made of the single-shot kill
probability (SSKP) for each weapon against a given
type of target. These probabilities usually assume
arriving weapons and are a function of target hardness,
weapon yield, and delivery accuracy. They may be
based on launched weapons, which include an addi-
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Table 2.2. 1974 Strategic offeinsive forces of fh .e Soviet Union

1974 Payload
15-psi area per

booster

(sq miles)

38.4

Total Total Total Megaton

force megatons

5

warheads megatons area equivalents

SS-7, 8 220 220 1100 8,450

SS-9 300 20 95.0 300 6000 28,500

SS-11 950 1 12.6 950 950 11.970

SS-13 60 1 12.6 60 60 750

49,670 3942

SSN-5 27 1 12.6 27 27 340

SSN-6 512 1 12.6 512 572 6,457

SSN-8 72 1 12.6 72 72 903

2140 8720 7,700 611

57.368 4553

Table 2.3. Assumed year-2000 Soviet strategic force"

Yield 2:/3 Accuracy6 Total Total Total Total

Missile No. MIRV's
(megatons)

Megatons
(nautical miles)

K
warheads megatons Megatons ' K

SS-18 313 6 1 1 0.1 100 1878 1878 1878 187,800

SS-19 1007 3 0.56 0.68 0.1 68 3021 1692 2054 205,438

SS-13 60 1 1 1 0.7 2 60 60 60 120

SS-8 109 1 5 2.9 1.5 0.4 109 545 316 142

SSS-N-8 910 1 1 1 0.5 4 910 910 910 3,640

"Adapted from R. L. Leggett, "Two Legs Do Not a Centipede Make" Armed Forces J. Int. 112(6), 30 (February 1975).
^Circle of equal probability (CEP).
CK = yield2/3/(CEP)2 for each warhead.

tional factor of system reliability, assumed in this
discussion.

When programming the attack on a sequence of
targets of progressively lower value, at some distance
down the sequence,when the value of the next target is
numerically less than that of the most valuable target
times the kill probability, it is advantageous to allocate
the next weaponat the first target again. A little further
down the sequence, when the value of the next target
times the system reliability is less than the second most
valuable target, that target receives a second missile.
This process continues so that the force is allocated to
maximize damage to the target value. For sufficiently
low value of reliability and wide range of target value, a
third or fourth weapon may be assigned to the
high-value targets by the same process.

The curves in Fig. 2.11 show the assignment of second
weapons for 80 and 95% reliable systems. (The second
weapon curve for the 95% reliable system is very close
to the third weapon curve for the 80% reliable system.)
For example, a target with an MVA density of $0.16
billion per megaton equivalent, equal to a twin

1200-MW(e) reactor unit, would rank as the target for
the 1600th 100% reliable ground burst one megaton
equivalent. If a 95%' reliable system were being used,
the 12 highest value megaton equivalent target areas
would be assigned a second weapon before the twin
unit. If an 80%> reliable system were used, the targets of
the first 350 megaton equivalents would be allocated a
second weapon, and the eight highest a third.

The point is that even relatively high values of
reliability, such as 80%, can add significantly to the
weapons required to attack a target system.

It was correctly asserted in the 1960's and early
1970's that reactors were not attractive targets. Most

installations were small, 1000 MW(e) or less, weapon
system reliabilities were probably assumed significantly
less than 80%. and the Soviet strategic forces were

smaller than they are now.
From the 1980's through the end of the century the

situation will be quite different. The throw weight of
the force will increase slightly, and the accuracy and
reliability can be assumed to increase very significantly.
The technology exists to increase accuracy to the point
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where a warhead can be delivered on (or in) the outer
containment vessel, requiring a circle of equal proba
bility (CEP) of less than 100 ft. Electro-optical terminal
guidance has typical CEP's in the range of a few feet or
less. It is theoretically possible to monitor the boost
phase of an ICBM, especially if it is not under attack,
and detect any malfunctions leading to significant
inaccuracy. It is theoretically possible to retarget a
reserve missile if a malfunction is detected. In this way
an effective reliability on the order of 0.95 or better
might be achieved.

Fallout Maximization vs Fallout Minimization

Maximization of fallout severely retards economic
recovery and enormously complicates the difficulty of
supporting military operations. The penalty for maxi
mizing fallout is a reduction by a factor of about 2 in
area covered by the blast. Soviet strategic forces are
sufficiently large that this reduction can be easily
afforded. Soviet policy has demonstrated a preference
for long-term solutions to foreign problems and is not
noticeably restricted by humanitarian considerations. It
is, therefore, at least possible that an attack maximizing
fallout might be designed. It is the purpose of this study
to analyze the consequences of such an attack, the role
nuclear power might play, and the consequences for
such an attack in the year 2000 of policy decisions
being considered now.

The curves in Fig. 2.12 show gamma energy vs time
for a 1-megaton fission weapon, the equilibrium core of
a PWR, and the inventory associated with a 5-ton-per-
day fuel reprocessing plant. The reactor cores can make
a very sizable contribution to the fallout problem,
especially if the situation one year after the attack is
considered. One year after shutdown, an average
1000-MW(e) reactor core delivers about 7.4 times the
gamma energy of a 1-megaton fission weapon one year
after detonation. By the year 2000, it is anticipated
that about 850 1000-MW(e) reactors will be in opera
tion. Perhaps the gamma energy equivalent to another
1770 cores would be in reprocessing or temporary
(five-year) high-level waste storage. If added to the
fallout, the aggregate might increase the residual
activity after one year by an amount equivalent to
30,000 megatons of 50% fission weapons. By the year
2020, the available above-ground activity can add
fallout equivalent to an attack of more than 60,000
megatons.
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Fig. 2.12. Dose rate vs time for a reprocessing plant,
1-megaton weapon, and LWR reactor core.

PERSPECTIVES ON THE TERRORIST PROBLEM

FOR NUCLEAR POWER

C. V. Chester

Terrorist Motivation

Many apparently senseless acts of violence by terror
ists can be understood, and even predicted, in terms of
the motivation of the terrorist. This should be useful in

considerations of the terrorist problem for the nuclear
industry.
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Terrorism is a transaction involving the terrorist, the
victim, and the spectator. The real target is the
spectator, and the victim is merely a means to an end.
F. G. Harris, M.D.,9 identifies four elements in the
motives of the terrorist:

1. Assertion of masculinity by imposition of will on
others by use of force.

2. Depersonalization: that is, identification as an
anonymous member of a large (and powerful) group.

3. Intimacy (with authority). By this Dr. Harris refers
to the direct negotiation by the terrorist with high
officials, for example, the governor, a general, the
president. It constitutes recognition of the power of
the terrorist by some universally recognized au
thority.

4. Magic of bloodshed. The ancient mystical concept of
blood sacrifice that has appeared in the history of
virtually every culture.

The common denominator of these motives is the

boost of ego by assertion of power. While this general
phenomenon is common in political and corporate life,
it is the use of illegal force and violence that makes it a
special problem.

Nonnuclear Options for the Terrorist

If a terrorist group should choose to maximize
destruction and/or death as the means to demonstrate
its power, there are a number of technical approaches
that could be very effective. That they have not been
used may give some insight into the constraints on
terrorists.

Incendiaries. Some incendiaries have been used by
terrorists, notably Molotov cocktails. Notably absent
has been coordinated use of several incendiaries and

simultaneous sabotage of the sprinkler system.

Controlled fragment mines. Mines of the claymore
type are easily constructed, very effective, and were
used very effectively in Vietnam. They have not been
used much outside Vietnam.

Fuel-air explosives. Accidental gas explosions ade
quately demonstrate the potential of this technique. No
application has been made.

Ammonium nitrate-fuel oil (ANFO). An explosive
made from fertilizer-grade prilled ammonium nitrate

9. F. G. Harris, letter of Sept. 30, 1974, to R. H. Ichord,
House Committee on Internal Security, published in Part 4, p.
4420 of Hearings before the Committee on Internal Security,
H.R. 93rd Congress, 2nd session, July 30, August 1, 15, and 20,
1974.

and fuel oil is readily available in ton quantities at a
modest price (~$120/ton). It was used to destroy the
Army Mathematics Center at the University of Wis
consin at Madison a few years ago. A truck filled with
the explosive and detonated in a crowded downtown
area could kill several hundred people.

Chemical weapons. The chemical literature abounds
with preparations for chemicals with an LDS0 of a
milligram or two. Commercial insecticides are available
with 10% or more of this toxicity. One pound of the
latter per 1000 design occupants introduced into a
building ventilation system would be fatal to all those
present. No application has been made.

Biological weapons. It is theoretically possible for a
small group to cause millions of fatalities using bio
logical weapons. The necessary information is dis
tributed in the open literature. However, considerable
technical skill is required to work safely with these
materials. Some threats of this type of attack have been
received by authorities, but in all cases the party
involved was far from having the competence to make
good. In many cases this was apparent from the
communication.

It would be difficult to imagine anything more
terrifying than the random introduction of botulism
toxin into commercial food channels.

Observed and expected practices. The weapons used
are usually bombs of conventional explosives and
automatic weapons. The principal tactics are bombing
of buildings of some symbolic importance, bank rob
bery (usually to finance the organization), and political
kidnapping. All of these are consistent with the motive
of demonstrating power, and exacting public acknowl
edgment of that power, in addition to other political
demands.

Surreptitious theft or armed seizure of a strategic
quantity of plutonium would be completely consistent
with the demonstrated tactics and inferred motives of

terrorists. Surreptitious use of plutonium (or other
toxic agent) as a toxic aerosol would be inconsistent
with behavior observed to date.

Armed seizure of an operating nuclear power reactor
is similar to a kidnapping or airline hijacking in terms of
the immediate ego rewards. The reactor is defended (as
are banks), which would make the operation somewhat
more dangerous if good tactics were not used.

In this country under the present political climate,
terrorism as a means of solving problems is attractive to
people of usually very limited ability. In contrast in the
Mideast, the Palestinian movements have been able to
attract some educated people with ability. As long as
the political conditions in this country do not motivate
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technically able people to join violent movements, the
technical complexities surrounding nuclear facilities
should provide them a great deal of protection.

The problem will arise if a terrorist organization
should recruit a disaffected employee of an installation.
In this case the inside information on security per
sonnel, procedures, and physical facilities could provide
the motive as well as the opportunity for an attack.
This would be especially true if the outsiders percieved
some loophole (real or imaginary) in the defenses.

EFFECTS OF NATURAL DISASTERS

ON THE NEC

G. A. Cristy

The NRC requires10 that "structures, systems, and
components important to safety" be designed to
withstand the effects of natural phenomena such as
earthquakes, tornadoes, hurricanes, floods, tsunamis,
and seiches "without loss of capability to perform their
safety function." Such structures are defined by Reg
ulatory Guide 1.29 and designated Seismic Category I.

Effects of Tornadoes

General. The significant properties of tornadoes are:

1. geographical distribution of frequency of occur
rence,

2. rotational wind speed,

3. translational wind speed,

4. pressure drop across the tornado,

5. rate of pressure drop,

6. radius of maximum rotational wind speed.

The latest and most accurate data on these six

parameters have been assembled and published11 by
the AEC Office of Regulation (now NRC). The reg
ulatory position on design for resistance to tornadoes is
as follows:

"1. Nuclear power plants should be designed to
withstand the Design Basis Tornado (DBT). The values
of the parameters in Table I12 for the appropriate
regions of Figure 1'2 are generally acceptable to the
Regulatory staff for defining the DBT for a nuclear
power plant. Sites located near the general boundaries
of adjoining regions may involve additional considera
tion.

"2. If a DBT proposal for a given site is characterized
by less conservative values for the parameters than the

10. General Design Criterion 2, "Design Bases for Protection
Against Natural Phenomena" of "General Design Criteria for
Nuclear Power Plants" Appendix A to CFR part 50, Licensing
of Production and Utilization Facilities, U.S. Nuclear Regula
tory Commission, Washington, D.C.

11. "Technical Basis for Interim Regional Tornado Criteria,"
WASH-1300 (UC-11), USAEC Office of Regulation, May 1974.

12. Table I of ref. 13 is included in this report as Table 2.4,
and Fig. 1 of ref. 13 is included as Fig. 2.13.
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Fig. 2.13. Tornado intensity regions. Source:
Office of Regulation, May 1974.

"Technical Basis for Interim Regional Tornado Criteria," WASH-1300, USAEC
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Table 2.4. Design basis tornado characteristics

Region

Maximum

wind speed
(mph)

Rotational

speed
(mph)

Translational

speed (mph)

Radius of

maximum

rotational

speed

(ft)

Pressure

drop

(psi)

Rate of

pressure

Maximum Minimum drop (psi/sec)

I

II

III

360

300

240

290

240

190

70

60

50

5

5

5

150

150

150

3.0

2.25

1.5

2.0

1.2

0.6

aThe maximum wind speed is the sum of the rotational speed component and the maximum translational
speed component.

6The minimum translational speed, which allowsmaximum transit time of the tornado acrossexposed plant
features, is to be used whenever low travel speeds (maximum transit time) are a limiting factor in design of the
ultimate heat sink. The ultimate heat sink is that complex of water sources, including associated retaining
structures, and any canals or conduits connecting the sources with, but not including, the intake structures of
nuclear reactor units. Regulatory Guide 1.27 (Safety Guide 27), "Ultimate Heat Sink," describes a basis that
may be used to implement General Design Criterion 44 of Appendix A to 10 CFR Part 50 with regard to the
ultimate heat sink.

regional values in Table I, a comprehensive analysis
should be provided to justify the selection of the less
conservative design basis tornado."13

The Regulatory Guide recognizes the fact that the
present data are much too meager and on the whole less
quantative than desired for design calculation purposes.
Recognition of this need for better data resulted in the
initiation of a systematic method of collecting engineer
ing data in 1971. Fugita14 developed a rating scale
called the FPP scale for tornadoes based on intensity

and size. All tornadoes since January 1971 have been
rated on the FPP scale and are compiled by the
National Weather Service in Kansas City, Missouri. As
these data are collected and compiled, our knowledge
of tornado phenomena will be greatly increased, and
perhaps before the first NEC is in operation much
better data will be available to evaluate the hazard of

tornadoes to the NEC.

Design of structures to resist tornado damage is
beyond the scope of this report, but readers interested
in the subject are referred to articles in Nuclear
Safety'5 >l 6 and an ASCE paper.1 7

The probability (Pt) that a tornado will strike a
particular location during one year is defined1 8 by

Pt=rj(a/A),

where

rj = average number of tornadoes per year,

a = average area of damage of a single tornado,

A = total area in which the tornado frequency has
been determined.

The tornado strike probability for each 5° square in
the contiguous United States is shown in Fig. 2.14. The
probability of a tornado strike varies widely over the
United States. However, for any specific NEC site, the
probability of a strike will be essentially the same per
reactor as it would be for the competing dispersed site
case except in some very special cases (e.g., a nuclear
energy site located in a low strike probability area but
serving load centers predominantly in a high strike
probability zone, such as a remote site on the northern
tip of Michigan serving load centers in Chicago and
Detroit).

Cooling towers. Hyperbolic cooling towers have been
built to be structurally sound in winds as high as 110
mph (at 30-ft standard elevations).However, it has been

13. Regulatory Guide 1.76, Design Basis Tornado for Nuclear
Power Plants, USAEC Directorate of Regulatory Standards,

April 1974.
14. T. T. Fugita, "Proposed Characterization of Tornadoes

and Hurricanes by Area and Intensity," The University of
Chicago Satellite and Mesometeorology Research Project Paper
No. 91, February 1971.

15. P. L. Doan, "Tornado Considerations for Nuclear Power
Plant Structures," Nucl. Safety 11(4), 296-308 (1970).

16. J. R. McDonald, K. C. Mehts, and J. E. Minor, "Tornado-
Resistant Design of Nuclear Power-Plant Structures," Nucl.
Safety 15(4), 432-39 (1974).

17. ASCE Paper 3269, "Wind Forces on Structures," final
report of the Task Committee on Wind Forces, Committee on
Loads and Stresses, Structural Division, American Society of
Civil Engineers.

18. H. C. S. Thorn, "Tornado Probabilities," Monthly
Weather Rev. 91 (10-12), 730-36 (1963).
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Fig. 2.14. Tornado strike probability within 5° squares in the contiguous United States. Unit* are 10 5 times probability per
year. Source: "Technical Basis for Interim Regional Tornado Criteria," WASH-1300, USAEC Office of Regulation, May 1974.

estimated1 9 that the cost of a cooling tower would be
increased by a factor of 8 if it were designed to
withstand tornado wind velocities and tornado-

generated missiles. Therefore, it is assumed that when
ever a cooling tower is subjected to a tornado, it will be

damaged to the point where it cannot be used until it
has been repaired.

For the purpose of this report it will be assumed that
loss of one cooling tower will result in the loss of
generating capacity of one 1200-MW reactor. This is a
conservative assumption, since it is possible (except in
extremely hot weather) to use three cooling towers for
four reactors and have little or no loss in generating
capacity, provided the quad unit20 has been provided
the necessary interconnecting piping.

For the Tennessee surrogate site area, the annual
strike probability (Pt) is 128 X 10"5 (see Fig. 2.14).
The probability (Pm) of one of the quad units being
struck in the assumed 50-year life (m) can be calculated
as follows:

pm = i-(i-ptr.

Pso = 1 -(0.99872)50

= 1 -0.935=0.065 (or6'/2%).

19. Personal communication - Wayne Bowman, TVA, and
R. R. Davis, ORNL.

20. "Quad units" are compact assemblies of four reactors and
their supportive facilities assumed to be used in the layout of an
NEC (see Fig. 2.13).

The probability defined by Thorn18 is a point
probability and theoretically applies equally to every
point in a single geographic area. However, the develop
ment of the probability contains an implicit assumption
of no interaction between the points. When multiple
points such as the four cooling towers of a single quad
unit (or of a single dispersed site) are considered, the
probability of damage is more complicated. The annual
probability of at least one of the four cooling towers
being damaged is, of course, 4Pt. But the probability of
more than one being damaged depends on the distance
between cooling towers, the direction from one cooling

tower to the other, and the width of the damage zone
produced by the tornado.

The layout of the quad units within the surrogate site
(Fig. 2.13) was based upon the conceptional layout of
TVA's proposed Hartsville plant. It shows two pairs of
cooling towers, with the towers of each pair only 200 ft
apart and the two pairs about 1200 ft apart. The towers
thus make a line of cooling towers 2600 ft (1200 yd)
long. The probability distribution of path width given
by Thorn1 8 shows that there is less than 2% probability
of all four towers being damaged by one tornado —
provided the path of the tornado is perpendicular to the
line of towers. On the other hand, if the tornado path is
in the direction of the line of towers, the probability
that all four will be damaged is 90%.

The probability that a tornado traveling perpendicular
to the line of towers will damage two (given that one is
struck) will be very close to 50%. Therefore, the
weighted average of probability of damage to two
towers (given that one is struck) will be at least 50%.
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It is obvious that the present surrogate site configura
tion is not optimum from the standpoint of minimizing
the threat of damage from tornadoes. By arranging the
four cooling towers in a square pattern with at least
1000 yd between towers, the probability of a second
tower being hit, by a tornado that has already struck
one, drops to about 2%, while the probability of the
same tornado striking more than two is negligible.

The optimum spacing from the standpoint of tor
nadoes is more expensive than the present practice, so
an economic balance needs to be made to compare the
present cost of the increased capital investment and the
estimated present cost of the hazard (approximately 3%
probability that two units will be hit during the lifetime
of the plant). One advantage of the NEC site option
may be that it will provide enough space to permit the
greater spacing, whereas the dispersed sites may not.

The probability of a tornado striking a single reactor
site within the same geographic area will be exactly the
same as for the NEC. Therefore, the only increased
probability of damage of the NEC over the dispersed
siting is just the probability that more than one quad
unit will be damaged by the same tornado. The
probability of two reactor sites of the dispersed siting
option being struck by the same tornado is too low to
be seriously considered.

The NEC siting criteria require that quad units be
spaced at least 2V2 miles apart. Therefore, any tornado
of less than 2% miles in length could not strike two
quad units. Using the distribution of path lengths of
tornadoes reported by Thorn,18 and assuming the
tornado is moving in the direction established by the
location of two quad units 2V2 miles apart, the
weighted probability of the one tornado striking the
second quad unit was calculated to be approximately
0.20 (20%).

Calculating the probability that a tornado which
strikes one quad unit is moving in the direction to strike
another unit is more complicated. As a first approxima
tion we calculated that probability as follows:

1. The tornado path direction and frequency as re
ported by Thorn1 8 is shown in Table 2.5.

2. Using the mean path width from ref. 18 of 200 yd,
the maximum angular variation of direction possible
for a single tornado to strike a second quad unit is
200/4400 = 0.045 radian.

3. Each direction indicated in Table 2.5 represents 45°
or tt/4 = 0.785.

4. Using the surrogate site as an example, the direction
from each quad unit to each of the others was

Table 2.5. Tornado path
direction and frequency

Toward Percent

NW 1.3

N 5.6

NE 63.1

E 15.0

SE 13.8

S 1.2

Total 100.0

obtained. Then using the Table 2.5 values as
weighting factors, a weighted average probability
was obtained that a second reactor would lie in the

same direction that the tornado was moving. This
weighted average was 0.026 (2.6%).

Combining the probability that the tornado is moving
in the right direction for striking a second quad unit
and the probability that the path length includes two
units, the probability that a second unit will be struck
(given that one has been struck) is 0.20 X 0.026 =
0.0052 = 0.5%. Recapitulating, the 50-year probability
that one quad unit would be struck is 6V2%, and the
probability that two units will be struck by a single
tornado is

0.065 X 0.005 = 0.0003 = 3 X 10" •• 0.03%

Power transmission systems. The switching and relay

stations of the power system are vulnerable to the
effects of tornadoes, but there should be no difference
in the hazard by virtue of the fact that they are located
in the NEC. If a tornado passed through the NEC, the
damage to the switching gear or transformers would be
extensive.

Clustering nuclear reactors into nuclear energy centers
requires that an extensive transmission system be built
to carry all of the power to the loads. An idea of the
complexity of the system may be gained by a study of
the layout of the surrogate site (shown in Fig. 2.1).

The transmission towers are normally designed to
withstand the highest winds (except tornadoes) that
have been experienced in the area where they are to be
used. Typically, TVA towers are designed for 110-mph
winds. Designing for tornado wind velocities is con
sidered to be too expensive. With an annual strike
probability of 1.85 X 10~3 (for the Tennessee area), a
power company would have to repair or replace, on the
average, two towers each year for each 1000 towers in
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use. TVA engineers report21 that they do not have
tornado damage every year, but sometimes they lose
quite a large number in one year (e.g., 96 transmission
towers damaged at the Huntsville, Alabama, site by one
tornado).

Using the surrogate site layout, an estimate was made
of the probability of damaging more than one "exter
nal" transmission line (i.e., a line from the NEC to a
load center22). The surrogate site has 34 miles of
external transmission lines which will have a total of

approximately 150 transmission towers. Therefore, the
annual probability (Ps) that any single tower is hit by a
tornado with winds exceeding the design wind speed of
the tower is

Ps=P^a =035X 1.28 X 10~3 =4.5X 10~4 ,

where Pi = probability of the tornado wind speed
exceeding the value / (in this case / = 110) taken from
Fig. 5 of ref. 11, -Pa = annual probability of a tornado
striking the point, taken from Fig. 2.1 for the area
including the Tennessee surrogate site location. With
150 towers in the NEC, the annual probability of at
least one external line being shut off because of tornado
damage is 150X4.5 X 10~4 = 0.0675 or 63/4%.

The probability that a second external transmission
line would be damaged by the same tornado was
estimated using the distribution of path lengths from
Fig. 1 of ref. 11. The average minimum distance
between adjacent external transmission lines is just over
3 miles. The maximum probability that a second line
would be damaged was found to be 18%.

The annual probability of more than one external
transmission line being put out of service by tornadoes
is

0.0675 X 0.18 = 0.012 .

This corresponds to a recurrence interval (R) of

R = 1/0.012 = 82 years .

One caveat must be made at this point. Probability is
a powerful tool (and about the only one for this

21. Personal communication - Sam Simon, supervisor of

line maintenance, TVA, to R. R. Davis, ORNL, May 8, 1975.

22. The damage to interconnecting transmission lines was not
included, since they will have enough redundancy to avoid

losing the power from more than one quad unit, and it is
assumed that the strike of a tornado within the NEC will

damage some part of one quad unit enough to require a
shutdown of the unit.

problem), but it can give misleading results if the data
are insufficient. Consider these facts:

1. The annual point probability reported in ref. 11 was
based upon 1955-1967 tornado frequency from
Pautz;23 the 1953-1962 path length and width data
were from Thorn18 and were calculated as an

average over 5° squares.

2. For the Tennessee area the point probability is 128
X 10"5. and for Alabama it is 133 X 10"5. These
two 5° squares cover most of the TVA service area.
The point probability for the TVA area should be
about 130 X 10"5. We just showed that the
probability of a single tower being hit by a tornado
with wind speed exceeding the design speed of 110
mph is 45 X 10 ~5.

3. TVA records for the 18-year period 1957-1974
show2! that the yearly rate of towers lost to
tornadoes has been 0.128 per 100 miles of line. On
the basis of 4.4 towers/mile this gives

0.128/440 = 29 X 10"5 per tower .

This is very close to the predicted rate (45 X 10~5).

4. If the year 1974 were excluded, the resulting
17-year period would show only 0.024 tower lost
per year per 100 miles, or a point probability of
only 5 X 10~5. This would suggest that the
predicted value was conservative by at least an order
of magnitude.

Summary. The threat to the NEC from tornadoes can
be evaluated only by statistical methods. The data base
presently available is rather narrow (about 13 years) but
is probably adequate to show trends. The national
interest in nuclear power expansion and in tornadoes
will undoubtedly result in frequent updating of the
tornado statistics and will give designers more accurate
design criteria. The more accurate data may even reduce
the design wind speed requirements.

To the best of present knowledge, tornadoes will not
cause loss of containment (i.e., the risk of loss of
containment is less than 10~7). Based on the Tennessee
surrogate site location, the following probabilities have
been calculated:

23. M. E. Pautz (ed.), "Severe Local Storm Occurrences,

1955-1967," U.S. Department of Commerce, Environmental
Science Services Administration (ESSA) Tech Memo WBTM-

FCST-12, September 1969.
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1. Probability that any one cooling tower will be
severely damaged by a tornado within its (assumed)
50-year life = 6V2%.

2. Probability that any one cooling tower will be
severely damaged by a tornado in any one year =
128 X 10"s; recurrence interval = 780 years.

3. Probability that two cooling towers within the same
quad unit will be damaged at the same time during
the (assumed) 50-year life with layout as shown in
Fig. 1 of ref. 11 =3V4%.

4. Probability that two cooling towers within the same
quad unit will be damaged during the (assumed)
50-year life with optimum spacing (i.e., 1000 yd
apart) = 0.1%.

5. Probability that two quad units will be struck by a
single tornado = 0.03%.

6. Probability of losingthe switchingor relay station to
a tornado during the 50-year life of the NEC is
6V2%.

7. Annual probability of at least one external line being
shut off because of tornado damage = 63/4%.

8. Annual probability of two external lines being shut
off because of tornado damage = 1.2%.

The only increased probability of loss due to tor
nadoes by virtue of being in the NEC is the 0.03%
probability of two cooling towers not in the same quad
unit being struck by the same tornado and the 1.2%
probability that two transmission lines would be shut
off by a single tornado. This increased damage would
increase the loss of power only from 4% to 8% of the
generated power within the NEC. If the cooling towers
within quad units were spaced at least 1000 yd apart,
the total vulnerability of the NEC to tornadoes would
be reduced to less than the vulnerability of dispersed
sites if the dispersed sites had cooling towers spaced
according to present practice.

Effects of Hurricanes and Other High
Winds (Other Than Tornadoes)

Adverse effects of hurricanes and other high winds
other than tornadoes can be prevented by designing all
structures, including cooling towers and transmission
towers, strong enough to resist the winds. It should be
noted that the requirement for building class I struc
tures to withstand the design tornado makes such
structures invulnerable to hurricanes. Designing cooling
towers and transmission towers to hurricane wind
standards can be done but is so costly that a coastal site
for the NEC may not be economically feasible,

although individual dispersed stations can and have
been built there (but without cooling towers).

The accepted method for establishing a design wind
speed for a specific site requires the use of Thorn's
annual extreme fastest mile wind speed maps.

The wind speed maps (Figs. 2.15-2.17) are actually
wind speed probability maps. Each map gives the wind
speed contours for a specific mean recurrence interval
defined by

R
1 - F(x)

where R is the mean recurrence interval in years, F(x) is
the probability of the extreme wind speed not exceed
ing the value x during one year. The wind probability
maps were created by Thorn24 from meteorological
data of approximately 150 airport or open-country
stations over a 21-year period. The extreme wind values
are adjusted to astandard 30-ft elevation, assuming a V7
power relation:

vz = v30(z/3oyn ,

where

Z is the height above ground,

Vz is the wind speed at height Z,

V30 is the wind speed at 30 ft.

The wind maps represent a mixed population of
nontropical and tropical storms. The relatively small
frequency of tropical storms compared with other
storms does not greatly affect the distribution.

Use of the wind probability maps in establishing a
design wind speed at a specific location involves taking
a reading off two different maps, plotting a line on the
Frechet distribution chart (Fig. 2.18), and reading a
design wind speed from the chart. This makes it
difficult to compare alternate sites rapidly. Therefore,
we have prepared a list of wind speed values for a
number of sites (Table 2.6), to form the basis for
preparing a map which shows the wind speed required
for design, assuming that one is willing to accept a 95%
probability that no wind will exceed that value during
the (assumed) 50-year life of the plant. The recom
mended values shown in Table 2.7 were used to prepare

the wind speed design map (Fig. 2.19).

24. H. C. S. Thorn, "New Distribution of Extreme Winds in
the United States," Journal of Structural Division Proceedings
ofASCE, ST7, pp. 1787-1801, July 1968.



Fig. 2.15. Basic wind speed in miles perhour. Annual extreme speed 30 ft above ground, 25-year mean recurrence interval. This
material is reproduced from American National Standard Building Code Requirements for Minimum Design Loads in Buildings and
Other Structures, A58.1-1972, copyright 1972 by the American National Standards Institute, copies of which may be purchased
from the American National Standards Institute at 1430 Broadway, New York, N.Y. 10018.
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Fig. 2.16. Basic wind speed in miles per hour. Annual extreme fastest-mile speed 30 ft above ground, 50-year mean recurrence
interval. This material is reproduced from American National Standard Building Code Requirements for Minimum Design Loads in
Buildings and Other Structures, A58.1-1972, copyright 1972 by the American National Standards Institute, copies of which may be
purchased from the American National Standards Institute at 1430 Broadway, New York, N.Y. 10018.
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Fig. 2.17. Basic wind speed in miles per hour. Annual extreme fastest-mile speed 30 ft above ground, 100-year mean recurrence
interval. This material is reproduced from American National Standard Building Code Requirements for Minimum Design Loads in
Buildings and Other Structures, A58.1-1972, copyright 1972 by the American National Standards Institute, copies of which may be
purchased from the American National Standards Institute at 1430 Broadway, New York, N.Y. 10018.
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Table 2.6. Design wind speeds

Location F(x) = 0.90 Fix) = 0.99 Fix) = 0.999

Key West, FL 82 130 200

Key Largo, FL 82 130 200

Beaufort, NC 80 130 205

Buxton, NC 84 130 197

Kitty Hawk, NC 83 130 199

Porpano Beach, FL 80 120 174

Wilmington, NC 78 120 130

Columbia, NC 75 120 185

Elizabeth City, NC 76 120 190

Virginia Beach, VA 74 120 190

Naples, FL 73 110 164

Norfolk, VA 70 110 170

Pensacola, FL 60 110 200

Galveston, TX 72 110 165

Charleston, SC 75 110 158

Pilottown, LA 70 110 170

Group 1 - West Coast
Portland, OR 80 100 124

Elma, WA 80 100 124

Group 2 - Rocky Mountain Area
Lander, WY 73 100 135

Torrington, WY 70 100 140

Group 3 - Eastern U.S.

and Gulf Coast

Portland, ME 70 100 140

Jacksonville, FL 60 100 140

Corpus Christi, TX 70 100 140

Abbeville, LA 73 100 135

Tampa, FL 70 100 140

Group 1 - West Coast
Seattle, WA 65 90 125

Eugene, OR 60 90 130

Orick, CA 60 90 130

Group 2 - Central States
and Rocky Mountains

Cheyenne, WY 73 90 110

Santa Rose, NM 73 90 110

O'Niell, NB 68 90 119

Wausau, WI 65 90 125

Fargo, ND 73 90 110

Sioux Falls, SD 68 90 119

Brainerd, MN 68 90 119

Group 3 - Eastern U.S.
and Gulf Coast

Lexington, KY 55 90 145

Houston, TX 60 90 130

Richmond, VA 58 90 135

Philadelphia, PA 60 90 130

New York City, NY 60 90 130

Lake City, FL 53 90 150

Durham, NC 55 90 145



Location

Group 1 —Eastern U.S.
and Gulf Coast

Caribou, ME

Hartford, CT
Charlottesville, VA

Springfield, IL
Muskegon, MI

Jackson, MS

Jennings, FL
Gadsden, AL

Group 2 - West Coast
Berkeley, CA

Wenatchee, WA

Group 3 - Central States
and Rocky Mountains

Springfield, MO
San Antonio, TX

Jamestown, ND

Group 1 - West Coast
Los Angeles, CA

Group 2 - Central States
and Rocky Mountains

Tuscon, AZ

Eagle Pass, TX
Laredo, TX

Weatherford, TX

Group 3 - Eastern
U.S. and Gulf Coast

Pine Bluff, AR

Shreveport, LA

Tuscaloosa, AL

41

Table 2.6. (continued)

Fix) = 0.90 Fix) = 0.99 Fix) = 0.999

55 80 112

58 80 107

54 80 115

56 80 113

70 80 102

55 80 112

55 80 112

54 80 115

50 80 122

55 80 112

60 80 105

55 80 112

70 80 102

55 70

56 70 86

57 70 85

56 70 86

60 70 81

57 70 85

56 70 86

55 70 88

Table 2.7. Recommended contour designations

Present contours on

100-year recurrence

Contours to be put on new map"

West Coast

Central States

and

Eastern U.S.

and

Rocky Mountains Gulf Coast

130 N.A. N.A. 200

120 N.A. N.A. 185

110 N.A. N.A. 170

100 130 140 150

90 120 120 140

80 110 110 110

70 85 85 85

"The 100-year recurrence map contours were renumbered to produce a
1000-year recurrence map (the design wind speed map, Fig. 2.19).
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In Table 2.6 the values of the wind speeds listed
under F(x) = 0.90 were read directly from the ten-year
recurrence map, and the wind speeds for F{x) = 0.99
were read from the 100-year recurrence maps. The
values in the column F(x) = 0.999 were obtained by
plotting the first two values on the Frechet distribution
paper (Fig. 2.18) and reading the values off the
extrapolated line connecting those points.

The rationale for use of the F(x) = 0.999 is as
follows: The probability of no extreme wind exceeding
the value x in the first m years of the lifetime of a plant

P =
m

[F{x)V

or, solving for F(x),

i-F{x)=\~(\-pmyim.

Assuming the design criteria to be that the design
wind will have no more than a 5% probability of being
exceeded in 50 years,

^=0.05

m = 50 .

Therefore,

1 -F(x)= 1 ~(0.95)1/5O= 1 -0.999

F(x) = 0.999 .

Incidentally,

1 1
R

F(x) 0.999
1000 years

(i.e., the design criteria is equivalent to a 1000-year
mean recurrence interval). Conversely, the wind proba
bility maps represent the following probabilities of the
wind speed of x being exceeded at least once in 50
years:

Recurrence level Probability (%) of x being

(years) exceeded in 50 years

10 99.5

25 87.0

50 63.6

100 31.5

Effects of Earthquakes and Tsunamis

The effects of earthquakes and earthquake phe
nomena have been extensively discussed in the litera
ture and are carefully considered in every application
for permit to build and operate a nuclear power plant.

The most comprehensive treatment of the subject has
been published by Lomenick et al.,25 and an extensive
bibliography is available.26

The seismic and geologic siting criteria27 are exten
sive and detailed. The major item of concern to this
study is the requirement that the nuclear power plant
structures, systems, and components important to
safety be designed to withstand the effects of earth
quakes without loss of capability to perform their
safety function. More specifically, these criteria define a
"safe shutdown earthquake" (SSE) as that earthquake
which is based upon an evaluation of the maximum
earthquake potential, considering the regional and local
geology and seismology and specific characteristics of
local subsurface material (i.e., historical earthquakes
and evidences of prehistorical earthquakes must be used
to predict the maximum earthquake that might happen
at some time in the future). It is that earthquake which
produces the maximum vibratory ground motion for
which certain structures, systems, and components are
designed to remain functional to assure integrity of the
reactor coolant pressure boundary, the capability to
shut down the reactor and maintain it in a safe
shutdown condition, and the capability to prevent or
mitigate the consequences of accident which could
result in potential off-site exposure. The structures,
systems, and components which must remain functional
during an SSE are defined in Regulatory Guide 1.29
and designated Seismic Category I. They do not include
the cooling towers or the power lines (other than
auxiliary systems for on-site electric power supplies).
The operating basis earthquake (OBE) is defined as the
maximum intensity earthquake which the power station
can "reasonably"28 expect to experience at least once
during its lifetime. The maximum vibratory ground
motion of the OBE shall be at least one-half the
maximum vibratory ground motion of the SSE. The
reactor and all its associated systems are required to

25. T. F. Lomenick et al., Earthquakes and Nuclear Power
Plant Design, ORNL-NSIC-28 (July 1970).

26. An Indexed Bibliography of Literature on Seismic Con
siderations in the Siting of Nuclear Facilities, ORNL-NSIC-88.

27. "Seismic and Geologic Siting Criteria," Fed. Regist.
38(218), Nov. 13, 1973.

28. Unfortunately, "reasonably" is not quantitatively de
fined.
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remain operational (i.e., must be able to generate power
during an OBE). However, this requirement does not
extend to the cooling towers or the power transmission
system.

The major earthquake-induced phenomena to be
considered are faults, vibrations, and tsunamis. The
available earthquake data for the U.S. have been
collected and published29 by the National Oceanic and
Atmospheric Administration. Although this publication
lists all recorded earthquakes of intensity V or greater
(modified Mercalli scale), it cautions that "exact seis
in ological information has been available for less than

70 years." This listing is limited to location, maximum
intensity, and approximate felt area. Another source of
information helpful for establishing general earthquake
criteria is the seismicity zoning maps in ANSI A58.1 —
1972 (p. 55),30 which establishes four seismic zones
(3, 2, 1, 0) based on the history of the frequency of
occurrence of the earthquake. The highest magnitude
earthquake would be in zone 3 and is successively
halved for zones 2, 1, and 0. Although much effort is
being expended in the U.S. on prediction of location,
time, and intensity of earthquakes, no reliable method
is yet available.

Only a very few strong-motion accelerograph records
are available at present, mostly made by the U.S. Coast
and Geodetic Survey. Because so few accurate measure
ments have been made, designers must make highly
conservative estimates of ground motion. Actual experi
ence with large structures in great earthquakes is limited
to the San Francisco earthquake of 1906, the Tokyo-
Yokohama earthquake of 1923, the Alaska "Good
Friday" earthquake of 1964, and the Caracas earth
quake in 1967. No structure of the type used for
nuclear reactors has ever been subjected to an intense
earthquake.

The chief engineering problem is to determine how to
use the existing records of strong motion to estimate
the ground motion likely to occur at sites where only
magnitude and intensity data exist. At present there are
no widely accepted correlations of magnitude and
intensity. Herschberger31 has shown that there is poor

29. J. T. Coffman and C. A. Von Hake, Earthquake History
of the United States, publication 41-1, revised ed. (through
1970), National Oceanic and Atmospheric Administration,
Boulder, Colo., 1973.

30. "Building Code Requirements for Minimum Design Loads
in Buildings and Other Structures," American National Stand
ards Institute ANSI-A58.1 - 1972.

31. J. Herschberger, "A Comparison of Earthquake Accelera
tion with Intensity Ratings," Bull. Seismological Society of
America 32(3), 171 (June 1974).

correlation between maximum acceleration and inten

sity. For this reason it is difficult to assign realistic
ground motion values for the SSE to reactor sites. The

current method consists, in general, of evaluating strong
ground motions from small nearby shocks as well as
large earthquakes. It is generally assumed that the
largest earthquake that may affect the area will be no
larger than the maximum magnitude shock recorded or
estimated (from geologic structure) that occurred in the
general vicinity of the site. If an active fault lies
relatively near (e.g., within 200 miles), it is assumed
that earthquakes up to a size commensurate with the
length of the fault can occur along it.

Once the vibratory ground motion related to the SSE
has been assigned, the design of the Seismic Category I
structures follows well-established procedures.
Although the structures which have been designed by
the accepted seismic procedures have not been sub
jected to any severe earthquakes, some have been
subjected to minor earthquakes32 and some have been
tested using high explosives to simulate earthquakes.33
Although all the responses of nuclear power-plant
components to earthquake vibrations are not com
pletely known, it does appear that present design
practices are adequate, even conservative. Although
present NRC regulations do not require that cooling
towers remain operational under earthquake conditions,
it should be noted that the cost of the failure of a

cooling tower could be great. Not only is the cooling
tower a very expensive structure, but the resulting
shutdowns of the power plant and the consequent loss
of revenue could be disastrous.

Design of hyperbolic cooling towers for low-intensity
earthquakes should pose no serious problems. Gurfinkel
and Walser34 report that tall towers designed for
100-mph basic wind velocity may be capable of
resisting earthquake effects of 0.05g maximum ground
acceleration with 2% damping. Gupta and
Schnobrich35 have shown that it is feasible to design

32. C. B. Smith, "Power Plant Safety and Earthquakes -
Nuclear Safety and Earthquakes," Nucl. Safety 14(6), 568-96
(1973).

33. C. B. Smith and R. B. Mattiesen, "Simulating Strong-
Motion Earthquake Effects on Nuclear Power Plants," Nucl.
Safety 13(2), 114-21 (1972).

34. German Gurfinkel and Adolf Walser, "Analysis and
Design of Hyperbolic Cooling Towers," Journal of the Power
Division Proceedings of the American Society of Civil Engi
neers, p. 148, June 1972.

35. A. K. Gupta and W. C. Schnobrich, "Seismic Analysis and
Design of Hyperbolic Cooling Towers," meeting preprint 2190,
ASCE National Structural Engineering Meeting, Cincinnati,
Ohio, April 22-26, 1974.
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hyperbolic cooling towers to withstand earthquakes
with up to l.Og horizontal acceleration. Since the
cooling towers and the electrical systems should be
designed to survive the OBE, and since present design
procedures are dependable, there should be no dif
ference in risk of power loss from earthquakes between
the NEC and the dispersed siting. Only if the earth
quake exceeds the OBE will there be any damage.
Because of the conservatism required in establishing the
OBE (and the SSE), the probability of experiencing an
earthquake greater than an OBE should be very low.
That is, the recurrence level should be 1000 years or

greater.

In the unlikely event that an earthquake greater than
the OBE does occur, all reactors would automatically
shut down. By NRC regulations, they would not be put
into operation again until the operator has proven that
there has been no damage to Seismic Category I
structures.

The only restrictions on the NEC by earthquake
threat that can be foreseen is in site selection to assure

that the OBE is small enough to permit construction of
cooling towers strong enough to resist the earthquake.
This restriction would not apply to some dispersed sites
if sufficient water is available at the site to permit
elimination of the cooling towers.

Tsunamis present essentially no problem to an NEC.
The only part of the United States subject to tsunami
action is the west coast. The largest recorded run-up
was only 16 ft, except for a single (reportedly question
able) report2 5 of a 50-ft rise at Gaviota, California, in
1812. Run-up heights in Japan, Chile, the Hawaiian
Islands, and Alaska have exceeded 30 ft. Protecting the
NEC west coastal site (if any) by the same methods
used for individual sites (i.e., wave defense adequate for
maximum expected run-up and protection of offshore
cooling-water structures) will assure there will be no
difference between NEC and dispersed siting due to
tsunamis.

Effects of Floods

Regulatory Guide 1.59 (August 1973) and its
Appendix completely specify the methods required to
calculate the probable maximum flood (PMF). Since all
Seismic Category I buildings and structures must be
protected against the PMF to the point of remaining
functional, the rest of the plant can readily be
protected from the same flood. There should be no
difference between the NEC and the dispersed siting
option regarding flooding.

EFFECTS OF PLUTONIUM AEROSOLS

R. O. Chester

The objective of the following calculations is to
obtain a realistic estimate of the number of radiation-

induced lung cancers in a population that inhales a
239Pu02 aerosol.

Plutonium-239 inhalation results in a radiation dose

to the lungs that produces an additional risk of lung
cancer. The additional risk is expressed as the number
of additional or excess annual deaths from lung cancer

per rem to the lung.36
In addition, biological processes transport part of this

lung burden of plutonium to other parts of the body,
resulting in radiation doses that produce an additional
risk of cancer in those other parts. For a lung burden
inhaled over a short period compared with one year, the
radiation dose to various organs, including the lungs, is
not all received instantly, but because of the time
required for biological transport processes is received as
depicted in Fig. 2.20.37'38

To obtain the number of radiation-induced cancers to

be expected in an exposed population, the radiation
dose to the lungs must first be calculated. Dose to the
lungs is equal to the lung burden times the dose
commitment. The lung burden is proportional to the
total amount of plutonium inhaled, which is propor
tional to the breathing rate times the exposure time.
The dose commitment is the total dose received over a

specified time interval. The dose commitment is a
function of age at exposure and mass of the lungs and
has been calculated using the model of the ICRP Task
Group on Lung Dynamics.39 The dose commitment
results are summarized in column 1 of Table 2.8, and

the relative breathing rate is given in column 2. For the
members of a population having the same exposure
conditions, the lung dose is proportional to the breath-

36. National Academy of Sciences, National Research Coun
cil, The Effects on Population of Exposure to Low Levels of
Ionizing Radiation, NP-19638, report of the Advisory Commit
tee on the Biological Effects of Ionizing Radiation, Washington,
D.C., November 1972.

37. B. R. Fish, O. W. Keilholtz, W. S. Snyder, and S. D.
Swisher, Calculation of Doses Due to Accidentally Released
Plutonium froman LMFBR, ORNL-NSIC-74 (November 1972).

38. R. O. Chester, Biological Dose and Radiological Activity
from Nuclear Reactor or Nuclear Weapon Fission Products,
ORNL-4996 (December 1974).

39. Task Group on Lung Dynamics (P. E. Morrow et al.),
"Deposition and Retention Models for Internal Dosimetry of
the Human Respiratory Tract," Health Phys. 12, 173-207
(1966).
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ing rate times the dose commitment for each individual,
that is, the product of columns 1 and 2.

Next, the additional risk of lung cancer from expo
sure to radiation must be known. This number has been

estimated and is presented in column 3 of Table 2.8.
The estimate applies to low levels of irradiation,
possibly less than a few hundred rems to the lungs. The
proposed model for cancer induction specifies a latent
period following the irradiation during which there is
no apparent effect. Then, for a specified number of
years, or plateau period, a fraction of the irradiated
population dies of cancer of the target organ. The
fraction that dies is assumed proportional to the dose to
the target organ. The proportionality constant is the
additional risk of cancer and is different for different

organs. The calculated excess annual deaths in an adult
male from radiation-induced lung cancer is shown in
Fig. 2.21. Also shown is the total death rate from lung,
liver, and bone cancer.

Using the above information, the excess annual deaths
during the plateau period can be calculated for a
population with the members having the same exposure
conditions. For example, if the exposure is such that a

Table 2.8. Effects of ' Pu inhalation

Age at

exposure

(years)

Newborn

1

10

20 (male)

20 (female)

Dose commitment

to lungs"
(rems/iuCi dep.)

8210

5510

2340

1540

1230

Breathing
. a

rate

(m3/hr)

0.033

0.16

0.62

0.99

0.95

Excess annual

deaths/rem

(lung cancer)

(1.3/5)/106

(1.3/5)/106
1.3/106
1.3/106
1.3/106

Excess annual

deaths/MCi239Pu
dep. in lungs

2.1/103

1.4/103
3.0/103
2.0/103
1.6/103

Excess annual death

tor same exposure

0.07/103

0.24/103
2.0/103
1.8/103
1.6/106

aData taken from NSIC-74, Table 6.3. It should be noted that the dose commitment is given to age 70, but since the
unciliated lung surfaces clear with a half-life of about 500 days and the ciliated surfaces with a half-life of about one day,
4 the dose commitment is received in 1 year and 90% in 4 years.

6The source for this column is the BEIR report, Table 3-2. The numbers represent the absolute risk of lung cancer. The
model for this cancer is a 15-year latent period following low-level exposure during which no excess lung cancer is evident.
The latent period is followed by a 30-year plateau period during which there is an elevated constant cancer risk. The excess
lung cancer risk is assumed to return to zero at the end of the plateau period. The long-term lung cancer cure rate is
assumed negligible.

excess annual lung cancer deaths

MCi 239Pu deposited in lungs
The amount of plutonium in the lungs = aerosol concentration X breathing rate X exposure time. Therefore, for the

same aerosol concentration and exposure time the amount is proportional to the breathing rate. The numbers in this
column are obtained by assuming the same exposure time and aerosol concentration for everyone and such that a
20-year-old male has 1 ,uCi 239Pu deposited in his lungs. For example, a 20-year-old female would have 0.88/0.95 = 0.92
/xCi deposited in her lungs.The excessannual deaths in the 20-year-old female population under these exposure conditions
would be 2.0/1000 X 0.88/0.95 = 1.8/1000.

: dose commitment to lungs (rems) X
excess annual deaths (lung cancer)
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20-year-old adult male receives a total lung burden of 1
/uCi of 239Pu, the excess annual death values given in
column 5 of Table 2.8 are calculated. This calculation

assumes an exposure time that is short compared with
one year. Interpolating between the valuespresented in
column 5 and assuming the 20-year-old results apply to
the 20-year-old and older population, the numbers in
column 5 can be applied to any population whose age
and sex distribution and death rate from all other

causes is known. For example, the results are given in
Fig. 2.22 for the U.S. population40 and in Fig. 2.23 for
the adult male work force,40 assuming exposure such
that an adult male receives a lung burden of 1 /iCi of
239Pu. The results for the male work force are
replotted twice, once in Fig. 2.24 for comparison with
occupational exposures41 and once in Fig. 2.25 for

40. U.S. Bureau of the Census, Statistical Abstract of the
United States: 1971, 92d ed., Washington, D.C., 1971.

41. United States Atomic Energy Commission, Division of
Operational Safety, Operational Accidents and Radiation Expo
sure Experience Within the United States Atomic Energy
Commission 1943-1970, WASH-1192, Washington, D.C., 1971.
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comparison with death rates from cigarette smoking.
Figure 2.25 presents the total death rate of cigarette-
smoking males, nonsmoking males, and nonsmoking
males with a 239Pu lung burden.

The reportable incidents are all for members of the
male work force employed at facilities where plutonium
is routinely handled. This work force, which has the
most opportunity for accidental inhalation, has had

only a few members exposed, and these exposures have
resulted in relatively small lung burdens.

42. U.S. Department of Health, Education, and Welfare,
Smoking and Health, Public Health Service Publication No.
1103, report of the Advisory Committee to the Surgeon
General of the Public Health Service, Washington, D.C., 1964.
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Fig. 2.24. Deaths in male work force, if irradiated, vs Pu lung burden, (a) Total deaths from all causes include excess deaths
from 239Pu inhalation and deaths from all other causes during the time period in which the radiation-induced deaths occur. Deaths
from all other causes were calculated from the 1970 male labor force and death rate statistics given in Table 71 and 328 in the
Statistical Abstract of the United States, 1971. (b) Plutonium-239inhalation results in a radiation dose to the lungs that produces an
additional risk of lung cancer. Estimates are made of this risk in Appendix Il.A.f. of the BEIR report using both animal and human
exposure data. The graph solid curve was calculated using the absolute risk of 1.3 X10 6 death per year per rem, a 15-year latent
period, and a 30-year plateau. The total numbers of lung cancers induced in the male labor force by the end of the 30-year plateau
are plotted, (c) Large lung burdens of 239Pu02 (<:0.06 mQ per gram of lung tissue, 1 mg/man) cause death from the effects of
pulmonary fibrosis, generally within a year. See, for example, W. J. Bair and D. H. Willard, "Plutonium Inhalation Studies IV,"
Radiat. Res. 16, 811-21 (1962). The dashed section of the "excess deaths" curve is an estimated interpolation between the 15 or
more years delayed and the one year or less causes of death, id) Reportable incidents are defined and listed in WASH-1192. Both
238Pu and 239Pu curie lung burdens are plotted. Since the half-life of insoluble Pu02 particles in the lungs is much less than the
respective 3.3 X 104- and 8.9 X 106-day radiological half-lives, the 57-Mev and 53-Mev effective energies in the lung tissue lead to
dose rates of 3.82 and 3.55 rems/MCi-day (20-year-old female, BEIR Table 6.7). Therefore the same curie lung burdens of the two
isotopes should produce very nearly the same effects. For a given curie lung burden the weight lung burdens for the two isotopes are
different (239Pu, 15.8 Mg/VCi; 238Pu, 0.0578 mg/iiCi).
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Fig. 2.25. Death rate (logarithmic scale) plotted against age.
Prospective study of mortality in U.S. veterans. Adapted from
Public Health Service Publication No. 1103.

ELECTROMAGNETIC PULSE EFFECTS ON

NUCLEAR POWER PLANTS

P. R. Barnes R. W. Manweiler1

Introduction and Conclusions

Nuclear power plants are designed to minimize the
probability of serious accidents which would damage
the plant or endanger the community. Since the
probability of a multiple failure involving two or more
components is extremely small, protection is normally
provided against a single-failure accident. This is accom
plished by the use of redundant instrumentation and
protection channels and safety-related equipment. How
ever, the probability of a multiple failure due to the
effects of nuclear electromagnetic pulse (EMP) has not
been considered in the failure analysis. The probability
of an EMP-caused multiple failure is not necessarily
small, since all parts of the system are subjected to the
failure mechanisms at the same time.

In this study43 a preliminary analysis of the EMP
effects on modern pressurized-water reactor (PWR)
plants has been performed as a first step to determine if
EMP is a serious problem for nuclear power plants. The

43. P. R. Barnes and R. W. Manweiler, The Effects ofNuclear
Electromagnetic Pulse (EMP) on Nuclear Power Plants, ORNL-
5029 (July 1975).

Sequoyah plant near Chattanooga was used as a model
of modern PWR plant. Two EMP threats were con
sidered in the analysis, a single high-altitude EMP and
multiple high-altitude EMP's. We found that the most
likely consequence of EMP for PWR plants is an
unscheduled shutdown. EMP may also prolong the
shutdown period by the unnecessary activation of
certain plant safety systems. It is also possible but not
likely that numerous EMP's can temporarily interrupt
the removal of the residual heat from the reactor.

High-Altitude EMP

High-altitude EMP is produced by a nuclear detona
tion at an altitude near or above 50 km. The gamma
radiation from the nuclear burst interacts with the

atmosphere to generate a Compton electron current.
This Compton current is the source for the intense
electromagnetic pulse. Due to the large area of the
source current, high-altitude EMP can cover a large
portion of the country which is completely free from
the other nuclear weapon effects. Typical areas of
coverage for a megaton-range weapon detonated at a
height of burst of 100 and 400 km are shown in Fig.
2.26. As shown, most of the United States can be

covered by a single exoatmospheric burst.
The short-duration EMP fields are very intense. The

amplitude of the electric field pulse is on the order of
50 kV/m. The time history of an EMP is characterized
by a very short rise time of about 10 nsec and an
exponential-type decay with a time constant on the
order of 200 nsec. A double exponential is often used
to describe the EMP waveform. An example of a
double-exponential EMP time history is shown in Fig.

ORNL-DWG 71-3714

Fig. 2.26. Area of coverage of EMP from high-altitude
detonations.
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Fig. 2.27. Double-exponential EMP time history.

2.27. The fast rise time implies a wide excitation
bandwidth, and the high intensity implies significant
energy content in a broad range of the electromagnetic
spectrum. A portion of this energy will couple to the
many instrumentation, control, and power cables of
nuclear power plants.

EMP-Induced Surges

Any conductor exposed to the EMP fields performs as
an inadvertant antenna by receiving EMP energy. This
results in electrical transients of magnitudes comparable
with near-average lightning surges. The rise time of an
EMP surge is generally much shorter than that of a
lightning surge. For a long line with a length of
hundreds of meters, the rise time is on the order of 100
nsec. For shorter lines the rise time is much shorter.

Mrny solid-state components are especially vulnerable
to these fast-rising EMP surges, due to the significant
energy at high frequencies. The fast-rising surges also
present special protection problems.

The instrumentation, control, protection, and power
lines of nuclear power plants will have EMP surges
induced in them. Most of these lines are shielded to

some extent from the EMP by the plant building and
cable runs. Some lines such as the instrumentation,

control, and protection lines have additional shieldings
provided by the conduit or cable trays and cable
shields. The effects of shielding reduce and modify the
EMP surges received by the cables. We found that the
EMP shielding of the Sequoyah control building is at
least 20 dB.

The off-site power lines have no appreciable shielding.
The EMP surges induced on power lines have been
considered in a previous report.44 An example of an
EMP voltage surge from line to ground on the off-site

power source is shown in Fig. 2.28. The peak voltage of
about 5 MV is induced after about 200 nsec. The

waveform decreases to near 1 MV after 10 /usee.

The intrabuilding instrumentation, protection, con
trol, monitoring, and power lines will be subjected to
attenuated EMP fields. The nuclear instrumentation

system (NIS) lines have a high degree of shielding to
minimize electromagnetic noise interference. The total
EMP shielding is at least 150 dB. This reduces the peak
current of the EMP surge to the order of 0.2 mA. An
example of the expected NIS EMP surge is shown in
Fig. 2.29. Notice that the rise of the surge is much
slower than that of the EMP waveform we have

discussed. Also, the surge has a relatively long duration.
These effects are the result of the shielding and cable
length.

44. J. H. Marable, P. R. Barnes, and D. B. Nelson, Power
System EMP Protection, ORNL-4958 (March 1975).
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Fig. 2.28. EMP voltage surge on an infinite line 10 m above
the earth.
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Fig. 2.29. EMP noise on the NIS sensor cable.
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Shielded lines used for protection,45 process variable
instrumentation, control, and monitoring each have
about the same level of shielding and will have EMP
surges with peaks on the order of 200 mA. Intrabuild-
ing power lines and unshielded protection and control
lines will have EMP surges with peaks that range from
100 to 1000 A.

EMP Surge Effects

The EMP surges that will couple to the instrumenta
tion sensor lines will not likely damage electronic
components. They may activate trip circuits, however.
EMP surges in the NIS lines could cause a "power-rate"
trip in each of the four channels and scram (shut down)
the reactor. Also, EMP surges may heat up the
resistance temperature detectors and cause an "over-
temperature" reactor scram.

The EMP surges coupled to the NIS output and power
circuits will not likely be a problem to the NIS, since
they are isolated by electrostatically shielded trans
formers. Such shielded transformers are not used with

the process variable instrumentation power supplies,
however, and solid-state components may be damaged
by EMP power-line surges. If several of the power
supplies were damaged and lost power, a reactor scram
would likely result.

The reactor protection system logic trains are pro
tected from transients on the input and output lines by
the isolation afforded by their input and output relays.
In addition, these logic circuits are also protected by
surge suppression diodes and filters. The power supplies
for the reactor protection system are not protected by
electrostatically shielded transformers, and solid-state
components may be damaged by EMP power-line
surges. Such damage would likely scram the reactor.
EMP surges in the plant electrical ground system may
also cause the reactor protection to generate a scram

signal, since it has a history of ground system noise
problems.

EMP surges in the control lines may upset tne logic in
the logic circuits of the reactor control system. If this
should occur, special circuits in the reactor control
system would detect the logical upset and stop all
automatic control rod motion.

Multiple EMP's could result in a loss of electrical
power. The EMP voltage surges in the preferred off-site
power lines will have peaks on the order of a megavolt.

45. We have considered the instrumentation systems sepa

rately, even though they are normally considered as part of the
reactor protection system.

These surges will occur on all of the lines throughout
the power grid. Flashovers on these lines and in the
switchyards will likely initiate breaker action to discon
nect the off-site power from the plant. Also, the entire
grid is likely to become unstable if subjected to
multiple EMP's.46 This would result in a blackout (loss)
of off-site power.

EMP surges in the intrabuilding power circuits may
trigger circuit breakers to disconnect large motors. Also,
EMP-initiated flashovers near the main feeder circuits

could cause a loss of emergency backup generator
power by an "over-current" trip. If such a trip occurred
twice at the Sequoyah plant, personnel would have to
be sent to the generator building to reset the generators.
The generator building is about 1200 ft from the
control building.

EMP power-line surges may also cause a loss of
emergency battery power used for instrumentation and
control. These solid-state battery systems have a history
of problems with lightning surges,even though they are
protected by lightning arresters. The battery systems in
the Sequoyah plant are not even protected against
lightning, since it is unlikely that lightning surges could
penetrate into the building.

Consequences and Countermeasures

In considering the consequences of EMP, we assume
that the plant is operating at full power, the operator is
unaware of EMP effects, and no special EMP protection
has been provided for the plant. The most likely
consequence of EMP is a reactor scram. This may occur
from EMP surges in the instrumentation, protection,
and control systems. A loss of off-site power due to
multiple EMP's will also cause a scram. The operator
may also cause a scram by responding to alarms falsely
activated by EMP. A loss of power to the large motors
by circuit breakers responding to EMP surges may also
scram the reactor. The relatively large number of
independent EMP events that can possibly cause a
scram makes it a likely possibility.

The false activation of safety systems is another
possible consequence of EMP. This can occur from EMP
effects on the reactor protection system but is more
likely to occur from the loss of power to large pump
motors. This could cause a change in the reactor
coolant pressure and initiate the safety injection sys
tem.

46. R. W. Manweiler, The Effects ofNuclear Electromagnetic
Pulse on the Synchronous Stability of the Electric Power
Transmission and Distribution Systems, ORNL4919 (in prep

aration).
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The loss of instrument and control power due to
numerous EMP surges is a remote but important
possibility. If the plant is not properly prepared, such a
loss could interrupt the removal of the residual heat
from the reactor.

In considering EMP protection for nuclear power
plants, it is important to ensure the safety of the public
and the plant. It is not necessary to ensure the
continued operation of the plant in an intense multiple
EMP environment. To provide this kind of protection
would be very difficult and costly.

The countermeasures we propose will greatly reduce
the probability of serious damage to PWR plants
without significantly increasing the cost of the plant.
They are as follows:

1. All plants should be equipped with a nonelectrical
auxiliary feedwater pump which can be operated
without control power.

2. Plant operators should be informed about EMP
effects.

3. If an EMP event is suspected, check out all impor
tant systems.

4. Install EMP surge protection on the emergency
battery systems.

5. Employ shielded transformers whenever possible.

6. Use a separate ground for the reactor protection
system.

These recommendations will also increase the protec
tion of the plant against damage by lightning, switching,
and electromagnetic interference transients as well as
general failures in electrical and control power.
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3. Dosimetry Intercomparison Studies

K. Becker W. F. Fox

G. deP. Burke1 T. F. Gesell2
H. W. Dickson F. F. Haywood

D.R.Ward3

For several years, this research section has conducted
a very successful program in dosimetry standardization
and intercomparison. The initial effort consisted of a
program in nuclear safety whereby criticality monitors
were tested for three different reactor spectra at the

HPRR (Health Physics Research Reactor). In 1973 a
small-scale intercomparison of environmental dosimetry
systems was conducted as a part of our continuing
program. This led, subsequently, to a more elaborate
study (reported later) under more realistic conditions.
In 1974 the regular dosimetry intercomparison program

was expanded. An additional study was organized for
the purpose of comparing the response of personnel
monitors exposed to low levels of neutrons and gamma
rays from the three standard radiation fields used for
the routine program.

NUCLEAR ACCIDENT DOSIMETRY

The eleventh in the series of Nuclear Accident

Dosimetry Intercomparisons was held during the period
July 29 to August 9, 1974. A major effort has been to
invite representatives from NRC licensees, as well as
ERDA contractors. However, the number of participat
ing licensees has been small to date. A list of partici
pants and dosimetry results are given in Table 3.1.

In April, one representative from the section partici
pated in the Fourth IAEA Dosimetry Intercomparison
Study, which was held at the Harwell Training and
Education Center, Harwell, England. Laboratories from

the following countries were represented: Canada,
Denmark, France, Germany, Hungary, India, Italy,
Japan, Poland, United Kingdom, the United States, and
Yugoslavia. The Harwell study was the final portion of
the organized coordinated program in nuclear accident
dosimetry. This program, which was patterned after
that in the Health Physics Division, was designed to
provide information useful to developing nations.

PERSONNEL MONITORING

INTERCOMPARISON

An intercommunication of personnel monitoring dosi

meters was conducted at the Dosimetry Applications
Research Facility (DOSAR) during the period May
14-16, 1974. Ten independent laboratories and com
panies participated in an intercomparison of neutron
and gamma-ray dosimeters used for routine personnel
dosimetry. The dosimeters, which were sent through
the mail, were exposed at the HPRR to the same three
"standardized" radiation fields that have been used for

the past several years for intercomparing nuclear acci
dent dosimeters. In addition, a 14-MeV neutron field

1. ERDA, Health and Safety Laboratory, New York, New-
York.

2. School of Public Health, University of Texas, Houston,

Texas.

3. Neutron Physics Division.
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Table 3.1. Eleventh NuclearAccidentDosimetryIntercomparison Study:
summary of results

Group
Pulse 1 1Pulse 2 Pulse 3 Pulse 4

Dn Dy Dn Dy Dn Dy Dn Dy

Tissue kerma (rads)

BCL 77 66 430 110 16
Y-12(l) 70 48.6 325 70 121 16
Y-12(2) 74 308 137
DOW 62.8 110 402 159 126 73.5
ILL 49 46 410 57 161 13.4
SLA (1) 55 53 356 60 147 19
SLA (2) 48 343 175
K-25 62 347 115 16
ORNL 46.2 51 372 59 160 18 162 12.4
NOL 55.7

60.0

64.5

62.7

329 114 59.6 46.1

39Mean 362 86.6 133 134 14.8
Standard deviation 11.0 22.2 40.3 41.6 45.1 26 22.9 1.7

Yield (number of fissions) X 10"16

7.1 9.3 9.9 9.7

was used as a fourth exposure configuration, using a
small Phillips neutron generator (sealed tube).

The reactor was operated in a steady-state mode at a
power level of 1 W for a length of time necessary to
produce an exposure to the dosimeters that would be in
a dose range likely to be encountered in personnel
monitoring. The neutron generator was operated in a
similar manner to obtain a similar level of personnel
dose. Since dose equivalents of a few hundred millirems
are commonly encountered, this level was selected. In
order to produce this condition, a free-air tissue kerma
of approximately 40 millirads was selected for the
neutron component; and the reactor operating time was
calculated based on this value. The resultant reactor

runs were performed as shown in Table 3.2.

All badges were placed on water-filled trunk portions
of Bomab phantoms at 3 m in the case of the reactor
exposures and at 1 m in the case of the 14-MeV expo
sure. When shields were used, they were placed at 2 m.

A summary of the results is presented in Table 3.3. It
is reasonable to expect a more favorable agreement
between the several participating laboratories if the
results of experimental devices and nonroutine dosi
meters are ignored or if a selective data-handling
technique is used. For example, if the extreme data
points are excluded, the resultant average dose-equiva
lent estimates are 385 ± 98, 444 ± 162, and 405 ± 64
millirems respectively. Also, if the upper and lower
extremes are excluded from the 14-MeV results, the

average neutron dose equivalent becomes 311 ± 107
millirems.

The results of the intercomparison show widely
varying dose estimates having, for example, standard
deviations of neutron dose equivalents ranging from 44
to 103%. This suggests that more effort should be
expended on measurement techniques and dose conver
sion factors.

Table 3.2. Exposure parameters for personnel
monitoring intercomparison

Run

No.
Shield

Unshielded

Steel

Lucite

Power Time

(watts) (min)

5.0

13.9

26.4

Table 3.3. Summary of results

Exposure condition
Neutron dose

equivalent
(millirems)

Bare reactor 438 ± 193a
Steel-shielded reactor 540 ± 345
Lucite-shielded reactor 662 ± 679

14MeV 515 ±486

One standard deviation.

Fissions

9.25 X 101
2.57 X 101
4.90 X 101

Gamma dose

equivalent

(millirems)

24.6 +4.6a
18.4 ± 4.3

74.5 ± 13.9

365 ± 159
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INTERNATIONAL INTERCOMPARISON OF

ENVIRONMENTAL DOSIMETERS UNDER

FIELD AND LABORATORY CONDITIONS4

One of the prime purposes of time-integrated meas
urements of external environmental radiation is the

estimation of population exposures, particularly in
areas with abnormal radiation levels and in the environs

of nuclear facilities. With the increasing concern about
the possible effects of very low radiation levels, this
subject attracts more attention. The first step of an
environmental monitoring program is usually the meas
urement of local exposure levels with a network of
stations that are situated outdoors about 1 m above-

ground. A network is needed because the time-averaged
environmental gamma-radiation level varies substan
tially from one location to another, mostly due to
differences in the concentration of naturally radioactive
nuclides in the upper layer of the soil.

In 1972 and 1973, evidence was accumulating that
the results of various laboratories, undertaking measure
ments with different detectors at the same location, did
not always agree within the assumed accuracy of the
detectors. In a pilot intercomparison study at ORNL in
1973, for example, the detectors of five groups from
three countries were exposed simultaneously to the
same background radiation; but the findings varied
substantially. Therefore, during a USAEC Workshop
Environmental Radiation in New York early in 1974,
an ad hoc committee was formed to carry out a more
comprehensive and systematic intercomparison.

Fifty-six sets of six detectors each from 41 laborator

ies representing 11 countries were mailed to and from
Houston, Texas, where the detectors were exposed for
three months (July to September 1974) as follows: two
in an unprotected space out-of-doors 1 m aboveground;
two in an air-conditioned shielded area with a known,
low exposure rate; and two as the second group, but
with an additional exposure of 30 mR. Evaluation of
the dosimeters provided information on the calibration

accuracy, the accuracy of field measurement, and
transit exposure.

A graphical presentation of the distribution of the
results of all dosimeters exposed to 30 mR in the
laboratory is given in Fig. 3.1. Fifty-nine percent of the
detectors fell within ±10%, 80% within ±20%, and 89%

within ±30% of the expected value. In Fig. 3.2, which
represents the field measurements, the two sets of

4. For details, see T. F. Gesell, G. de P. Burke, and K. Becker,
ORNL-TM^l487,1975.

30

EXPOSURE (mR)

ORNL-DWG 75-2867R

Fig. 3.1. Frequency distribution of the exposures measured
with all detectors in the laboratory tests.

0 ^

ORNL-DWG 75-2868R

-IONIZATION CHAMBER
MEASUREMENT

m.-. •! i lni^H ni in i iFl
20

EXPOSURE(mR)

Fig. 3.2. Frequency distribution of the exposures measured
with the thermoluminescence dosimeters (excluding films and
TSEE).

photographic films and one TSEE set are not included
because these detectors did not provide any data. The
average of the readings of the TLD's (16.2 mR) agrees
within 0.9% with the ionization chamber reading. Of all
the TLD's, 34% fell within ±10% of the accuracy, 74%
within ±20%, and 85% within ±30%. The standard

deviation of all the field exposures (±26%) was signifi
cantly higher than that of the laboratory exposures
(±16%), probably because of the harsher climatic
conditions and lower exposure levels involved.

It can be seen in Fig. 3.3 that the correlation between
transit exposure and round-trip distance is very poor.
Obviously, in many cases, only a fraction of the transit
exposure can be attributed to the increased cosmic
radiation exposure in high-flying aircraft (assuming
travel by the shortest route). At least in the cases of
some unusually high values, the detectors apparently
received additional radiation from some other source,
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such as transport or storage, together with radioisotope
shipments. The exposures received while flying the
estimated round-trip distances at 55° geomagnetic
latitude during solar minimum, at a speed of 885 km/hr
and at three different altitudes, are indicated by the
solid lines in Fig. 3.3.

There was also no significant difference in the relative
performance of LiF:mG,Ti; CaS04:Dy,Tm; and
CaF2:Mn; but CaF2 :Dy exhibited a larger standard
deviation than the others, probably due to the difficul
ties associated with its pronounced low-temperature
glow peak. Although the overall results of this inter
comparison were reasonably good, it is evident that
some participants must substantially improve their
procedures and/or calibration techniques before they
will be able to produce sufficiently reliable results. (A
few participants over- or underestimated both labora
tory and field exposures by as much as 15 to 20 mR.)
Further intercomparisons of this type are anticipated. It
can be hoped that this experiment and possible future
intercomparisons will have a beneficial effect on the
state-of-the-art in this field.

ORNL-DWG 75-2869

ESTIMATED EXPOSURE

FROM COSMIC RADIATION

ASSUMING AVERAGE AIRCRAFT

SPEED OF 885 km/hr

0 10,000 20,000 30,000

MINIMUM ROUNDTRIP DISTANCE FROM HOUSTON , TEXAS (km)

Fig. 3.3. Transit exposures of detectors mailed to and from
testing area.



4. Health Physics Research Reactor and
Accelerator Operations

D. R. Ward1

F. F. Haywood
L.B.Holland1

H.W.Dickson J.E.Jackson

W.F.Fox C.P.Littleton2

The principal research tool for the Dosimetry Appli
cations Research Facility (DOSAR) is the Health
Physics Reactor (HPRR). This reactor is an unshielded
and unmoderated assembly that provides mixed neu
tron and gamma-ray fields over a wide range. It is a
powerful tool for research in dosimetry, radiobiology,
and other radiation-effects studies requiring coexistent
neutrons and gamma rays. Frequently, monoenergetic
neutrons, photons, and charged particles are required
for experiments in dosimetry and radiobiology. These
needs are filled through the use of a low-energy
positive-ion accelerator (DLEA).

For over ten years, the HPRR has been used for
testing and standardizing activities on a national and
international scale. In this respect, many items such as
criticality alarm systems, nuclear accident dosimeters,
and numerous other passive dosimetry systems related
directly to radiobiology research and dosimetry inter
comparisons, have been irradiated. Biological systems
that are typically irradiated include plants, seeds, mice,
rats, cells in culture, small animal organs, etc. Some
important continuing radiobiology experiments that
have been reported earlier include the relative biological
effectiveness (RBE) for intestinal crypt cell survival
under differing conditions, grain plant mutant studies,
incidence of neutron-induced tumors in rats, lens
opacity studies, early embryo death in mice, and studies
of the effect of neutrons on flowering plants and food
crops.

Use of the HPRR for training purposes continues. For
the fourth year, a class from the University of Tennes
see, Nuclear Engineering Department, conducted a
comprehensive series of experiments designed to study
the kinetic behavior of a fast reactor. Also, the HPRR is

used for studies associated with the Health Physics
Division's Summer Faculty Institute in Applied Health
Physics. The principal users of the HPRR are given in
Table 4.1.

A report is being prepared (0RNL-TM-4898) which
describes a system for monitoring the HPRR core with
respect to its full complement of uranium. During the
first reactor startup of each operating day, readings are
taken of control rod positions, core temperature, core
height, and reactor power. By comparing this informa
tion with data taken earlier under controlled con
ditions, the operator can confirm that the full core fuel
loading is still present. This "running check" is made
while the reactor is being taken to the power level
required by the experimental program, and there is no
requirement for the reactor to be operated at zero

1. Neutron Physics Division.

2. Instrumentation and Controls Division.

Table 4.1. Principal users of the HPRR

User group

Percent of

total time

1973 1974

Radiation Research and Development

Biology Division
UT-Nuclear Engineering
University of Louisville
Comparative Animal Research Laboratory
Civil Aeromedical Institute

Dosimetry Intercomparisons

Others

48.1

20.0

9.6

7.1

6.7

2.8

1.6

4.1

22.4

22.2

18

8.9

6.3

4.7

7.7

9.8
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power for the specific purpose of checking the fuel
loading.

A more accurate check is made every three months or
whenever the running check needs reinforcement. The
more accurate check is made under controlled condi

tions and with the pulse rod and regulating rod at their
limits of travel.

Both types of checks have been demonstrated to be
sensitive enough to detect the absence of the smallest
piece of easily removable HPRR core fuel, which weighs
112 g.

This safeguards activity is considered adequate for
this reactor, but it is still in the proposal stage and has
not been accepted formally by laboratory management.



5. Dosimetric Applications of
Particle-Track Etching

Klaus Becker J. S. Jun1 M. Abdel-Razek2

SPARK COUNTING OF PARTICLE

TRACKS IN MICA

The simple automatic counting of fission-fragment,
alpha-particle, and recoil-nuclei tracks in thin (~ 5 to
20 £tm) foils of organic polymers, such as polycarbon
ates or cellulose nitrate, by an electrical discharge
method commonly called "spark counting" is widely
used today for neutron dosimetry, the quantitative
determination of trace quantities of alpha emitters,
fissile elements, etc. Organic foils have a relatively high
sensitivity, not only to charged particles [depending on
the polymer and its treatment, particles with a linear
energy transfer (LET) exceeding 1—4 MeV-cm2/mg can
be recorded], but also to chemically damaging agents
such as uv light and a large variety of chemicals. Due to
their low melting point, rapid fading of latent tracks
prior to etching takes place at temperatures higher than
50 to 100°C. Temperatures above ~ 150°C perma
nently destroys most foils.

Inorganic detectors, on the other hand, have a much
higher de facto threshold for particle detection of
approximately 15 MeV-cm2/mg and often are chemi
cally and thermally much more resistant. It has been
shown that the track density in one organic material,
mica, can also be determined by conventional spark-
counting techniques.3 Several mica types were found to
be suitable, but for the more detailed investigations, a
type of natural muscovite called "Ruby Angolan
Mica"4 was selected. This material cleaves easily into
large thin sheets of uniform thickness and has, there
fore, been widely used as a counter window in
pre-Mylar days.

Although in this study fission fragments from thin
sources of natural uranium, 252Cf, and 239Pu have
been used, other particles of sufficient LET and energy
could also be counted by this method. There is an
optimum mica thickness for such experiments. If the

mica layer is too thick, some fission fragments will not
fully penetrate the layer. Surface etch pits will result
instead of sparkable perforations. If the mica layer is
too thin, it becomes extremely fragile during etching
and easily breaks during transfer to and from the spark
counter. It was found that a weight of about 2 to 3
mg/cm2, corresponding to a thickness of about 7 to 14
um, gives the most satisfactory results.

Muscovite mica is chemically very inert, but treat
ment for about 6 to 7 hr in concentrated (~48%) HF at
22°C, or about 3 hr at 40°C, produces fairly large (~10
urn) rhombic perforations that can be sparked with a
good efficiency at about 440 to 540 V Fig. 5.1). As
can be seen in Fig. 5.2, the exact shape of the sparking
"plateau" depends somewhat on the etching time, but
repeated sparking of the same sample does not result in
increases of the spark count. Unlike organic foils, no
"presparking" at an increased voltage is required for
cleaning out the insufficiently etched perforations.
Sparking above 600 to 700 V tends to produce multiple
sparkings ("burns") and microscopic evidence of be
ginning damage to the mica. Under optimized condi
tions, sparking permits an essentially 100% counting
efficiency; and even etch pits spaced closer than the
diameter of the evaporated Al layer are counted
separately. If the etch-pit density becomes too high,
however, exhaustion of the metal supply on the
aluminized Mylar electrode leads to electrically insu
lated "islands"; and the counting efficiency begins to
drop, as is the case with organic foils (Fig. 5.3).

The etch-pit "background" in unexposed and un-
heated samples (mostly due to spontaneous fission of

1. IAEA Fellow, on leave from KAERI, Seoul, Korea.
2. Physics Department, University of Tennessee, on leave

from Atomic Energy Establishment, Cairo, Egypt.
3. K. Becker,Nucl. Instr. Meth., in press.
4. Asheville Schoonmaker Mica Co., 900 Jefferson Avenue,

Newport News, Va.
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Fig. 5.1. Halos produced by evaporation of the very thin metal layer on aluminized Mylar by electrical discharges (sparks)
through the rhombic perforations at fission fragment impact locations in mica.
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Fig. 5.2. Spark count as a function of sparking voltage in 1
cm2 (electrode diameter) muscovite mica ~7.1 Mm thick (2.0
mg/cm2), preannealed for 100 min at 800° C, then exposed in
contact with 40 nCi of 239Pu to about 5 X 1013 fast fission
neutrons per square centimeter and etched for different times in
concentrated hydrofluoric acid at 40°C.

constituent natural uranium) is fairly high, about 8.4
etch pits/mm2. A pre-etching thermal treatment of 20
hr at 500°C was insufficient to anneal these latent
tracks. A 20-hr heating to 1000°C, on the other hand,
damaged the mica substantially. A standard pre-ex-
posure annealing for ~100 min. at about 750 to 800°C
was adopted for routine applications, such as neutron-
induced autoradiography (NIAR) of fissile elements.5
The natural uranium content of the mica, although
higher than in polymers, did not disturb experiments
employing fast neutron fluences as high as ~1014
neutrons/cm2. A "background" of only a few sparks
per square centimeter was thus induced, permitting the
detection of small amounts of fissile materials by NIAR

with fast neutrons (Fig. 5.4).
The method for integrating measurement of very low

fluences of high-LET particles described here offers
advantages in studies involving mica itself, for example,
in dating or in determining its uranium content and/or
distribution. This method can also be employed in
heavy-charged-particle detection or neutron dosimetry
work at high temperatures (up to about 500 to 700°C)

5. K. Becker and D. R. Johnson, Science 167, 1370 (1970).

Fig. 5.3. Incomplete spark counting of perforations at high perforation densities due to the exhaustion of aluminum and
electrical insulation of unsparked islands.
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Fig. 5.4. Neutron-induced autoradiograph (NIAR) of -40

nCi of 239Pu, electroplated as a spot 6 mm in diameter on a
metal carrier, after exposure to 5 X 1014 fission neutrons.

or in the presence of a large number of reactive
chemicals or physical agents, such as intense uv light,
which would badly damage or destroy organic detec
tors. More importantly, it permits discrimination
against low-LET particles, for example, the induced
recoil particles in fast-neuton NIAR. Such tecoil-par-
ticle tracks have been shown in previous studies with
organic foils to yield sparkable tracks, aswell as changes
in the foils' etching properties, thus interferingwith the
detection of low fission-fragment densities after expo
sure to a fast-neutron fluence. One application, namely
the selective detection of trace amounts of 239Pu in the

presence of natural uranium, is of particular interest
and will be studied further. Obviously, other methods
for automatic perforation counting in thin organic foils
based on the penetration of uv light, alpha particles,
electrons, dyestuffs, chemicals, etc. or on the detection
of changes in the electrical conductivity can also be
applied in the case of mica and may, in some cases, have
advantages over spark counting.

SPARK COUNTING OF NEUTRON-INDUCED

RECOIL-PARTICLE TRACKS

This study, which has already been described in part
in last year's Annual Report, was completed in 1974.6
In particular, optimum conditions for etching and

400

3O0
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300

ORNL-OWG 74-8985

C.N. (LR 115)

10 min, 60°C, 25% KOH

PRE-SPARKED ONCE AT 600 V

400 500

SPARKING VOLTAGE (V)

Fig. 5.5. Neutron-induced recoil-particle-track spark counts
as a function of sparking voltage for the LR 115 cellulose
nitrate foil etched for 10 min at 60°C in 25% KOH, presparked
once at 600 V.

sparking have been established for a number of foils. As
an example, the results obtained with an 8-/im commer
cial cellulose nitrate foil (Kodak Pathe LR 115,
strippable) with fission neutrons are given in Fig. 5.5. In
another experiment, foils have been exposed with
monoenergetic neutrons of different energies at Brook-
haven National Laboratory (Fig. 5.6). There is a strong
energy dependence of sensitivity and an effective
registration threshold around 2 MeV, which restricts the
practical usability of this method for routine fast-neu
tron monitoring. Also, the reproducibility of recoil-
particle-track etching did not exceed 10% due to small
fluctuations in foil thickness and/or sensitivity or to
variations in the etching conditions. Etching and evalua
tion of "controls" with every batch helped to reduce
this problem.

TRANSFER DOSIMETERS FOR

FAST-NEUTRON SOURCES7

Work on this subject under a Research Agreement
with IAEA continued in 1974. Concerning the repro-

6. K. Becker and M. Abdel-Razek, Nucl. Instr. Meth. 124,
557 (1975).

7. K. Becker and J. S. iwn.Phys. Med. Biol, in press.
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Fig. 5.6. Neutron energy dependence of response in cellulose
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ducibility of spark counting, one has to distinguish
between three levels of reproducibility:

1. repeated spark counting of the same foil can be done
with a reproducibility as high as ±1 to 2 sparks;

2. for the reproducibilities in the counting of a series of
foils that have been exposed and etched under
identical conditions, in-set standard deviations of 2
to 4% can be obtained under carefully controlled
conditions;

3. the long-term set-to-set reproducibilities depend
strongly on the constancy of etching and sparking
conditions, the batch-to-batch consistency, and his
tory of the foils, etc. It may be difficult to obtain
reliably a reproducibility of < 5%.

The independent visual counting of the foils by two
persons gives results that also agree well within ± 5%.
As visual counting is equally fast and does not require a
spark counter and constant etching conditions, this
method may actually be preferable for the high track
densities encountered in transfer dosimetry. In other
experiments involving higher neutron energies, it has
been found, however, that the agreement between
different observers was not as satisfactory. The main
reason is the increasing average radius and number of
the recoil-particle tracks. Overlapping size distributions
introduce some ambiguity into the visual counting
procedure. One method to reduce the size distribution
of the fission-fragment etch pits consists of placing a
"collimator" spacer plate with cylindrical holes be
tween the radiator and detector foil. In combination

with glass detectors, which do not register recoil-par
ticle tracks, well-defined etch pits of rather uniform size
are thus obtained which are easy to count at a low
magnification.



6. Exoelectron and Thermoluminescence

Dosimetry with BeO

K. Becker L. Huskey2
J.S.Cheka1 G.D.Kerr

K.Crase1 J.S.Jun3

R. B. Gammage

OBJECTIVES

Beryllium oxide is one of the most potentially useful
materials, in the tissue-equivalent range, as a solid-state
integrating dosimeter. We seek to exploit its use both as
a thermally stimulated exoelectron (TSEE) and as a
thermoluminescent dosimeter (TLD), particularly in
situations where other types of integrating dosimeters
are nonexistent or inadequate. This material also
exhibits unique characteristics in its response to nonion
izing radiation.

LIGHT RESPONSE AND RADIATION

SENSITIZATION OF BeO

Further experiments have been carried out concerning
the previously observed response of TSEE detectors
based on ceramic BeO (Thermalox 995) to uv light,
which was found to depend on the irradiation history
of the sample. This effect is obviously of interest for at
least two reasons, namely, the potential use of such
detectors for uv dosimetry and the "spurious" signals it
can cause in radiation dosimetry.

A sensitization treatment has been developed which

consists essentially of exposure of the detectors to a
high gamma-radiation dose (about 103 to 106 rads),
followed by a temperature treatment sufficient for the
complete annealing of the dosimetry traps but insuf
ficient to anneal the very deep trapping levels, for
example, 1 hr at 500 to 600°C. The sensitization thus
obtained for gamma radiation amounts to a factor of
about 7. Because the background signal is also in
creased, the practical value of the sensitization for
radiation dosimetry is limited.

The sensitivity to visible light and uv, however, is
increased several hundred times (values up to 750 were
measured). The wavelength dependence of the sensitiza
tion depends on the preirradiation level, as well as on
the temperature treatment. With an optimized combina
tion of both, detectors can be made sensitive enough to
respond even to a few minutes of exposure to red
darkroom illumination. Very few simple image storage
systems are known to respond to red light. Also, the
effect leaves room for basic studies concerning the
underlying machanism, which is piobably an optically
stimulated electron transfer from a high-temperature
trappinglevel to the "dosimetry peak" at ~300°C.

BANK OF STANDARDIZED BeO

CERAMIC DOSIMETERS

The calibration work for the TSEE of a batch of 500

BeO disks, with identical histories of preparation,
sensitization, and stabilization, has expanded to TLD. A
single detector exposed to 20 mR 60Co has a constant
response within a standard deviation of (a) of ±4%
when reading the TL or the TSEE. The intragroup a
value in the mean TL or TSEE response of a large batch
of detectors is about ± 15%.

Detectors have been distributed to 27 groups in 14
countries. The purposes are to allow interlaboratory
comparison of readers, to gauge the practical applica-

1. Consultant.

2. ORAL) undergraduate research trainee, Defiance College,
Ohio.

3. IAEA Fellow, on leave from KAERI, Seoul, Korea.
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tions in a more logical manner, and to bring better
order into the diverse, basic researches. The aim is to
accumulate the findings and communicate them to all
the participants.

HYDRATION EFFECTS AND THE PERFORMANCE

OF EXOELECTRON DOSIMETERS IN THE FIELD

Thin-layer elements and high-sensitivity BeO:Li are
used by Brown4 and Boros,5 respectively, for measur
ing depth dose distribution, dose across interfaces of
bone—tissue, and radiation leakage from teletherapy
units at the uR level. While the stability and reliability
of these unique dosimeters can now be controlled under
laboratory conditions, by these workers and ourselves,
the reverse is sometimes the case under field conditions.
When exposed to the elements, hydration of the surface
is the root problem. From the fading characteristics of
BeO:Si, shown in Fig. 6.1., one expects favorable
performance, provided liquid water does not form on
the surface. Below the dewpoint, or in a frost,
conditions are favorable for wetting to occur. The result
is excessive fading and often a change in detector
sensitivity. The latter problem is correctable by a
washing and annealing treatment.

This untoward behavior explains the failure of unpro
tected dosimeters in long-term field tests on the Gulf
Coast and in Oak Ridge during the humid summer
months. For satisfactory use, the detectors must be

protected from "misting" or "frosting over" or must be
used in controlled environments.

The sensitivity and the structure of the glow curve
change with the state of hydration, as illustrated in Fig.
6.2. An increase in drying temperature increases the
exoelectron output and modifies the peak shape,
particularly at the leading edge. (The initial preparation
of the ceramic BeO involves sensitization at ~1300°C
followed by immersion in water; the final step is to dry
the detector.) Problems occur with the use of very high
drying temperatures to enhance the sensitivity; the
scatter in the sensitivities of a batch of detectors is

increased and longer times are required for equilibration
with atmospheric moisture. After a dryingat 800°C, for
example, the TSEE sensitivity has two components -
one stable and the other decaying exponentially with a
half-life of about 20 min.

Our experiences have led to the following recipe of
drying and annealing treatments in the production of
high-sensitivity, stable BeO:Si dosimeters. Drying is
affected at 500 or 600°C for 1 hr. Subsequent
annealings, when required, are at 350 to 400°C for 5
min. Residual signals disappear rapidly at these temper
atures. (At 350°C, the time needed for complete

4. L. D. Brown, Proc. 4th Int. Conf. Lumin. Dosimetry 2,
551 (1974).

5. L. Boros, ibid., 2, 769 (1974).
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Fig. 6.2. TSEE emission curves from a surface-hydrated BeO
ceramic detector (Thermalox 995) as a function of the drying
temperature.

annealing is 5 min.) Neither the annealing temperature
nor the maximum temperature achieved during reading
should exceed the drying temperature; otherwise, the
sensitivity will be permanently altered.

TL DOSIMETRY

Several types of commercially available ceramic BeO
have been evaluated for thermoluminescence and

combined TL—TSEE. The ceramic Thermalox 995 is

superior in nearly all respects and is the only one with
well-separated, clearly resolvable TL and TSEE glow
peaks. A thin surface region, which is rich in impurities,
suppresses spurious emissions of both light and exoelec-
trons. Without its stabilizing influence, separate or
combined TL and TSEE measurements cannot be made.

The characteristics important for TLD are as follows:
(1) the luminescence is maximum at 260 nm for each
type of ceramic (Fig. 6.3); (2) with a reader having an
S-13, uv-sensitive photomultiplier tube, the lower prac
tical exposure limit is 1 mR, with supralinearity starting
at 10R; (3) only 10% fading after three months at 30°C
and 90% relative humidity (Fig. 6.4), but rapid bleach
ing of 50% in 30 min. in laboratory fluorescent lighting
(Fig. 6.5); and (4) an energy dependence of response
similar to that of LiF TLD (Fig. 6.6).

A photon counting system is being mounted into a
TSEE reader that is operating as a proportional counter.
This will reduce further the lower limit of TL sensitivity

and will facilitate the ease with which combined

TL—TSEE measurements are made.
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Fig. 6.5. Fading of the TL signals from Thermalox 995
exposed to laboratory fluorescent light of normal intensity.
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Fig. 6.6. TL response of Thermalox 995 and LiF 100 as a
function of photon energy, normalized to unity at 1.25 MeV.
LiF data supplied by D. Hankins, Health Physics Division,

LASL.

APPLICATIONS

The monitoring of tritium beta rays or other weakly
penetrating beta-emitting radionuclides, such as 14C, in
the presence of photon radiations is a particularly
attractive practical application. Exposures to high levels
of tritium, which cause exoelectron saturation effects in
the TSEE reader, give no significant TL response. A
complete discrimination between the beta and photon
exposure is therefore possible after an exposure in a
mixed radiation field.

An exploratory study of the use of BeO dosimeters
in radon monitoring has been made. The principle of
making combined TL and TSEE readings that can be
used to discriminate between the exposures to photon
and alpha radiations in a mixed field is typified by the
glow curves in Fig. 6.7. The exposure to alpha rays was
made with the BeO disk 1 mm above a small 230Th

source (0.097 yCi) emitting 4.7-MeV alpha particles.
The gamma-ray exposures were made using a calibrated
60Co source. The TSEE sensitivity is about 10 counts
per alpha particle incident on the BeO and about 1000
counts per milliroentgen 60Co per square centimeter of
emitting BeO surface. There is similar high TSEE and
low TL sensitivity to the beta radiations emitted by the
radon daughters 214Pb and 214Bi.

The extremely dusty atmospheres and high humidities
encountered in uranium mines necessitate protection of
the emitting surface of the BeO disk. To do this,
thicknesses of Mylar foil have been used to cover the
BeO surface. The normalized TSEE response for 230Th
alpha rays after passage through varying thicknesses of
Mylar is shown in Fig. 6.8. For radon monitoring a
single layer of commercially available 0.25-mil-thick
Mylar foil will have sufficient rigidity to protect the
BeO disk without compromising the high sensitivity of
the TSEE dosimeter.

The head of a radon progeny dosimeter employing a
track detector (and developed at Oak Ridge) has been
adapted to accept 12.5-mm-diam BeO ceramic disks.
The detector is 1 cm from the filter which catches the

aerosols and is protected by the thin Mylar cover. The
results subsequently obtained are shown in Fig. 6.9 in
terms of working level-liters; one working level-liter is
the minimum sensitivity. At a pumping speed of 0.1
liter/min, this is equivalent to V6 working level-hour.
The generally accepted requirement for a personal
dosimeter is a sensitivity of 1 working level-hour or less.
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Fig. 6.7. TL and TSEE readings from the same Thermalox 995 BeO detector exposed to (/I) alpha particles from a"uTh
source, (5) Co gamma radiation, and (Q both alpha and gamma radiation exposures. The TL signals are measured at maximum
intensity (peak height), the TSEE signals by integration ofpulses. The TSEE background signal is 200 pulses
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Fig. 6.8. NormalizedTSEE response of a Thermalox 995 BeO
detector, 1 mm above a 230Th source emitting alpha particles
of energy 4.7 MeV, as a function of the number of layers of
Mylar foil (0.00038cm thick) covering the BeO surface.
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7. Distribution of Energy Losses of
Low-Energy Protons in Hydrocarbon Gases

J. H. Thorngate W. S. Shinpaugh

The distribution of proton stopping in hydrocarbon
gases, first described in the 1973 Annual Report,1 is
entering the final phases of data acquisition. Protons
with energies between 50 and 150 keV are provided by
the DOSAR Low Energy Accelerator (DLEA). A
number of problems have arisen because the combined
energy resolution of the electrostatic analyzers is less
than 0.2%; so small shifts in accelerator voltage result in
the loss of transmitted beam. For the first data, taken
with H2, fluctuations in machine output were recorded
by digitizing the current wiping off on the input
aperture of the electrostatic analyzer used to measure
the energy spectrum of the protons emerging from the
gas cell. The digitizer did not have sufficient sensitivity
for measurements with heavier gases because of their
larger scattering cross sections; so a vibrating-reed
electrometer was installed. This arrangement was used
for a second measurement with hydrogen and with
methane. Sufficient data were obtained by using this
technique to allow three consecutive measurements at
each point in each of three separate runs. Having nine
values for each data point allows reasonable statistical
interpretation of the data.

As data were accumulated, it became obvious that
even this normalization was inadequate because repro
ducibility of the ratio of the output and normalizing
currents was no better than ±10% for a large series of
measurements at the same analyzer settings. This
method of normalization records only protons that do
not go through the aperture into the analyzer; thus
small changes in the position of the proton beam can
result in an increase in the normalization current while

at the same time decreasing the transmitted current. A
better measurement of normalization was provided by
installing an electrode mounted in the analyzer box
between the input aperture and the deflection plates.
This electrode was designed to intercept a portion of

the top or either side of the beam. Normalization
within ±3% was obtained by intercepting a portion of
the beam on the side toward the outer (positive)
deflector plate. The electrode was also useful for
aligning the apparatus to the proton beam, because it
measured only current that had come through all the
apertures in the system. A test to measure induced
charge without intercepting the beam did not work as
well since it sensed the total beam, not just that part
transmitted through the analyzer.

Further data will be taken with ethyne (acetylene),
ethene (ethylene), ethane, propyne (methyl acetylene),
propene (propylene), propane, propadiene (allene), and
cyclopropane. Several of these gases will also provide
direct information on Bragg additivity at low proton
energies. For example, propyne and propadiene both
have the empirical formula, C3H4, and additivity
implies that they have the same stopping power.
Similarly, propene and cyclopropane are both C3H6.

The energy loss distribution can be described in terms
of central moments. The nth central moment is defined

An=0r(E-<E>fF(E,s/dE,

where the mean energy of the protons after they have
traversed the stopping medium, <£>, is defined by the
equation

<E>= J~EF(E, s)dE .

F(E, s) is the energy loss distribution, which is a
function of proton energy, E, and the thickness of the

1. J. H. Thorngate, "Spectrometric Dosimetry," Health Phys.
Div. Annu. Progr. Rep. July 31, 1973, ORNL-4903, pp. 46, 47.
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stopping medium, s. Payne2 shows that when [E(s = 0)
- <£>] > 3% of E(s = 0), only the mean energy
and the second and third central moments are required
to describe the distribution. Thus the gas pressures used
in this experiment were chosen, on the basis of a
preliminary run. to give a 4% energy loss at each energy.
Data were recorded for five proton energies (51, 76.5,
102, 127.5, and 153 keV); so the mean energies of the
proton spectra emerging from the gas cell were 49,
73.5, 98, 122.5, and 147 keV. These values allow the
stopping powers to be given at the even energies 50, 75,
100. 125, and 150 keV.

The energy of the charged particles transmitted by
the electrostatic analyzer changes 57.5 eV for each 2-V
change in the potential between the electrodes, but the
resolution of the analyzer is about 60 eV at 50 keV and
increases to 175 eV at 150 keV. Therefore, data were
taken at 2-V increments at 50 keV, 4-V increments at
100 keV, and 6-V increments at 150 keV. Ten-volt
increments were used at 75 and 225 keV because only
mean energy loss was measured at these energies.
Typical energy loss distributions for protons of 51, 102,
and 153 keV in hydrogen are shown in Figs. 7.1 to 7.3.
The mean energy loss, dE/dx, and the second and third
central moments are given in Table 7.1. The dE/dx
values are about 4% lower than those of Reynolds et
al.,3 probably due to the refinements available for this
experiment. A small amount of almost any contaminant
will raise the values. The large uncertainties exist
because these are the original hydrogen data. As the
order of the central moment increases, its uncertainty
will increase because the calculation depends more on
those data which are hardest to measure, near the limits
of the distribution.

Data taken so far have produced nothing unusual; the
theoretical values have not yet been calculated. Ulti
mately, theories by Bohr,4 Livingston and Bethe,5 and
Symon6 will be used to calculate the expected central
moments of the distributions.

2. M. G. Payne, Phys. Rev. 185,611 (1969).
3. H. K. Reynolds, D. N. F. Dunbar, W. A. Wenzel, and

W. Whaling, Phys. Rev. 92, 742 (1953).
4. N. Bohr, Phil. Mag. 30, 581 (1965).
5. M. S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 261

(1937).

6. K. R. Symon, Thesis, Harvard University, 1948, unpub
lished.
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Table 7.1. Typical values for the energy loss distribution of
low-energy protons in hydrogen

dE

E E- <E> dx Second Third

(keV) (keV) (keV-cm2/mg) central moment central moment

50 2.02 + 0.02 (3.71 ±0.03) X 106 (9.9 ± 0.4) X 10~2 - (5.5 ± 2.2) X 10~3
75 3.04 ± 0.04 (3.60 ±0.04) X 106

100 4.06 ± 0.06 (3.30 ±0.05) X 106 (2.56 ±0.07) X 10""1 - (2.6 ±0.8)X 10~2
125 5.15 ± 0.09 (2.98 ±0.06)X 106
150 6.08 ± 0.01 (2.71 ±0.01)X 106 (4.7 ±0.6) X 10"1 - (8.0 ± 1.9)X 10~2



8. Developments in Alpha Spectrometry
with Liquid Scintillators

J. H. Thorngate W. J. McDowell P. T. Perdue D.J.Christian

Liquid organic scintillators, combined with solvent
extraction techniques, provide a sensitive means to
measure small amounts of alpha-emitting heavy
metals.1 '2 Moreover, pulse-shape discrimination pro
cedures can reduce the background from pulses pro
duced in the scintillator by electrons to below 0.01
count/min.3 Recently, an effort was conducted to
optimize both the detection system and the solvent
extraction process. The scope of the program was
limited to bone and tissue samples, because the Medical
Physics and Internal Dosimetry Section of the Health
Physics Division was interested in measuring plutonium
in such samples.

Work on the chemical processes stressed developing
techniques that would increase reproducibility. A major
finding was that the extractant used (di-2-ethylhexyl
phosphoric acid, HDEHP) must be carefully prepared
and purified. This produced extractions that were more
uniform and complete, typically 98% of the plutonium

extracted with a ±2% variation. Also, purified HDEHP
is water clear, so that it absorbs less of the light
produced in the liquid scintillator, resulting in improved
pulse-height resolution.

Earlier work had arrived at an optimum scintillator
comprised of 180 g per liter of naphthalene and 3.6 g
per liter of PBBO [2-(4'-biphenyl)-6-phenylbenzoxa-
zole] in toluene with 80 g per liter of HDEHP as the
extractant. However, absorption by naphthalene may
interfere with optimum light transmission, so a brief
test was made using a scintillator consisting solely of

1. W. J. McDowell and L. C. Henley, An Evaluation of the
Possibility of Detecting and Identifying Alpha Emitters in
Low-Count-Rate Samples Using Some Low Liquid Scintillation
Counting Techniques, ORNL-TM-3676 (March 1972).

2. W. J. McDowell, D. T. Farrar, and M. R. Billings, Talanta
21, 1231 (1974).

3. J. H. Thorngate, W. J. McDowell, and D. J. Christian,
Health Phys. 27,123 (1974).

PBBO in purified tetralin (1,2,3,4-tetrahydronaphtha-
lenej. The results indicate that this scintillator may be a
possible alternative for use with faster photomultipliers
to improve pulse-shape discrimination. Such tubes
generally have the peak in their efficiency at a shorter
wavelength than do slower tubes. This comparison is
shown in Fig. 8.1.

A detailed study was made to determine what part of
the alpha counts were lost when pulse-shape discrimina
tion was used to suppress the background. In a series of
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over 200 measurements, the alpha peak was diminished
by 2 to 4%. Somewhat greater losses occurred when
low-level samples or high backgrounds were en
countered. Considerable care must be taken in measure

ments of this type to ensure that the scintillation
sample is well deoxygenated, since even small amounts
of oxygen can suppress that part of the pulse that
provides the information necessary for pulse-shape
discrimination. These effects can be observed over

periods as short as a few hours if the sample is not
sealed. A commercial compound, Vitride, can be used
to scavenge oxygen, but it was found to discolor the
scintillator after about 24 hr. Moreover, the Vitride will
turn a scintillation solution bright yellow without
HDEHP.

Because considerable use is made of ion exchange
techniques for extracting transuranics from samples, a
technique was devised for placing the solutions washed
from the columns into the liquid scintillator. It turned
out that the procedures necessary are similar to
preparing samples separated by solvent extraction. A
series of bone samples, run using ion exchange, gave a
yield of plutonium of 93% with a ±7% uncertainty.

A number of tests were conducted to select the

detector and the associated electronics to maximize

both the pulse-height and pulse-shape response. To
provide a wide range of pulse-height response, a sample
was prepared by putting natural thorium into the
scintillator. After careful deoxygenation this sample was
sealed to provide long-term stability. One factor studied
was the photomultiplier tube. The performance of an
8575, a fast tube widely used for nuclear counting, was
compared with the 4523 used in the original counter.
Increasing the high voltage applied to the photomulti
plier improved pulse-height resolution somewhat, but
with a decrease in the quality of the pulse-shape data.

Several combinations of preamplifiers and linear
amplifiers were compared. As expected, the best pulse-
height resolution was obtained by using a low-noise,
charge-sensitive preamplifier; but the best combination
of pulse-shape and pulse-height response was obtained
by using an integrating preamplifier designed here.4
Source-follower and emitter-follower preamplifiers gave
poorer response for both parameters. A double-delay-
line amplifier, used with minimum integration, gave the
best pulse-shape response with little loss of pulse-height
response when compared with more sophisticated
active-filter amplifiers.

4. D. J. Christian and J. H. Thorngate,/! Compact Electronic
System for an Improved Alpha Air Monitor, ORNL-TM-4346
(September 1973).

A figure of merit is useful for making quantitative
comparisons of widely differing data. For pulse height,
a value was calculated by taking the reciprocal of the
sum of the ratios of the full width at half maximum to

the centroid of the peak for the four major peaks in the
thorium data. Pulse-shape comparisons were based on
the relation (Ae/Aa)(Pa/V)D, where Ae is the area of
the electron-produced time distribution, Aa is the area
of the alpha, Pa is the peak of the alpha distribution, V
is the valley between the distributions, and D is the
separation of the centroids of the distributions. This
figure of merit gives a higher weight to a good
peak-to-valley ratio and separation when the number of
electrons recorded is high compared with the number of
alpha particles. This compensates for the improvement
in separation that occurs when a pulse-height discrimi
nator is used to eliminate the response to the electrons
below the lowest alpha peak, a change that does not
represent any intrinsic improvement in the detection
system.

Data were also taken for a number of different

reflector-sample-holder systems. The reflectors can be
described by the geometry of the reflection surface and
whether they held the sample so that it was viewed
end-on or side-on by the photomultiplier tube. They are
illustrated in Fig. 8.2: (a) hemispherical, side viewing,
(b) spherical, end viewing, (c) conical (semiparabolic),
end viewing, (d) modified hemispherical, end viewing,
(e) two photo tubes, side viewing, and (f) a special side
viewing unit that had a cylindrical reflector surface
immediately around the sample. In every case the
insides are coated with reflecting paint, and the void is
filled with silicone fluid. Figure 8.2a shows how the

ORNL-OWG75-6644

• f il

Fig. 8.2. Cross sections of the reflector-sample-holder geom
etries studied in this work. They are described in more detail in

the text.
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sample vial fits into a reflector. Generally, the findings
were that side viewing was superior to end viewing and
that reflector geometry and source position had a
marked effect on the pulse-height response, although
these variables produced much smaller changes in pulse
shape.

Because the pulse-shape apparatus used for this
counting is quite complicated, preliminary design was

done on a simplified pulse-shape discrimination circuit.
Used in conjunction with the optimum reflector,
photomultiplier, preamplifier, and amplifier, and with
the improved chemical techniques, it should result in a
relatively simple means of measuring low levels of
alpha-emitting materials from biological samples. A
detailed report of all of these findings is under
preparation.



9. Dosimetry for Terrestrial Gamma-Ray Sources

S. A. Abdullah'

H. W. Dickson G. D. Kerr

M.F.K.Miah1 P. T. Perdue

Dose rates from natural radionuclides and 137Cs in
soils of the Oak Ridge area have been determined from
in situ and core sample measurements. Information on
soil composition, density, and moisture content and on
the distribution of cesium in the soil was obtained from

the core samples. Measurements of radionuclide concen
trations in the samples were made with a. 4 X 4 in. Nal
detector. Gamma-ray spectroscopy using a lithium-
drifted germanium (GeLi) detector has been applied to
the determination of radionuclide concentrations in soil

and the associated gamma dose rates above the earth
plane.2-5 An unshielded GeLi detector placed about 1
m above the earth detects gamma radiation from an
area of about 100 m2 .

For our in situ gamma measurements, a spectrometer
system consisting of a 55-cm3 GeLi detector and a
4096-channel analyzer was used. The detector, shown
in Fig. 9.1, is specially designed for in situ measure
ments. The GeLi crystal is mounted on the bottom of
the cryostat in a down-looking configuration so the
container will not shield gamma radiation from the
earth. This represents a substantial improvement over
our previous detector geometry which included a GeLi

1. Alien guest.
2. L. R. Anspaugh, P. L. Phelps, G. W. Huckabay, P. H.

Gudiksen, and C. L. Lindeken, Methods for the in Situ
Measurements of Radionuclides in Soil, UCRL-74061 (1972).

3. J. A. Auxier, D. J. Christian, T. D. Jones, G. D. Kerr, P. T.
Perdue, W. H. Shinpaugh, and J. H. Thorngate, Contribution of
Natural Terrestrial Sources to the Total Radiation Dose to Man,

ORNL-TM4323 (September 1973).

4. H. L. Beck, J. DeCampo, and C. Gogolak, In Situ Ge(Li)
and Nal(Tl) Gamma-Ray Spectrometry, HASL-258 (September
1972).

5. H. W. Dickson, G. D. Kerr, P. T. Perdue, and S. A.
Abdullah, "Environmental Radiation Measurements Using in
Situ and Core Sampling Techniques," Proceedings of Eighth
Midyear Topical Symposium of Health Physics Society, Knox-
ville, Tenn., Oct. 21-24, 1974.

crystal mounted at a right angle to the tip of the
cryostat and, consequently, was partially shielded by
the cryostat. The new design provides a nearly uniform
2vt detector. Angular dependence of the detector, as
measured using standard sources at 10° intervals,
showed less than 10% variation through 180°. Variation
occurring at large angles has little influence on actual in
situ counting applications. Table 9.1 gives the measured
angular dependence of the detector.

The GeLi detector was obtained commercially to

specifications; however, a supporting stand (see Fig.
9.1) was designed and fabricated at ORNL. The tripod
stand is made of light-weight aluminum tubing. Each leg
is independently adjustable using a worm-gear arrange
ment with a locking mechanism. The stand may be
erected on nearly any terrain at the desired height and
leveled using three bubble levels located one over each
leg on the detector supporting ring. The GeLi detector
mounted to a matching support ring is then placed on
the stand and checked for final alignment.

The counts recorded by the spectrometer in the total
energy peak, ne, are given for a semi-infinite mono-
energetic source of uniform distribution in the soil by
the expression

ne(Ey)
4nSk(Ey)

E7{liaD)

where k(Ey) is the efficiency of the detector in counts
per gamma ray multiplied by the distance squared, D is
the source-to-detector distance, us and ua are the
attenuation coefficients of soil and air respectively, E2
is a second-order exponential integral, and S is the
concentration of emitters in the soil in photons per
cubic centimeter.

The detector was calibrated by using several gamma
sources covering the energy range from 121.9 to 1836.0
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Fig. 9.1. GeLi detector mounted on field support.
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keV. Values of k were determined for all these sources,
and a power function was fitted to the data to give
k(Ey) for all energies from 100 to 2700 keV which
covers all the naturally occurring gamma radiation from
the earth. Since uniform deposition of radionuclides in
the soil was assumed for natural emitters, the factor R
giving counts per photon per cubic centimeter from the
soil was calculated by using the equation

lation technique. The resulting factors were used to
determine the gamma rays emitted per cubic centimeter
of soil for each observed energy. By including the
gamma abundance, a concentration in picocuries per
cubic centimeter could be found.

A computer program was prepared to facilitate the
analysis of the large amount of data. The 4096 channels
of data for each spectral measurement are punched
onto paper tape. Upon return to ORNL the paper tape
is read onto the user's disk area at the computer center.

The user edits the file and loads it onto magnetic tape
which is recalled at a remote terminal, and a
FORTRAN file is written using the data. The
FORTRAN program VGAPE.F4 operates on this data
file to find peaks, integrate under the peaks, assign

R
4irk(Ey)

EiQioD)

for a number of energies from 100 to 3000 keV (see
Table 9.2). Values of R for the energies in the data were
found above 200 keV by a Gaussian backward interpo

Table 9.1. Measured angular dependence of GeLi detector response relative to 0 position

Angle Energy (keV)

(deg) 122 279 511 662 898 1173 1274 1332 1836

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

10 0.946 1.021 0.975 0.986 0.995 0.990 1.022 0.968 0.945

20 0.900 1.010 0.942 0.989 0.963 0.941 1.001 1.002 1.021

30 0.937 0.942 0.910 0.993 0.947 1.001 0.981 0.966 1.024

40 1.038 0.978 0.935 0.969 0.959 0.973 0.991 0.998 0.990

50 0.988 1.015 0.917 0.959 0.946 0.955 0.933 0.956 1.011

60 0.984 1.020 0.907 0.973 1.018 0.975 0.975 0.975 0.998

70 1.079 0.991 0.936 0.970 1.022 0.984 0.976 0.976 0.965

80 0.934 1.043 0.911 0.928 0.993 0.991 1.013 0.972 1.013

90 0.962 1.029 0.935 0.979 1.024 0.977 0.985 0.942 1.042

Table 9.2. Ratio R of counts in photopeak to gamma rays

emitted per cubic centimeter of soil

Ey (keV) MflO E2inaD) Ms (cm ')
k (counts per

gamma per cm )

R (counts per

gamma per cm3)

X 10 "3

100 1.72 0.9883 0.2672 0.750 17.43

150 1.89 0.9873 0.2256 0.525 14.44

200 2.04 0.9865 0.2032 0.462 14.09

300 2.20 0.9856 0.1744 0.352 12.42

400 2.26 0.9853 0.1560 0.275 10.91

500 2.27 0.9852 0.1430 0.211 9.13

600 2.26 0.9853 0.1320 0.169 7.92

800 2.21 0.9856 0.1161 0.126 6.73

1000 2.14 0.9859 0.1040 0.098 5.81

1500 1.96 0.9869 0.0840 0.065 4.75

2000 1.82 0.9877 0.0730 0.053 4.50

3000 1.61 0.9890 0.0594 0.041 4.28
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energies based on calibration information, and to
calculate soil concentrations using predetermined de
tector parameters.

In general, the in situ measurements have been made
near the perimeter monitoring stations around ORNL.
In addition, an interesting in situ measurement was
conducted at TVA's Bull Run power plant. The GeLi

detector was placed on the coal reserve pile at this
plant. This coal pile essentially constituted an infinite
source, since it was approximately 50 ft deep and
extended for well over 125 ft in any direction from the
detector location. The results of this measurement are

presented in Table 9.3. The dose rates were obtained by
using conversion factors determined by Beck et al.4

Table 9.3. In situ measurement at Bull Run site

Series Radionuclide
Concentration

(pCi/cm3)
Dose rate

(microrads/hr)

Uranium Pb-214

Bi-214

1.08 ± 0.08

1.08 ±0.05

av 1.08 ± 0.04 1.17 ±0.04

Thorium Tl-208

Pb-212

Ac-228

0.76 ± 0.06

1.14 ±0.09

0.90 ± 0.09

av0.90 ± 0.04 1.52 ±0.08

Potassium K40 4.44 ± 0.08

Total

0.47 ±0.01

3.16 ± 0.09
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10. Dosimetry for Human Exposures

J. A. Auxier

J.S.Cheka1

F. F. Haywood

G. D. Kerr

Objectives of these studies are to investigate human
radiation exposures from gamma-ray and neutron fields
and to establish improved physical dosimetry for
correlations between observed biological effects and
radiation dose. Emphasis is currently on investigations
of dose distribution and dose to specific organs and
tissue of human-type phantoms as functions of the
energy and angular distributions of the -incident radia
tion. These dosimetry studies and liaison studies with
the Atomic Bomb Casualty Commission (ABCC) in
Japan will result in significant refinements in estimates
of radiation exposure risks, RBE values of neutrons,
and relationships of biological effect vs radiation dose
derived from medical and epidemiological studies of
atomic bomb survivors. In addition to the importance

of these studies in the establishment of radiation

protection criteria, the studies of dose to organs and
tissues of the body as functions of the energy and
angular distributions of incident gamma rays and
neutrons have important application in areas such as
radiotherapy, the evaluation of shielding in shelters, and
the design of dosimeters.

LIAISON DOSIMETRY STUDIES

The latest liaison dosimetry study trip to the ABCC
was from August 20, 1974, to September 17, 1974.5
During this trip, important new data were presented to
the ABCC. These data dealt with depth-dose distribu
tions which can be used to make in vivo (organ and

1. Consultant.

2. Biometrics Unit, Cornell University, Ithaca, N.Y.
3. Computer Sciences Division.
4. Department of Statistics and Epidemiology, Atomic Bomb

Casualty Commission, Hiroshima, Japan.
5. G. D. Kerr, Report of Liaison Studies with the Atomic

Bomb Casualty Commission, Hiroshima, Japan, August 20,
1974 to September 17, 1974, ORNL-TM4830 (February
1975).

T.D.Jones

D.L.Solomon2
G. G. Warner3

H. Yamada4

tissue) dose estimates for atomic bomb survivors.6 The
need for these data has been emphasized in several
recent and authorative reports by the Advisory Com
mittee on the Biological Effects of Ionizing Radiation
(BEIR) of the National Academy of Sciences—National
Research Council and the United Nations Scientific

Committee on the Effects of Atomic Radiation

(UNSCEAR).7'8
In reviewing data available on the effects of radiation

on man, the BEIR report acknowledged the importance
of both the medical and epidemiological studies of the
ABCC and the T65D system of estimating radiation
dose to survivors developed at ORNL by stating:

Some of the most useful data available for the evaluation of

the late effect of radiation on man come from the Atomic

Bomb Casualty Commission: The population of A-bomb

survivors is large and received doses ranging from the trivial to
the near lethal: estimated doses are available for almost all;

the population is relatively unselected (except for mortality at
the upper end of the dose range), in contrast to series arising
from therapy administered for pre-existing disease or from
occupational exposure.

To stress uncertainties in estimates of effects of

low-level radiation exposures, shortcomings of both the

epidemiological and dosimetric data of all studies were
discussed in detail in both reports. In discussing the
estimated doses to atomic bomb survivors, the BEIR

report states:

These dose estimates, drawn from the ABCC data, are of air

doses to the mother. The degree of attenuation of the dose in

6. T. D. Jones, J. A. Auxier, J. S. Cheka, and G. D. Kerr,
Health Phys. 28, 367 (1975).

7. Advisory Committee on the Biological Effects of Ionizing
Radiation, The Effects on Populations of Exposure to Low
Levels of Ionizing Radiation, National Academy of Sciences-
National Research Council, Washington, D.C., November 1972.

8. United Nations Scientific Committee on the Effects of

Atomic Radiation, Ionizing Radiation: Levels and Effects,
United Nations, New York, 1972.

9. Ref. 7, p. 100.
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reaching the fetus would depend on such factors as fetal age;
e.g., the younger the fetus, the greater the attenuation. An
equation to allow for this attenuation in computing fetal dose
has not been formulated.

The mean dose shown in Column 11 is usually the

relevant tissue dose, but for the A-bomb survivors, it is the
whole-body, free field, or "air" dose. Attenuation factors for
atomic bomb survivors have not been published, and hence no

effort is made here to provide tissue doses, which might be 60
to 70 percent of the dose given in rads, depending on the
tissue and the proportions of neutron and gamma radiation.

The UNSCEAR report states:

It must also be clearly borne in mind that absorbed doses,

particularly to deep tissues, are difficult to obtain from the
kerma estimates available, and the fact that a substantial

neutron contribution was received by the survivors at

Hiroshima introduces additional complications owing to the
higher biological effectiveness of neutrons relative to gamma
rays.

Techniques developed by the Health Physics Division
of ORNL to specify the radiation exposure to a survivor
are the basis of the so-called tentative 1965 dose

(T65D) assignments for most of the 117,000 survivors
in the master files of the ABCC. The quantity originally
used in these techniques was a "first-collision" absorbed
dose (i.e., the kinetic energy deposited locally by
ionizing particles produced by gamma-ray and neutron
interactions in a small mass of biological tissue).
According to more recent recommendations of the
International Commission on Radiological Units and
Measurements,13'14 the "first collision" concept of
radiation dose should now be referred to as kerma

(kinetic energy released in material, tissue in this case)
in free air, or simply "tissue kerma in free air."

Because the survivor was replaced by a small mass of

biological tissue in the T65D assignments of radiation
exposure to survivors, references to these estimates as
"whole body" doses in the literature have been mis

leading. The irradiation of atomic bomb survivors was,
however, "whole body" in comparison with so-called
"partial body" irradiation in therapeutic x-ray beam
exposures. Due to multiple scattering (or multiple
collisions) and absorption (or attentuation) of radiation

10. Ref. 7, footnote on p. 76.

11. Ref. 7, "Definitions and Notes to Accompany Reference
Tables Summarizing Quantitative Data on Carcinogenic Effects

of Ionizing Radiations," pp.195-99.
12. Ref. 8, Annex H, p. 404.

13. International Commission on Radiological Units and
Measurements, Physical Aspects ofIrradiation, National Bureau
of Standards Handbook 85, U.S. Government Printing Office,
Washington, D.C., Mar. 31, 1964.

14. International Commission on Radiation Units and Meas

urements, Rad'ation Quantities and Units, ICRU Report 19,

July 1, 1971.

Table 10.1. Estimates of absorbed dose

to the breasts and fetus of an

atomic bomb survivor

Ratio of absorbed dose to tissue kerma in free air

Dy/Ky

Dn,plKn
Dn.yl^n

Breasts

0.80

0.55

0.045

Fetus

0.42

0.14

0.077

by the body, the absorbed dose to organs and tissue of
the body or to the whole body (usually interpreted to
mean the average absorbed dose to the body) of a
survivor was different from his or her T65D assignment
of tissue kerma in free air. In general, the absorbed dose
to organs and tissues is less than the tissue kerma in free
air, the reduction for neutrons being greater than that
for gamma rays.

Estimates of the absorbed doses to the breasts of

women survivors and to survivors exposed in utero were
made at the request of the ABCC for immediate use in
their studies. These estimates, shown in Table 10.1, give
the absorbed dose from heavy charged particles (Dn p)
and gamma rays (Dny) produced by neutrons incident
on the body and from gamma rays(Dy) incident on the
body of a survivor in terms of the T65D assignments of
the tissue kerma in free air from neutrons (Kn) and
gamma rays (Ky) for survivors.

Absorbed doses to the fetus, which are given in Table
10.1, were obtained by combining calculations of the
distribution of absorbed dose in a homogeneous
phantom of radius 12 cm and length 60 cm with
information on fetal size6 and distance from the front

skin surface to the center of the uterus'5 at the

different stages of fetal development. In the first
trimester of fetal development, the fetus and slightly
enlarged uterus remain centrally located at an average
distance (or penetration depth for the incident radia
tion) from the front skin surface of the abdomen to the
center of the uterus of about 8 cm. In the second

trimester, the fetus and greatly enlarged uterus move
upward and forward, decreasing the average penetration
depth to a minimum of about 6 cm, but in the third
trimester, the greatly enlarged fetus and uterus settle
back down in the body, increasing the average penetra
tion depth to about 8 cm. Because of small variations in

15. A. Tabuchi, T. Kawaishi, M. Hirata, S. Nakagawa, H.
Yoshinaga, S. Antoku, and T. Sunayashiki, "Exposure Dose by
Diagnostic X-Ray in Obstetrics, and Some Consideration on the

Lowering of Such Doses," Hiroshima Daigaku Igakubu Zasshi
12(1.2) (February 1965) (in Japanese).
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the penetration depth from the front skin surface to the
center of the uterus, which was assumed to be the
center of the fetus, and because of small variations in
the distribution of absorbed dose at these penetration
depths, the variations in average absorbed dose to the
fetus obtained by integrating the absorbed dose distri
bution over the volume of the fetus and dividing by the
volume of the fetus were also small. Due to the small

variations in these calculations of absorbed dose to the

fetus for the first, second, and third trimesters and
some uncertainties involved in the calculations, the use
of the one set of values given in Table 10.1 seems
reasonable for all stages of fetal development. The
absorbed doses to the breasts of women given in Table
10.1 are based on the assumption that the tissue at
greatest risk lies at a penetration depth of 1 cm below
the skin surface. This is consistent with the assumption
used in estimating the absorbed dose to the breasts of
women who were subjected to multiple fluoroscopies
during artificial pneumothorax for pulmonary tuber
culosis.1 6

These estimates are of great interest at present
because of new dose-specific analyses of breast cancer
being made at the ABCC and the Jablon-Stewart
controversy over the risk of radiation exposure to a
fetus. In brief, this controversy arose because the
number of "radiogenic cancers" predicted by the
Stewart-Kneale formula, derived from an epidemio
logical study involving fetal diagnostic x-ray exposures
in England, simply did not occur among Japanese
children exposed in utero.1 7 Estimates of absorbed
dose to a fetus given in Table 10.1 are less, especially
for neutrons, than the "conservative assumption" used
by Jablon and Kato that the absorbed dose to the fetus
was one-half of the mother's T65D assignment of tissue
kerma in free air, for both neutrons and gamma rays
(i.e., Dy/Ky = 0.5 and D„/K„ = (Dnp + Dn_y)/Kn =
0.5); but the difference may not be great enough to
resolve this controversy. Other factors that could be
responsible for the discrepancies between the two
studies have been discussed by Stewart1 8 and Jablon1 9
and some third parties (see, for example, the
UNSCEAR report20 and the BEIR report2 ' ).

The immediate importance of estimates of the ab

sorbed dose to the breasts and other organs of survivors
can be demonstrated by the following example. Esti
mates of absolute risk of breast cancer from studies of

tubercular women in Nova Scotia subjected to repeated
chest fluoroscopy for artificial penumothorax, women
in New York State given localized x-ray treatment for

acute partum mastitis, and women atomic bomb sur

vivors are, respectively, 8.4, 6.0, and either 2.9 (RBE of

1 assumed for neutrons) or 1.8 (RBE of 5 assumed for
neutrons), in units of deaths or cases per million women
per year per rem.22 In summarizing these data, the
BEIR report states, "If an RBE of 1 for the neutron

component at Hiroshima is assumed, the absolute risk
from the studies are remarkably close. For example, if
it is assumed that a factor of 2 can be applied to correct
deaths from, to incidence of, breast cancer in Japanese
women, then the estimated values of the absolute risk,
in case/106 women/year/rad, are 6.0 for the Japanese
study." But, "If an RBE of 5 for the neutron
component in Hiroshima is assumed, then neither the
absolute nor relative risk estimates for the Japanese
would appear to agree with those of the two western
studies." The above estimates of risk from the ABCC

studies are, of course, based on the radiation exposure
of women in terms of tissue kerma in free air. If they
are recalculated on the basis of the absorbed dose to the

breasts given in Table 10.1, they become approximately
3.8 (RBE of 1) and 2.7 (RBE of 5) deaths per million
women per year per rem. If the factor of 2 is used to
convert these estimates to cases of breast cancer, as in

the BEIR report, estimates of risk based on absorbed
doses to the breast of Japanese women survivors
become 7.6 (RBE of 1) and 5.4 (RBE of 5) cases per
million women per year per rem, and both estimates are
in agreement with the two Western studies. In general,
use of tissue kerma in free air, rather than absorbed
dose to a tissue or organ of interest, will tend to
underestimate the absolute risk and the RBE of

neutrons.

Liaison dosimetry studies by the ABCC and ORNL
are now moving into a new phase in which correlations

of medical effects with estimates of absorbed dose to

critical organs for each effect will provide better

estimates of risk associated with gamma-ray and neu
tron exposures and of radiation quality (RBE) of
neutrons. Future studies are expected to add factors of
2 or more to some current estimates of risk based on

16. Ref. 7, pp. 141-43.
17. S. Jablon and H. Kato, "Childhood Cancer in Relation to

Prenatal Exposure to Atomic-Bomb Radiation," Lancet 2, 1000

(1970).

18. A. Stewart, "The Carcinogenic Effects of Low Level

Radiation. A Reappraisal of Epidemiologists Methods and
Observations," Health Phys. 24,223 (1973).

19. S. Jablon, "Comments on the Carcinogenic Effects of
Low Level Radiation. A Re-appraisal of Epidemiologists
Methods and Observations," Health Phys. 24, 257 (1973).

20. Ref. 8, pp. 427 -28.
21. Ref. 7, pp. 160-66.
22. Ref. 7, pp. 136-44.



82

tissue kerma in free air. For example, the absolute risk
of leukemia from studies of survivors in Nagasaki is
0.56 case permillion persons per year per rem.23 Based
on some preliminary calculations at ORNL and some
other data from the literature,24 the absorbed dose to
bone marrow is of the order of half the tissue kerma in

free air for these survivors, who were ten years of age or
older and were exposed almost entirely to gamma
radiation. Therefore, an estimate of absolute risk based
on absorbed dose to bone marrow would be of the

order of 1 case per million persons per year per rem. An
estimate of this order is, of course, in better agreement

with estimates of 0.9 to 1.3 and of 1.2 cases per million
persons per year per rem from studies of adult
spondylitic and menorrhagia patients, respectively.2 3 In
Hiroshima, the survivors also received significant radia
tion exposures from neutrons, as well as gamma rays.
Hence, the magnitude of the increased absolute risk of
leukemia based on absorbed dose to red bone marrow,

rather than tissue kerma in free air, will be even greater
in Hiroshima than in Nagasaki, and the RBE's for
neutrons derived from the leukemia studies in the two

cities will be larger than currentestimates.25
In a recent report, it is stated:

Undoubtedly the most useful data available for evaluation
of the late effects of radiation on man come from the Atomic

Bomb Casualty Commission (ABCC). We regard the continued
study of this unique population as essential to the elucidation
of risk estimates for carcinogenic effect of radiation on man.
Not only is the population under study of a large size (over
100,000 individuals) and irradiated for other than medical
reasons (which often introduces uncertainty into the interpre
tation of data from patients), but, also, the survivors received
irradiation at all ages and in doses ranging from a few rads to
near lethal levels. Many important questions remain to be
answered in connection with these A-bomb survivors, which

have a direct bearing on our estimation of the risk to human
populations from exposure to radiation at or near background
levels.

Estimated excess cancer rates are derived from observations

on survivors of Hiroshima and Nagasaki averaged over the
period 1960 to 1970. We do not know whether the excess
cancer death rates of these survivors will rise, remain the

same, or decrease during the coming years.
We would estimate that definitive answers to these ques

tions will take a further 20 to 30 years of follow-up by the
ABCC and could refine present risk estimates down by a
factor of 2 or up by a factor of 3 to 4.

23. Ref. 7, Table A-7, p. 117.
24. C. E. Clifford and R. A. Facey, "Changes in Acute

Radiation Hazards Associated with Changes in Exposure

Geometry," Health Phys. 18,217 (1970).
25. Ref. 7, pp. 100-106.

As demonstrated by the examples on leukemia and
breast cancer, use of in vivo doses in estimating risks
from the ABCC studies will result in refinements equal
in magnitude to those deemed important by this panel.
Moreover, correlations of observed medical effects with
in vivo doses are a necessity in interpreting differences
in dose-specific analyses and deriving valid RBE's for
neutrons from data for the two cities.

The estimates of absorbed dose to organs of survivors
must be age dependent; that is, they must be applicable
to survivors who were adult males, adult females, or
juveniles at the time of bombing. Mathematical repre
sentations of adults and various age groups of juveniles
being developed by the Medical Physics and Internal
Dose Section will be modified to make them applicable
to atomic bomb survivors. Some reports with informa
tion needed to modify these phantoms for use in the
liaison dosimetry studies have been obtained from staff
members of the ABCC. Calculations with these hetero

geneous phantoms will supplement, but not necessarily
replace, the depth-dose curves presented to the ABCC
during the latest liaison study trip. The depth-dose
curves will still be important in assessment of absorbed
dose at a given point of interest, such as the isthmus of
the thyroid, where benign and neoplastic nodules
commonly occur.

In vivo dose estimates from neutron irradiation are

much more difficult to obtain than those from gamma
rays, because more interaction and scattering models
are required in transport codes for the phantoms. For
this reason, a technique is being investigated for
obtaining absorbed doses by calculating chord length
distributions for specific critical organs.

Although the emphasis is on in vivo dosimetry, some
time was devoted to older, but still important, phases of
the liaison dosimetry studies. These include (1) the
radiation exposure received by survivors residing in the
United States, (2) the epicenter of the Nagasaki
weapon, (3) the shielding factors for survivors exposed
in concrete buildings and other heavily shielding struc
tures, and (4) the unknown T65D exposure cases in
major study samples of the ABCC. Summaries are given
in this section of progress made in several phases of the
liaison dosimetry studies.

26. Ad Hoc Panel of the Committee on Nuclear Science,

Research Needs for Estimating the Biological Hazards of Low
Doses of Ionizing Radiations, National Research Council-
National Academy of Sciences, Washington, D.C., 1974. pp.
28-30.
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IN VIVO DOSE ESTIMATES FOR
ATOMIC BOMB SURVIVORS

As reported last year,27 depth-dose curves were
obtained for exposure analogs of the spatially de
pendent radiation fields in Hiroshima and Nagasaki.
These were based on computer-simulated analog ex
posure situations which in turn depend on transport
calculations and on experimental data from the labora
tory and the Nevada test site. As expected, the in vivo
dose assignments for atomic bomb survivors are com
plex and require many data that are applicable on a
marginal basis; however, most possible variations due to
the questionable data are damped by the intraphantom
transport processes. Since much of the dose to an in
vivo organ appeared to have been delivered by photons
at energies where dependence on atomic number is
important, it was recommended that calculations for
the four-element homogeneous tissue medium not be
applied to predict doses to bone or red bone marrow.28
An additional problem arises because the depth-dose
curves are difficult to apply to organs that were
irradiated nonuniformly. This situation may be illus
trated by the red bone marrow system, for which it is
difficult to assign a mean "in vivo dose." The problems
caused by assigning a mean exposure value to a
nonuniformly irradiated organ are being investigated
through the application of a CHORD (critical human
organ radiation dosimetry) concept.

The CHORD concept depends on probability density
distributions p{l}dl of length /. These CHORD length
distributions are to be used as "weighting" factors for
integrations over a "multicoUision" depth curve derived
from the source geometry of interest. Aspecific p{l}dl
distribution is obtained by assuming that the "critical
organ" of distributed mass is simply a volume of
constant density, for each differential unit of massdm,
chosen by Monte Carlo techniques, the minimum
distance / to the closest irradiated air-tissue interface is
uniquely determined. This process is continued until
p{l} dl is well known statistically.

In radiology, the dose at a penetration depth of 5 cm
is often chosen to describe the exposure of the red bone
marrow. However, for photon irradiation this approxi
mation is often in error by a factor of 2; it is
expected to be even worse for neutron irradiation. This
rule tends to retain popularity in spite of its inaccuracy,

27. Health Phys. Div. Annu. Progr. Rep. July 31, 1974,
ORNL-4979.

28. T. D. Jones, J. A. Auxier, J. S. Cheka, and G. D. Kerr,
"In-Vivo Dose Estimates for A-Bomb Survivors Shielded by
Typical Japanese Houses," Health Phys. 28, 367 (1975).

because the red marrow is distributed widely in the
skeleton and the "5-cm rule" is simple to remember and
easily applied. For an organ such as the red bone
marrow, having distributed mass exposed to a source of
radiation where dose-vs-depth curves are known for
single energies, existing "multicoUision" depth-dose
curves can be used in a simple moment-type computa
tion according to

M{D(t)RM}
fEUiD(t,E,i)p{l}dl}p{E}dE

f,p{l}dl fEp{E}dE

2 2 D(t, Et, I)p{lj} Mj P{Et} Mi
. i= 1 /-1 .

i p{Ei}Mi i pfyiA/,.
i= 1 /= 1

(1)

In Eq. (1), M{D(t)KM} is the mean dose to the red
marrow for a specific type of radiation denoted by t\
D(t, E, I) is taken from the existing "multicoUision"
depth-dose distributions for a monoenergetic source
energy £ at a penetration depth of / which is the
distance of a differential unit of mass, dm, from the
closest irradiated air-tissue interface; and dP{l}-p{l}dl
is the differential probability density function of
length. Although / must be computed according to the
geometrical distribution ofmass, dm, it is stochastically
independent with respect to other variables in the
equation. Calculations for other organs would be done
in the same fashion, and the red marrow was chosen
only to illustrate themethod. If depth-dose information
is available for the spectrum of interest, then the
expected dose can be obtained by simply integrating
Eq. (1) over /. Once Eq. (1) has been solved, the
expected dose could be related back to a specific /, but
it is obvious that / cannot remain invariant for different
irradiation situations.

For the past several years, many depth-dose distri
butions, usually in the form of graphs or equations,
have been developed. Generally, these investigations
have explored depth-dose sensitivity, in homogeneous
media, to the variation in important physical param
eters. Some of the more important physical parameters
are the spatial distribution of the radiation about the
source, the degree of collimation, the type of radiation,

29. T. D. Jones, J. A. Auxier, W. S. Snyder, and G. G.
Warner, "Dose to Standard Reference Man from External
Sources of Monoenergetic Photons," Health Phys. 24, 241
(1973).
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the energy distribution of a given type, the medium of
irradiation, and the geometry of the medium.

In radiation protection, low-level population ex
posures, or studies of dose-specific effects,30 there are
usually "critical organs," which are either more radio
sensitive or more important in the traditional genetic
reproductive structure. These critical organs may in
clude blood, red bone marrow, developing fetus,
thyroid gland, cervix, prostate gland, portions of bone,
testes, ovaries, lenses of the eyes, etc. The specific organ
choices usually conform to committee recommenda
tions for radiation protection of progeny or regions of
possible neoplastic soft tumors, bone sarcomas, etc.
These CHORD probability distributions should be
applicable to common types of radioactive particles,
microwaves, and even other electromagnetic radiations.

In addition to the CHORD density functions from a
27T isotropic source analog for the Japanese atomic
bomb studies, additional calculations of CHORD dis
tributions for anterior-posterior, posterior-anterior, and
4vt isotropic exposure of reference-man-type calcula-
tional analog phantoms would complement the existing
depth-dose and depth-dose-equivalent information. The
absorbed-dose index Dj and dose-equivalent index H{
for the standard 30-cm sphere as recommended by
ICRU Report 1914 would become even less useful for
radiation protection. By using these CHORD proba
bility density functions plus standard "multicoUision"
dose vs depth curves, a health physicist could easily and
quickly estimate values of exposure to biological organs
of interest. It is becoming apparent that significant
calculational and experimental efforts will soon be
directed to the estimation of organ exposures due to
microwave irradiations. The use of p{l}dldistributions
should simplify microwave dosimetric calculations;
CHORD p{l}dl distributions could be easily pro
grammed or hard-wired into the logic of minicomputers
or microcomputers interfaced to instruments of detec
tion.

Thus, it is sufficient to say that the problem
introduced by nonuniform irradiation of critical organs
in the atomic bomb survivors is expected to be solved
by the CHORD concept. As for the difficulty intro
duced by different chemical compositions of bone
marrow and bone tissue, the doses from neutron
irradiation are expected to be obtainable from an
application of CHORD length density functions, be
cause the hydrogen density abundance is not greatly

30. Studies of dose-specific effects include those based on the
atomic bomb survivors, the ankylosing spondylitics, large
animal experiments, etc.

different between bone and standard soft tissue. In vivo
dose calculations are under way for photon irradiations.
Because the Compton, pair-production, and photoelec
tric interaction processes are often strongly influenced
by the magnitude of the mean atomic number,29 the
Monte Carlo transport method is being employed.
These Monte Carlo simulated irradiations of a reference-
man-type phantom in a spatially dependent radiation
field present some new sampling difficulties.

For Monte Carlo simulated irradiation of a detector31
immersed in a spatially dependent field of radiation, the
points of entrance of the irradiating particles may be
selected uniformly according to differential units of
surface area. Each position of entrance should then be
either accepted or rejected according to the comparison
of the magnitude of a pseudorandom number, chosen
between zero and unity, with an evaluation of a
probabilistic model, derived from the angular fluence
intensities of the irradiating field about the point of
interest. A method of "particle-current-to-fluence" con
version for instruments of detection or for Monte Carlo
simulated irradiation was published previously32 and is
applicable to radiation analogs discussed here. This
probabilistic model of the angular fluence intensities,
P{d,4>], should be selected so that the relative responses
for different directions are linear, and, for economy, a
value of unity indicates the direction of the maximum
irradiating fluence. For an isotimic surface defined by
f(X, Y, Z) = constant, it is often convenient to select
points of entrance randomly but nonuniformly with
either surface area or angular fluence intensity and to
additionally modify the probabilistic model in order to
take this into account. This modification ofP{9, </>} by
M{6, 0} yields a new density function

E{e,<p}=M{e,<p}p{e,$} (2)

and describes the expectation probability of a particle's
acceptance.

A density function M{6, 0}, which helps to describe
the "fate" of a point, may be determined from a
comparison of differential arc lengths when irradiated
areas are determined by the magnitudes of the arc
lengths. Such is the case for most surfaces used to
approximate a bioorganism for computer simulations

31. In this paper, "detector" indicates any irradiated surface
and can mean a dosimeter or a bioorganism but not a point of
detection as it often does in neutron physics.

32. T. D. Jones, "Particle Current to Fluence Conversionfor
Instruments of Detection and for Monte Carlo Simulated
Radiation Transport," Health Phys. 28,451 (1975).
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and for almost all sensitive volumes of instruments of
detection.

For an arbitrarily shaped curve described in polar
coordinates by S(p,\), the differential arc length dS
relative to a differential change in the angle of rotation
d\ may be expressed as

dS/dX = [p2 + (dp/dX)2 1/2 (3)

The normalization of the M{\} distribution requires
;the determination of all roots of d2S/d\2 and an
investigation as to which root yields the maximum
value ofdS/dX. This Max [dS(X)ldX] then becomes the
normalizing factor of the probabilistic density function
denoted byM{\}. Inorder to obtain d2S/d\2 and then
evaluate the Max [dS(X)/d\], it is necessary to express
p as a function of Xand to form dp/d\.

This technique is most profitably illustrated for the
practical case of an elliptical cylinder where

,42Z?2

,42 sin2 X + 52 cos2 X
(4)

and

dS=p[A4B4 +(B2 -A2)2p4 cos2 Xsi^X]1/2
A2!?d\

(5)

P ID* „™2 T, , A4 cin2 ^1/2

A2B2
(B4 cos2 X+^l4 sin2 X)1

In order to obtain the density function for the
probabilistic schema, it is necessary to compute

M{\} = -
dSXA)/yx__

Max [dS(\)/d\]

for each and every point of entrance.
From Eq. (5),

I -f^UtsinXcosXH^+tf2)AB(A2 -B2)\dk2 ) K

X{A2 sin2 X+B2 cos2 X) - 3(B4 cos2 X+.44 sin2 X)]

X(B4 cos2\ +A4 sin2 Xr1/2

X(^2sin2X+JS2 cos2X)-5/2 . (7)

Zeros of Eq. (7) occur when

sin X = 0 ,

(6)

(8)

which implies \\ = 0 or vr,

cosX =0, (9)

which impliesX2 = ±tt/2,

and

(A2 +B2)(A2 sin2 \+B2 cos2 X)

-3(fi4 cos2X +^l4 sin2X) =0. (10)

If

f=B/A, (11)

then roots of Eq. (10) are found when

Xo =arc sin \ f 1-2/*

2(1 -Z4)

1/2

and

dS(k0) =Af'(sin2 X0 +f cos2 X0)1/2
d\ (si^Xo+Z4 cos2X0)3/2

(12)

(13)

which is then compared with A and B from roots (8)
and (9) in order to select the Max [dS(\)ld\]. Equation
(12) breaks down for a narrow range of X, and in this
region the normalizing factor becomes either A or B.
This method of obtaining the normalizing factor is
similar conceptually to that used by Dillman3 3 in the
infinite isotropic cloud calculations, although the appli
cations and results are somewhat different.

The preceding probability density function modifi
cation is usually applied to cases where the differential
units of surface are proportional to differential arc
lengths, and in these cases the points of entry are
usually predicted easily from a systematic determina
tion of the upper limits of integration of

R. =Lfx"-Y"-z"da(x, Y,Z)
' A JXl,Y,,Zl

=ifp«-Xu-Zda(p,\,Z), (14)

where Rj is a pseudorandom number, uniform on the
net interval zero to unity, A is the total surface area of
the detector, and da is a differential unit of surface

33. L. T. Dillman, Health Phys. 27, 571 (1974).
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area.32 Unfortunately, Eq. (14) is sometimes difficult
to solve for the upper limits of integration - for
example, when the irradiated surface is not "well
defined" by differential arc lengths; hence, one must
resort to other means. One such alternative technique is
to select a random distribution of points on a selected
surface, project these points on the surface exposed to
the irradiating particle so that there is an isomorphism
of points between the two surfaces, and apply Monte
Carlo techniques according to a probability density
function.

An example of the application of this principle is the
determination of points of entrance uniformly on the
lateral surface area of a frustum of a right elliptical cone
defined by

(A2/C2)(Z +Q2 (B2/C2)(Z+Q2 1. (15)

Equation (15) for .4 = 20, B = 10, C= 100,and -80 <
Z < 0 is used to simulate the combined two legs of a
person for the reference-man phantom34 which is used
for computer experiments involving spatially dependent
radiation fields.

To sample uniformly with surface area, one is
tempted to choose Z from a density function obtained
from the ratios of perimeters in a plane parallel to Z =
0:

p{z] As/2Tr/Q(Z +Q(a2+b2) 1/2

s/7.Tt(a2 +b2) 1/2 (16)

however, this is equivalent to sampling between planes
at Z and Z + dZ. This method may yield usable results
but is basically incorrect because the strip of differ
ential area between Z and Z + dZ is of variable width.
In order to obtain the density function for use in our
probabilistic model, let us assume that we have a
function j\X, Y, Z) and corresponding surface normal
vector defined by

N
9/~ 9/0 9/ ?

if =-^-i +— l +— k
7 M bYJ dZ

(17)

and thatf(X, Y, Z) can be projected on another surface
g(X, Y, Z) which has a surface normal vector defined by

N„ bx1 bY} +9Zk (18)

34. W. S.Snyder, M. R. Ford, G.G.Warner, and H. L. Fisher,
Jr., MIRD Pamphlet No. 5; J. Nucl. Med., Suppl. No. 3 10
(August 1969).

The surface g(X, Y, Z) is arbitrary but must be defined
so that it is possible to select points randomly and
uniformly within its bounds and that Ny-N does not
vanish. If we consider a differential unit ofarea daf on
f{X, Y, Z) and its corresponding differential projection
dafg on g{X, Y, Z), then

daf,g=daf[(bf/dX)(bg/bX)

+ (bf/bY)(bg/b V) + (bf/bZ)(dg/bZ)]

X [(bf/bX)2 +(df/dY)2 + (bf/bZ)2j-1'2

X [(bg/bX)2 +(bg/bY)2 +(3>j/9Z)2]-1/2 , (19)

or, more simply, dafg = daf cos X, where Xis the angle
between surface normals. If cos Xdoes not vanish, then

da/ - da^>/cos X (20)

In order to apply this technique, it is necessary to
determine the minimum value of cos X so that

1<
1

<
cosX (cosX)min (21)

The density function for the probabilistic model is then
obtained from

(cos X)n

and becomes

<
(cos X)m

cos X

M{X} =
(cos X)r

cos X

< 1 (22)

(23)

For a spatially dependent field, the direction of travel
of the /th irradiating particle (i.e., D, =Uji+ F;j+ W,k,
must be selected so that the angle 0,-, determined by the
velocity vector D, and the surface normal N,, is from a
distribution that varies with differential units of sub
tended solid angle according to the M{6, 0} modifica
tion.35 The surface normal vector N for any point
iXi, Yj, Zj) on an isotimic surface where the partial
derivatives bf/bX, bf/bY, and 9//9Z exist and are
continuous is found to be

bf <• 9/<- ?)f ^
N = arad f=—i+—1+-2L ugraa/ dx dyj QZ k (24)

35. e in this algorithm is not necessarily defined in the same
way asd in the M{e, <p] distribution.



so, for the ith particle,

N,-D, = |N;I cos 0;-

or

W/bX)j +(bf/bY)} +(bf/bZ)]]1'2 cos et

= Uj(bf/bX)i + Vi(bf/bY)i + Wj(bf/bZ)j

87

distribution of the radiation field of interest. [For any
isotropic-type field, 9j = arc cos Rn and </// = 2rtRm,

^ ' where Rn and Rm are pseudorandom numbers.32] The
angle 0/ is determined from

(26) 0. : arc sin

(bf/bZ)t
211/2

If 8;, \pj, and 0, are defined as in Fig. 10.1, then 0,-
and \pj must be selected according to the angular

[(9//9Z)?+(9//9y)2+(9//9Z)2]

(27)

ORNL-DWG 75-276
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Fig. 10.1. Surface normal vector and particle incidence on a right elliptical cone.
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and Fig. 10.1 shows that

W, = sin 9j cos i//,- cos 0;-

Now if

(28)

X [(df/bX)2 +(9//9 Y)} +(bf/bZ)2 }1'2 (29)

is substituted into Eq. (26), it can then be solved for [/"-,
yielding

<*/ - Vj(bf/b Y)i
U-= - —--• GO)ibf/bx\ • { '

Substitution of Eq. (30) into

Uj2 + Vj2 + W? = I (31)

yields

V? {(bf/bX)2 + (bf/bY)2} + Vil-laibf/bY)2]

+ a/2+(W;-2-l)(9//3X)2=0, (32)

and the solution yields two values of Vj. The choice of
one of these values must be determined from the

amount of the radiation incident from below the

horizon relative to the amount incident from above the

horizon for the given horizontal angle of interest.

RADIATION EXPOSURE TO ATOMIC BOMB

SURVIVORS RESIDING IN THE

UNITED STATES

A study of radiation exposure to atomic bomb
survivors residing in the United States was started in
1973 at the request of the USAEC. These survivors

consist of Japanese-Americans trapped in Japan during
the war, Japanese wives of U.S. servicemen, Japanese
immigrants to the United States after the war. and some
American servicemen who were prisoners of war in
Nagasaki.

In 1973, information of variable quality on 69
survivors was obtained from Dr. Thomas Noguchi, Chief
Medical Examiner-Coroner for the County of Los
Angeles. This information was analyzed in cooperation
with the ABCC during a liaison study trip.36 Prelimi
nary radiation exposure estimates were made for 44 of
these 69 survivors. Based on these preliminary results,
the USAEC decided to extend the study to include

additional survivors in the Los Angeles and San
Francisco areas.

In the early phases of this larger study, emphasis was
on obtaining reliable information on as many survivors
in these two areas as possible.37 Efforts of voluntary
bilingual interviews were coordinated by Dr. Noguchi
and Dr. Francis J. Curry, Director, and Dr. Lorraine

Smookler, Assistant Director, Department of Public
Health for the City and County of San Francisco. The
response was greater than anticipated, due in part to
attention given to the study by news media on the West
Coast. Estimates of the number of survivors in the

United States have been increased from 500 to 1000.

Presently, we have information on over 300 survivors
in our files. This information is in the form of

questionnaires completed by the survivors with the
voluntary help of bilingual survivors. The questionnaires
are used to identify each survivor, to establish his
approximate location at the time of bombing, and to
search the master files of the ABCC for additional

pertinent information on him. Searches of the files of
the ABCC have been completed on 267 survivors. Of
these, 123 were listed in their files, and T65D dose
estimates were available for 32. Emphasis at present is
on completing T65D dose estimates for the other 235
in this group of 267 survivors.

During trips to the West Coast in November of 1974
and March of 1975, H. Yamada has helped the survivors
establish their exact location at the lime of bombing by
using old maps and aerial photographs of Hiroshima and
Nagasaki. Shielding histories were also prepared for
those exposed close to the hypocenters of the two
weapons. Interviews with the survivors were arranged
by several chapters of the Committee of Atomic Bomb
Survivors in the United States. These included the Los

Angeles, San Francisco, San Jose, and Sacramento
chapters. In addition to these areas, survivors have been
interviewed in Fresno, California; Denver, Colorado;
Salt Lake City, Utah; and Amarillo, Texas.

The difficult task of estimating building attenuation
factors for survivors exposed in concrete and other
heavily shielded structures has been completed, and the
T65D estimates are now being completed for those
exposed in houses and more lightly shielded structures.
A report summarizing results for the group of 267 will
be completed in mid-1975. These results are needed by
physicians treating survivors and are important as

36. Health Phys. Div. Annu. Progr. Rep. July 31, 1973,
ORNL4903,pp. 1-2.

37. Health Phys. Div. Annu. Progr. Rep. July 31, 1974,
ORNL-4979, pp. 187-90.
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supporting evidence for proposed federal and state
legislation providing medical aid to some qualified
survivors.

TRANSMISSION OF PHOTONS THROUGH

COMMON SHIELDING MEDIA

For narrow-beam monochromatic photon irradiation
of a slab of shielding material, the uncollided fluence
0(x) at a penetration depth x into the shield may be
expressed as <p(x) = <j>0e~^x, where 0O is the uncollided
fluence at the front of the shield and./! is the linear
attenuation coefficient of the shielding medium. Broad-
beam irradiation produces a scatter component that
increases the fluence and consequently causes a dose
buildup over the uncollided values of a narrow-beam
geometry, which loses all of its scatter component. The
dose (exposure, fluence, or kerma) buildup factor is
defined as the ratio of the dose due to the entire

fluence to that arising from the unscattered fluence,38
so that it is possible to describe kerma at depth x
according to K(x) = K0 B(G,S,M) e"M*, where K0
denotes the kerma value, usually in air or biological
tissue, at the position of the front of the shield except
in its absence. The attenuation coefficient u is repre
sentative of the shield. The numerical difference be

tween the buildup computed for air and that for tissue
is small.39 The real issue is often academic, and, for this
reason, some investigators prefer air38'40 while others
prefer tissue. In many instances it would be even more
convenient to base the buildup on the medium of
irradiation, in which case the magnitude of the dif
ference may become significant. The functional form of
the buildup is represented by B(G,S,M), where G, S,
and M indicate functional responses due to geometry,
source parameters, and medium of irradiation, respec
tively.

For this work, slabs of shielding media were assumed
to be irradiated normally by broad beams of mono
chromatic photons. The kerma buildup factors for iron
and water from Goldstein and Wilkins38 and for

ordinary concrete from Chilton4' were interpolated

38. H. Goldstein and J. E. Wilkins, Jr., Calculations of the
Penetration of Gamma Rays, NYO-3075, Nuclear Development
Associates (1954).

39. F. H. Clark and D. K. Trubey, for Nucl. Appl. 4, 37-41
(1968).

40. A. B. Chilton, "Buildup Factors for Point Isotropic
Gamma Ray Sources in Infinite Medium of Ordinary Concrete,"
Nucl. Eng. Design 6, 205-12 (1967).

41. A. B. Chilton, Engineering Compendium on Radiation
Shielding, ed. by R. G. Jaeger et al., Springer-Verlag, New York,
1968, vol. I, pp. 210-26.

and extrapolated as functions of energy in order to span
the range of the energy spectrum from a typical
thermonuclear weapon at 1200 m and,from fission
product gamma rays.42 Extrapolation often is a decep
tive process; however, only small amounts of the kerma
contributions occur outside the end points of Gold
stein's buildup tabulations. The buildup factors in
ordinary concrete appear to be known with less
certainty than those for iron and water; therefore, our
estimated buildup factors shown in Fig. 10.2 were
based on Chilton's results.4 l Kerma buildup factors for
polymeric wood cellulose, (C6H10O4)„, for a spherical
boundary about a point isotropic source were calcu
lated by Clark;43 however, a search of the literature
revealed no buildup factors for broad normal irradiation
of wood or cellulose. If Compton, pair-production, and
photoelectric interactions are assumed to occur accord
ing to Z, Z2, and Z5 respectively44 then total doses

42. J. A. Auxier et al., Nuclear Weapons Free-Field Environ
ment Recommended for Initial Radiation Shielding Calcula
tions, ORNL-TM-3396 (1972).

43. F. H. Clark, "Gamma-Ray Buildup Factors for Sand, Air,
and Wood (Cellulose)," Nucl. Appl. 6, 588-93 (1969).

44. R. D. Evans, The Atomic Nucleus, McGraw-Hill, New
York, 1955.
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Fig. 10.2. Exposure buildup factors for broad beams of
monoenergetic photons normally incident on ordinary concrete.
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(kerma values) dependent on these quantities are not
greatly different for water and cellulose; so buildup
correction factors for broad normal irradiation of water

relative to a point isotropic source in an infinite water
medium were applied to Clark's buildup factors for
cellulose. These factors are given in Fig. 10.3. Cellulose
is listed as having a specific gravity of 1.27 to 1.61,4 5
but these calculations assumed a value of 0.64, which

corresponds to the specific gravity of longleaf pine.4 5
A search of the literature revealed no applicable

buildup factors for soil; however, buildup factors in
silicon dioxide from a point isotropic source were
available.43 The chemical composition of ordinary soils
can vary significantly from silicon dioxide. However, it
is expected that major differences in attenuation
coefficients are due to the greater density of silicon
dioxide (2.65); it appears that the transmission factors
for silicon dioxide should be fairly representative of
ordinary soils if they are normalized to a mean specific
gravity of 1.60. Since buildup factors for normal
incidence on silicon dioxide were not available, Table
10.2 was constructed. It shows the ratio of the

broad-beam buildup factor to the corresponding point
isotropic factor as a function of energy, penetration
depth in mean free path lengths, and atomic number for

ORNL-DWG 74-4401

2 3 4 5 6

ENERGY (MeV)

Fig. 10.3. Photon dose buildup from broad normal irradia
tion of H20 relative to that from a point isotropic source in
H20.
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Fig. 10.4. Estimated exposure buildup factors for broad
beams of monoenergetic photons normally incident on Si02 •

Z ranging from 3.33 to 92. It appears that the buildup
factors are not strongly dependent on Z except for the
lower energies and greater penetration depths.

Table 10.2 also indicates that the ratios for concrete

are not in line with those for other media; for

applications requiring precise estimates of transmission,
the buildup factors for ordinary concrete41 should be
checked. For most shielding applications, however,
Chilton's results should be sufficient. Point-isotropic-
to-broad-beam conversion factors based on Table 10.2

were applied to Clark's buildup factors43 in order to
obtain the values given in Fig. 10.4.

The transmission of gamma rays in terms of kerma
through iron, water, wood, silicon dioxide, and ordi
nary concrete for selected monochromatic sources was
computed.46 In addition, the transmission averaged
over the typical fission product and thermonuclear
spectra was computed according to

_ 2k(E) T(E, x) M
x Zk(E) AE '

45. Handbook of Chemistry and Physics, Chemical Rubber
Company, Cleveland, Ohio, 1961.

46. T. D. Jones and F. F. Haywood, Transmission ofPhotons
through Common Shielding Media, ORNL-TM4728 (1975).
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Table 10.2. Ratio of the broad-beam buildup factor to the corresponding
point isotropic buildup factor as a function of energy, penetration

depth, and material with increasing atomic number

Material nx = 1 Mx = 2

0.5 MeV

MX = 4 iix = l

Water 1.04 0.84 0.63 0.52

Concrete3 0.85 0.73 0.47 0.30

Fe 1.05 0.95 0.81 0.71

Sn

U 1.00 0.98 0.98 0.96

Mean6 1.03 (0.99) 0.92 (0.88)

lMeV

0.81 (0.72) 0.73 (0.62)

Water 1.06 0.91 0.82 0.71

Concrete 0.91 0.83 0.59 0.40

Fe 1.03 0.95 0.85 0.77

Sn 1.01 0.97 0.91 0.84

U 0.99 0.98 0.96 0.93

Mean 1.02 (1.00) 0.95 (0.93)

2 MeV

0.88 (0.83) 0.81 (0.73)

Water 1.01 0.95 0.88 0.82

Concrete 0.95 0.91 0.72 0.53

Fe 0.96 0.97 0.91 0.84

Sn 1.01 0.98 0.93 0.87

U 1.00 0.99 0.96 0.94

Mean 1.00(0.99) 0.97 (0.96)

3 MeV

0.92 (0.88) 0.87 (0.80)

Water 1.00 0.96 0.91 0.88

Concrete 0.96 0.92 0.76 0.58

Fe 1.02 0.99 0.95 0.90

Sn

U 1.00 0.99 0.96 0.92

Mean 1.01 (1.00) 0.98 (0.96)

4 MeV

0.94 (0.90) 0.90 (0.82)

Water 1.00 0.97 0.93 0.90

Concrete 0.96 0.91 0.76 0.60

Fe 1.02 0.98 0.97 0.94

Sn 1.01 0.99 0.95 0.89

U 1.01 0.99 0.97 0.92

Mean 1.01 (1.00) 0.98 (0.97)

6 MeV

0.96 (0.92) 0.91 (0.85)

Water 0.99 0.97 0.95 0.94

Concrete 0.92 0.85 0.73 0.57

Fe 1.01 0.99 0.96 0.92

Sn 1.01 1.00 0.96 0.89

U 1.02 1.01 0.98 0.93

Mean 1.01 (0.99) 0.99 (0.96)

8 MeV

0.96 (0.92) 0.92 (0.85)

Water 0.99 0.97 0.96 0.95

Concrete 0.89 0.82 0.70 0.56

Fe 1.00 0.99 0.97 0.94

Sn

U 1.01 1.00 0.97 0.92

Mean 1.00 (0.97) 0.99 (0.94) 0.97 (0.90) 0.94 (0.84)
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Table 10.2 (continued)

Material Mx = 1 mx = 2 MX = 4 MX = 7

10 MeV

Water

Concrete 0.92 0.83 0.71 0.59

Fe 1.02 1.01 1.00 0.97

Sn 1.02 1.02 0.99 0.94

U 1.01 1.01 0.98 0.94

Mean 1.02 (0.99) 1.01 (0.97) 0.99 (0.92) 0.95 (0.86)

"Values for ordinary concrete are based on those of A. B. Chilton,
Engineering Compendium on Radiation Shielding, ed. R. G. Jaeger et al..
Springer-Verlag, New York, 1968, vol. 1, pp. 210-26.

Value in parentheses in average; other value excludes concrete.

where T is the transmission in terms of kerma from

the spectrum at depth x and T(E, x) is the mono
chromatic transmission of kerma k(E) for energy E at
depth x. Transmissions of photons from fission
products and from the thermonuclear spectrum are
shown in Figs. 10.5 and 10.6.

Under shielding conditions, the densities of iron,
water, and ordinary concrete are, for the most part,
controlled by temperature and are not expected to vary

significantly over the usual temperature range of
ambient air. The densities of soil and construction-grade
wood are also affected by moisture and can vary by
about a factor of 2. Thus, for certain applications, it
might be desirable to adjust the penetration depths
shown as abscissas; for example the penetration in
wood having a different specific gravity can be obtained
by scaling according to the ratio of densities, p/0.64.

ORNL-DWG 74-9960
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Fig. 10.5. Transmission of photon kerma from fission
product gamma rays.
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Fig. 10.6. Transmission of photon kerma from a typical
thermonuclear weapon at 1200 m.



11. Application of ALAP Concept to Light-Water Reactors

H.W.Dickson M. P. Kanduc1 W. D. Cottrell

Recently much attention has been given to reducing
exposures to the general population in the vicinity of
operating nuclear power plants. An exposure objective
quantity is now specified by 10 CFR 50 at the
site boundary. The population dose within a 50-mile
radius of a new 1000-MW(e) plant is in the range of 10
to 100 man-rems. Unfortunately, occupational expo
sures at these plants have not received the same
attention, and only now are they being examined as
carefully under the as-low-as-practicable (ALAP) philos
ophy. In 1973, plant exposures2 ranged from a low of
74 man-rems at Pilgrim to a high of 5134 man-rems at
Indian Point, where a great deal of special maintenance
and repair took place. There is also a trend, especially
noticeable at boiling-water reactors (BWR's), toward
increasing occupational exposure as the plants get older.
Furthermore, the average number of persons exposed at
each plant has been increasing. There is no good basis
for predicting future occupational exposure; however,
the present data are sufficient to make it clear that
something must be done to reduce these exposures.

The current work is aimed at application of the ALAP
concept to exposure of workers at light-water reactors

(LWR's). The purpose of this program is to investigate
the means by which the radiation exposure of workers
at operating LWR's can be reduced to the lowest
practicable levels. Several operating LWR's are being
visited to identify significant sources of exposure and to
determine the magnitude of the exposures. As these
sources are identified, work will concentrate on specific
problem areas, and attempts will be made to determine
the most practicable methods for reduction of such
exposures. The results will serve as technical backup for
preparation of regulatory guides.

1. IAEA Fellow.

2. T. D. Murphy, A Compilation of Occupational Radiation
Exposures from Light Water Cooled Nuclear Power Plants,
WASH-1311, May 1974.

Having established criteria for selecting nuclear power
stations to be reviewed in depth, the schedule in Table
11.1 was arranged. Site reviews began with a review of
general plant characteristics, radioactive waste systems,
maintenance and refueling schedules, radiation pro
tection staff, exposure records, and special problem
areas specific to the plant. Most of this took place prior
to the actual onsite visit by studying the safety analysis
report, technical specifications, exposure records, etc.
At the site, the review consisted of discussions with
supervisory, maintenance, and radiation protection per
sonnel; determination of the latest plant modifications;
examination of the most recent exposure records;
surveys of radiation exposure levels with survey instru
ments and integrating dosimeters (such as TLD's and
pocket ionization chambers); and observation of rou
tine and special maintenance that was being performed.

The study was divided into four phases, which overlap
in time. Phase 1, which is nearing completion, deals
with a preliminary overview of the problem, including
reviews of records and site visits to identify significant
problem areas. In phase II, specific problem areas will
be studied in depth with regard to corrective measures
to reduce exposure. These corrective measures will be
evaluated with respect to ease of application and cost
effectiveness. A suggested sequence of corrective meas
ures, including alteration of both hardware and operat
ing procedures, will be developed, and a cost—benefit
comparison will be made to determine the extent to
which the sequence should be implemented. Recom
mendations will be made regarding design considera
tions for new facilities. Phase III will consist of

providing technical assistance in the drafting of regula
tory guides as the specific problem areas are evaluated
and corrective action recommended. Phase IV will be an

extension of the study to other nuclear facilities
including, but not necessarily limited to, high-tempera
ture gas-cooled reactors, fuel reprocessing plants, and
breeder reactors.
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Table 11.1. Site visits

Site Dates Plant status Reactor type

Browns Ferry - Unit 1 Dec. 16-20, 1974 Routine operation BWR

Unit 2 Power testing BWR

Big Rock Point Jan. 22-27,1975 Planned outage BWR

Yankee Rowe Feb. 10-14, 1975 Routine operation PWR

Turkey Point - Unit 3 Mar. 3-7,1975 Routine outage PWR

Unit 4 Routine operation PWR

San Onofre Mar. 20-22, 1975 Refueling outage PWR

Dresden - Unit 1 Mar. 31-Apr. 3,1975 Extended outage BWR

Unit 2 Extended outage BWR

Unit 3 Routine operation BWR

Zion - Unit 1 Apr. 2,1975 Routine operation PWR

Unit 2

Ginna Apr. 21-25,1975 Refueling outage PWR

A number of significant problem areas at LWR's have
been identified, such as refueling (head removal, installa
tion, and fuel handling); handling of radioactive waste;
in-service inspections; and inspection, repair, and main
tenance of particular components, such as recirculation
pumps, valves, and steam generators. Data supporting
these conclusions came from exposure records at
nuclear power plant sites and from discussions
with health physics and maintenance personnel at these
plants. Thus far, the study has also revealed a serious
communication problem that exists among the major
parties in the nuclear industry, including architectural-
engineering firms, nuclear steam supply system vendors,
utilities, and the Nuclear Regulatory Commission. The
result of the communication problem has been the
incorporation of similar design errors into several
generations of nuclear plants. There also exists a lack of
understanding or, in some cases, a misunderstanding of
what ALAP really means and how ALAP philosophy
should be applied.

The extent of exposure during outages has been
emphasized in several reports.2-4 A reasonable esti
mate of the fraction of the total exposure occurring
during outages is two-thirds. Some individual plants
vary in this respect, showing a range of 27 to 97% in

Table 11.2. Dose for refueling outage
at PilgrimNuclear Power Station (ref. 3)

3. C. A. Pelletier, L. Simmons, M. Barbier, and J. H. Keller,
Compilation and Analysis of Data on Occupational Radiation
Exposure Experienced at Operating Nuclear Power Plants, AIF
NESP Report, September 1974.

4. R. F. Decker, J. H. Morgan, and R. L. Morgin, Radiation
Protection Coverage Winter 1973-4 Refueling/Maintenance Out
age: Pilgrim Nuclear Power Station, General Electric Report
NEDC 12518, June 1974.

Job

Valve repair
Insulation removal and replacement

Control rod drive removal

Vessel internals inspection
Reactor head removal and replacement

Nondestructive testing inspection
Total for outage

Dose (man-rems)

28

20

8

10

29

7

121

Table 11.3. Dose for partial refueling outage
at Big Rock Point Nuclear Power Station

Job Dose (man-rems)

Valve repair 3.7

Insulation removal and replacement 6.4

Control rod drive work 2.5

Reactor head removal and replacement 6.0

In-service weld inspection 9.0

Routine refueling 2.1

In-core probe work 1.2

Total for outage 50.3

actual studies, but these represent extremely unusual
cases. Some typical examples of jobs and exposures
incurred during refueling outages are shown in Tables
11.2 and 11.3.

While most information gathered was general in
nature, an in-depth study was conducted on valve
maintenance and repair. The early identification of
valves as a significant problem area caused special
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emphasis to be placed on this problem. In one case,
valve work resulted in approximately 40% of the
exposure during a refueling outage. This is much greater
than the maximum of 16% of the annual dose found by
Pelletier;3 however, the accounting system used was
significantly different. In the Pelletier study, some of
the exposure from valve work was assigned to other
categories, such as in-service inspection, radioactive
waste-handling systems, main coolant loop work, etc.

Some of the valves that have been identified as
causing significant exposure include pressurizer spray
valves, boric acid evaporator valves, steam drum valves,
relief valves, primary check valves, main steam isolation
valves, cleanup demineralizer drain valves, residual heat
removal system valves, and pump suction and discharge
valves. In many cases, nearby sources contributed
most of the exposure received in performing in-place
valve repair. One goodexample of this is the pressurizer
spray valves; here the pressurizer is the source of
exposure and not the valve. In some of these cases,
better placement of valves or the isolation of valves in
shielded cubicles would result in considerable dose

reduction. Valves located adjacent to the regenerative
heat exchangers in some Westinghouse PWR's are
examples of this situation.

Other ways to reduce exposure include extensive use
of new, longer-lasting packing materials and flexatallic
gaskets where appropriate. Also, the replacement of
packed valves with packingless types, such as bellows
seal valves, has helped. More attention needs to be
given to the design and fabrication of valves and valve
parts used in nuclear applications. While valves in a
nuclear power plant must meet the same specifications
required in a conventional power plant, there are
additional considerations that must be made for nuclear
plants. Better specifications of valve internals would
simplify maintenance procedures and would reduce the
time spent in high radiation fields. Either the utilities
have not insisted upon these specifications or the valve
vendors have not provided them. Many maintenence
supervisors are forced to gradually build up a file of
pertinent data on individual valves in order to be able to
perform efficient maintenance on them.

Work is continuing on identifying means of reducing
valve exposures. In addition, similar analyses of several
other systems and components are being started in
order to provide guidance for specific regulatory guides
relating to keeping exposures in light-water power
plants as low as practicable.



12. Health Physics Aspects of Fusion Power

C. E. Easterly R. L. Shoup1
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F. H. Clark2

Much of the technical progress in the program on
health physics aspects of fusion power is qualitative at
this time due to the scoping nature of the early parts of
the program. Efforts in this project have been directed
along three lines: (1) neutron activation products, (2)
localized tritium hazards, and (3) global tritium circula
tion.

NEUTRON ACTIVATION PRODUCTS

During normal operation of a controlled thermo
nuclear reactor (CTR), tritium will be the major
effluent. Under accident conditions or after normal

shutdown and subsequent dismantling of a fusion
reactor during maintenance operations, other radioiso
topes - the activation products —become increasingly
important. Activation products are produced when
high-energy neutrons interact with the primary struc
tural and coolant materials.

It is still uncertain as to which materials will be used

for structural components of fusion reactors, but
niobium, vanadium, aluminum (sintered aluminum
products), and stainless steel have been suggested for
first-generation CTR's. A breeder blanket immediately
adjacent to the primary containment will most likely
contain lithium or a lithium salt with lithium or a

lithium—beryllium salt used as a coolant. Activation of
such materials with energetic neutrons will lead to the
production of radionuclides not commonly encoun
tered in fission reactors. A list of significant activation

products with half-lives greater than 30 days is pre
sented in Table 12.1.

Vogelsang et al.3 have predicted that during the period
1 year to 100 years after shutdown, the inventories of

1. Medical Physics and Internal Dosimetry Section.
2. Instrumentation and Controls Division.

3. W. F. Vogelsang, G. L. Kulcinski, R. G. Lott, and T. Y.
Sung, Nucl. Technol. 22, 379 (1974).

Table 12.1. Summary of significant activation products

Activation

product
Half-life

26A1 7.3 X 10s y
45Ca 163 d

49V 331 d

51Cr 27.7 d

53Mn 3.7 X 106 y
54Mn 312d

ssFe 2.7 y

S9Fe 44.6 d

57Co 271 d

58Co 71.3d

60Co 5.27 y

59Ni 8X 104 y
63Ni 100 y

91Nb Long

92mNb 2 x 107 y
Nb 12 y

94mNb 2X 104 y
95Nb 35 d

93Mo 3x 103 y
93 Zr 9.5 X 105 y
95Zr 65.5 d

99m^,
Tc 2.13 X 10s y

activation products in a CTR will be on the same order
of magnitude as the fission and activation products
produced in a comparable LMFBR. Hence, there may
exist a significant source of potential exposure to
radiation workers and the general population. Kul
cinski4 has indicated the existence of certain strategic

4. G. L. Kulcinski, "Fusion Power - An Assessment of the
Potential Impact in the U.S.A.," Energy Policy, pp. 104-125
(June 1974).
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structural materials for use in fusion reactors. The use

of refractory metals, such as niobium or vanadium, for
structural materials in CTR's may mean that the United
States will be dependent, almost entirely, on foreign
sources for these metals. Thus recycling of the metals
used in a CTR may be necessary. With recycling, the
potential for exposure of occupational personnel, as
well as members of the general population, will be
increased. Hence there is a need to collect the necessary
data to assess the potential radiologic hazards associated
with exposure to the radionuclides likely to be pro
duced. This collection has recently begun.

In constructing a metabolic model for aluminum, it
has been necessary to use data on rats and to rely on
information obtained on metabolism of gallium, which
is in the same classification in the periodic chart. Based
on these data, the uptake is estimated to be about
10~3; however, this is somewhat lower than that
indicated for reference man or in some of the reference

literature cited in the reference man report.5 Calcula
tions based on this small amount of data give a
maximum permissible concentration (MPC) of about
10~9 /uCi/cm3 of air for the radioisotope 26A1. In
addition, the lower large intestine has been identified as
the critical organ for ingestion and the red marrow as
the critical organ when inhalation is the mode of entry
into the body.

The situation is much the same if the element

niobium is considered. There appear to be no data on
the metabolism of radioactive niobium in man and very
little information on stable niobium. In a recent study,
Furchner and Drake6 compare the metabolism of
niobium in the mouse, rat, monkey, and dog. Their
studies show preferential retention in bone —a tenfold
higher concentration compared to the whole-body
average. In the absence of data on the metabolism of
niobium in man, these data have been employed in the
derivation of a retention equation for use in dosimetric
evaluations.

Several studies using a number of niobium com
pounds and small animals indicate a gastrointestinal
(GI) absorption of 1% or less. However, the observed
level of urinary excretion and balance data on stable
niobium in humans indicate a GI absorption of at least
60% of dietary niobium. Thus the incorporation of
radioactive niobium into the food chain could be a

5. International Commission on Radiological Protection,
Reference Man, ICRP Publication 23, Pergamon Press, London,
1975.

6. J. E. Furchner and G. A. Drake, Health Phys. 31, 173
(1971).

significant exposure pathway. It is also significant to
point out that in calculations for many of the isotopes
of niobium, the critical organ is often the red marrow
or the testes.

The situation of scarce and conflicting data is much
the same for many of the other elements of potential
importance to fusion power. In general, little human
data are available and, in some cases, little animal data.
Much of the intake and excretion data published in the
reference man report5 is based on studies of a few
individuals or a survey of institutional diets.

LOCALIZED TRITIUM BEHAVIOR

Tritium is the only radionuclide likely to be released
from fusion reactors during routine operations that will
be an important potential contributor of radiation
exposure to the public. Tritium may be released either
in the form of tritiated gas (T2) or tritiated water
(HTO). Tritium released as T2 will be converted
eventually to HTO through oxidation and isotopic
exchange reactions that occur in the atmosphere. The
maximum permissible concentration in air (MPCa) of
T2 is two orders of magnitude higher than the MPCa for
HTO since HTO is more readily absorbed and retained
in the body. Because of this higher relative hazard from
HTO and the necessity for conservatism in environ
mental assessments, tritium is usually assumed to be
released exclusively as HTO.

The purpose of this study is to determine how much
conservatism is introduced into the assessment of a

tritium release when this release is assumed to be HTO

but was actually T2. The time-dependent, atmospheric
diffusion code ACRA-II has been modified to include

chemical conversion from T2 to HTO as a first-order
reaction. For an initial release as T2 , concentrations of
T2 and HTO are calculated as a function of time after

release and distance from the release point. These
concentrations are converted to potential doses to man
with appropriate dose rate factors. Doses can be
calculated for typical meteorological conditions with
the reaction rate for conversion of T2 to HTO and the
environmental half-time of HTO in the atmosphere as
parameters. If initial calculations justify further refine
ment, doses will also be calculated for the case in which

the reaction rate for conversion of T2 to HTO is a
function of the T2 concentration.

GLOBAL TRITIUM CIRCULATION

A multicompartment generalized model of global
hydrologic cycling is being used as a basis for determin
ing the relative effects of alternative modes of tritium
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discharge on the collective dose to the world popula
tion. The current principal modes of discharge from
nuclear facilities are into the atmosphere in the form of
tritiated gas or tritiated water and into the surface
waters in the form of tritiated water. A block diagram

of the generalized cycle used is shown in Fig. 12.1.The
compartments are assumed to mix uniformly and
instantaneously and to interact with each other in a
linear fashion. A set of linear, homogeneous, differen
tial equations is solved for an initial set of conditions
(for example, input of tritiated water into a compart
ment or compartments) and evaluated for the relative
compartmental distributions at subsequent times. The
equations are also evaluated for a continuous input, as
in the case of a continuous discharge of tritium into the
environment.

The volumes of the earth's compartments are taken
from Todd7 and for man, a population of 5 X 109
people is used for the year 2000. Most of the transfer
coefficients between the earth's compartment are taken
from Todd.7 However, the deep ocean exchange rate is

based on an advection rate of 1.4 X 10 "5 cm/sec, as
determined by Bieri et al.,8 and the groundwater
exchange rate is based on a diffusion rate of 4 X 10
cm2/sec. The transfer coefficients to and from man are
based on water balance data from the reference man
report.5 For the base case, the food intake is taken to
be 5% from the ocean and 95% in equilibrium with the
vadose water; the water supply is assumed to be 80%
from surface waters and 20% from wells (deep ground).
In order to have well-behaved solutions to the differen

tial equations, it is necessary to make minor adjust
ments to the rates so that no water is gained or lost in
any compartment.

The solution to the base case (actually six separate
cases) is presented in Table 12.2. Conditions for this
case are the numerical values of Fig. 12.1 and contin-

7. D. K. Todd (ed.), The Water Encyclopedia, Water Informa
tion Center, Port Washington, New York, 1970, p. 62.

8. R. H. Bieri, K. Minor, and E. D. Goldberg, J. Geophys.
Res. 71,5243 (1966).
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Fig. 12.1. Global hydrologic cycle with respect to man.
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uous injection of tritiated water into each compartment
separately. The equations were solved to determine the
relative fraction of tritiated water present in man's
compartment at the end of 1, 25, 50, and 100 years as a
function of the compartment of injection. It is seen
that by the end of 25 years, equilibrium is essentially
attained. In order to determine the sensitivity to those

transfer rates for which there is some uncertainty, a

case was run for 30% additional rainfall on the ocean

surface. The relative percents of tritium in each
compartment after the continuous injection of tritiated
water into the two principally used modes, the atmos
phere and surface waters, are presented in Table 12.3
for the base case and for the case of 30% additional

rainfall. Here, the change for the compartments was

about 15% maximum. A sensitivity check was also
performed for another uncertain transfer rate, vadose to
deep groundwater; a change in order of magnitude for
this coefficient resulted in about 15% difference in the

resulting fraction in the man compartment for both
armospheric and surface-water tritium discharge.

The numerical collective doses to man have not yet

been determined as a function of curies discharged into
the various compartments. However, it is evident from
the data presented on the relative quantities of tritium
arriving in man's compartment that uniform discharges
of tritiated water into the atmosphere may result in as
much as an order of magnitude less collective dose, on a
global basis, than uniform discharges into the surface
waters.

Table 12.2. Relative contribution to global collective dose
as a function of discharge mode

Relative collective global dose to :man

Compartment of after continuous discharge for

tritium discharge
1 year 25 years 50 years 100 years

Atmosphere 0.1 0.2 0.2 0.2

Vadose water 0.3 0.4 0.4 0.4

Deep groundwater 0.002 0.03 0.03 0.04

Surface waters 1.0 1.0 1.0 1.0

Ocean surface (75 m) 0.001 0.01 0.02 0.02

Deep ocean 5 X 10 "7 0.0002 0.0003 0.0003

Table 12.3. Relative percent of tritium in each compartment
after 100 years' continuous injection into the atmosphere and surface waters

30% additional rainfall

Base case onto ocean surface

Atmosphere Surface water Atmosphere Surface water

Atmosphere 0.22 0.022 0.18 0.023

Vadose water 0.87 0.090 0.72 0.091

Deep groundwater 5.6 0.57 4.6 0.58

Surface water 0.017 0.19 0.014 0.19

Ocean surface 46.0 49.0 47.0 0.49.0

Deep ocean 47.0 50.0 48.0 50.0

Man 0.0000025 0.000015 0.0000021 0.000015
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A study has been undertaken to determine the

feasibility of collecting public health data required to
assess the impact of nuclear facilities on neighboring
populations. The program consists of several compo
nents. One involves the identification of sources of

public health statistics already available and an assess
ment of the difficulties involved in combining data
from several such sources. To date, the Tennessee
Department of Public Health, the National Center for
Disease Control, and the National Center for Health

Statistics have been contacted to determine what types
of data they collect and their availability.

A second aspect of the program concerns assessment
of the availability of the statistical theory and method
ology required to detect very small effects. A pilot
study is being carried out in which the impact of the
Oak Ridge facilities on the mortality characteristics of
the nonworker segment of the surrounding population
is being analyzed. By attempting to apply the available
statistical methodology to these data, the shortcomings
of the techniques can be identified, and appropriate
modifications can be made. The operations at Oak
Ridge have been chosen because the facilities are long
established and because historical data are available for

gaseous and liquid effluents from which radiation doses
can be estimated. Furthermore, present and former
employees can be identified, enabling separate consider
ation of the workers and the population-at-large.
Mortality information is being obtained from the
Tennessee Department of Public Health on post- and
prenatal deaths; these data will be correlated with

estimated radiation exposures resulting from releases of
radioactive effluents from the Oak Ridge facilities. Data
from more distant regions of the state are also being
collected to be used for statistical controls.

1. Energy Division.
2. ORAU.

3. Temporary employee on leave from Cornell University.

Another component of the long-range objectives of
the program is the establishment of a health and
mortality profile for a proposed nuclear power plant
site. This will serve as a benchmark against which to
measure these characteristisc after several years of
operation.

For this study, the methodology developed will use as
input data radiation release data and the individual

death records by cause and the location of residence of
the deceased. Additionally, the Census of Population
data will be used for specific demographic characteris
tics to measure the population at risk and for specific
socioeconomic variables to control for important envi
ronmental conditions. The radiation release data incor

porate meteorological and hydrological information in
order to determine exposure levels by location within
the state. The program methodology utilized will
attempt to ensure that spurious correlation is mini
mized and that significant control variables are in
cluded.

Individual records of mortality by Tennessee counties
for 1949 through 1972 are being analyzed. Census data
for 1960 and 1970 for each Tennessee county will be
used to standardize mortality rates and to control
spurious association in the analyses undertaken. The
methodological framework to be utilized is currently
being determined by a team consisting of health
physicists, epidemiologists, demographers, and statis
ticians. Dose rates for each county are being estimated
from release data of the Oak Ridge facilities and
meteorological information for the region. An extensive
literature review is continuing on two fronts: (1) a
review of the relationship between radiation dose and
mortality, especially the methodology used in such
studies, and (2) a review of the social and economic
correlates of mortality in order to properly control
factors that might induce a spurious correlation be
tween radiation dose and mortality. Initial analyses will
be undertaken in FY 1976, applying the methodology
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with appropriate control variables as determined by the
research effort completed in FY 1975.

Table 13.1 presents the major dimensions to be
encompassed in the Oak Ridge pilot study. The focus
of the study will be the 1960 and 1970 mortality
experience of population subgroups in Tennessee coun
ties. Data availablility for these years permits the most
rigorous analysis of the association between radiation
level and mortality. The control variables will function
to standardize the data and to reduce the likelihood of

spurious association between the major variables.
An epidemiologist is to provide input on the determi

nation of "relevant causes/complications" in the mor
tality—radiation relationship, with special reference to
causes of death related to specific nuclides. For
examination of fetal deaths, information will be col
lected on relevant dimensions of history in gestation
(e.g., multiple births, length of pregnancy, and date
since penultimate delivery), for both control and
pathological contexts.

Dose estimates will be made for all potential path
ways resulting from gaseous and liquid releases. Radio
active materials have been released.from the confines of

ORNL (the principal source of past radioactive releases)
into both the aquatic and the atmospheric environs
since the beginning of the Laboratory in 1943. Quanti
tative data are available for both aquatic and atmos
pheric discharges for recent years. Generally, they
become less reliable with increasing age and are not
explicitly available for the first decade.

The geography of the ORNL environs limits aquatic
releases to the White Oak Drainage Basin. In principle,
all radioactive releases into the aquatic system can be

Table 13.1. Major dimensions to be encompassed in
the Oak Ridge pilot study

Independent variables

Radiation exposure: Dose calculations with special
reference to specific radionuclides

Control variables (from census data)

1. County values for extent of urbanization, industrial
mix, age and race composition, socioeconomic level,
net migration

2. Demographic variables, including sex, color, age,
residence (rural/urban), state of birth (native/nonnative),
marital status, occupation

Dependent variables (from death certificates)

1. Fetal deaths by "relevant" dimensions of history in
gestation and parental characteristics

2. Infant deaths (< 1 year) by sex, color, residence
"relevant" underlying causes, complications

3. Post-infant deaths by sex, color, residence, "relevant"
underlying causes, complications

monitored at that point when they leave the boundaries
of restricted access, that is, White Oak Dam. Consider
able effort has been spent since 1956 in accumulating
the aquatic release data for the Clinch River Study. It is
not likely that more reliable determinations of releases
could be made; hence the results of the Clinch River

Study will be used in specifying the liquid source term
for those years which it covers. Aquatic release data are
readily available for the remaining several years.

Data for the early years apparently were estimated by
tracing back old health physics records on daily gross
beta measurements and estimating counting efficiencies
and daily flows. Chemical analyses were made only
infrequently; so, on the basis of analyses made from
1949 to 1958, 90Sr activities have been estimated for
the years 1944 to 1948. No additional radionuclide
breakdown has been attempted for those years.

Gaseous effluent release data are more difficult to

organize than those for liquid effluents. There was no
single discharge point for monitoring, and an attempt to
use health physics records to estimate gaseous releases
does not appear to be practical. The approach that has
produced the most useful information is personal
contact with individuals who worked in the various

buildings or who were connected with the particular
process in question.

Initial efforts in quantifying the gaseous effluents
have been centered around one of the principal sources
of releases from the Oak Ridge facilities, the RaLa
project. Records of curie quantities of end product are
available, and these are used as a basis for back
calculations. Information on average fuel rod burnup,
average cooling time prior to processing, and the
chemical process steps is being correlated with known
quantities of end product to calculate the quantitiesof
radionuclides released.

There are only a few substantial sources of historic
releases of radioactive materials and many minor ones.

Initial dose calculations will be made subsequent to

quantification of the principal sources. The dose calcu
lations will be made using presently available computer
codes and methodology.

The calculated doses are expected to be quite small
relative to natural background, perhaps several percent,
and of about the same magnitude as the changes in
background from one location to another. Hence, a new
approach that is significantly different from those
previously used will be attempted for correlation
between dose and mortality rate. This new approach
will take advantage of the knowledge that certain
radionuclides can be accumulated in various organs.

Therefore, doses to specific organs will be correlated
with deaths from malignancies of these organs.
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ELECTRON ATTACHMENT TO S02
IN HIGH-PRESSURE GASES5

Sulphur dioxide is an abundant atmospheric pollut
ant, and an elucidation and identification of its reaction
pathways in the atmosphere are greatly significant. In
assessing its effects and role in atmospheric physico-
chemical reactions, we need to know its behavior
toward slow electrons. In collaboration with a sister
program at the Physics Department ofthe University of
Tennessee, the attachment of slow (£lO-eV) electrons
to S02 embedded in N2 (300-25,000 torr), C2H4
(200-15,000 torr), and Ar (500-2000 torr) gases has
been investigated. At electron energies £0.5 eV, S02 is
formed via a nuclear-excited Feshbach resonance mech
anism. The rate for its formation is strongly dependent
both on the density and the nature of the gaseous
medium, as can be seen clearly from the data shown in
Figs. 14.1 and 14.2.

The data in Fig. 14.1ft were used to determine
absolute electron attachment cross sections in the
manner described by Christophorou et al.6 These are
shown in Fig. 14.3 and are seen to possess two maxima
at 0.06 and -0.28 eV, attributed to electron capture

into vibrational levels of S02~. Reaction schemes
consistent with the observed density dependences of
the attachment rate have been proposed and discussed.
On the basis of these the probability of stabilization of
S02~* in collisions with C2H4 and N2 is found to be
-60 times larger for C2H4 than for N2. The auto-
detachment lifetime of S02~* at thermal energies is
estimated to be ^2 X 10"1 ° sec. Experimental evidence
has been provided suggesting that S02~* is radiatively
stabilized with a rate of -1.8 X 108 sec"1, in addition
to being stabilized collisionally.

At higher energies (-4-10 eV) S02 attaches elec
trons dissociatively. The cross section for dissociative
attachment to S02 is shown in Fig. 14.4 and is seen to
have a primary maximum of 5 eV and a secondary one
at ~8 eV.

1. On loan from the Computer Sciences Division.
2. Graduate student.
3. Postdoctoral Fellow from the University of Tennessee.
4. Consultant.

5. J. Rademacher, L. G. Christophorou, and R. P. Blaunstein,
J. Chem. Soc. Faraday II 71, 1212 (1975).

6. L. G. Christophorou, D. L. McCorkle, and V. E. Anderson,
J. Phys. B (Atom. Molec. Phys.) 4, 1163 (1971).
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Fig. 14.4. Attachment cross section for S02 in Ar obtained
by Rademacher, Christophorou and Blaunstein (ref. 5) using
the swarm-unfolding (ref. 6) and the swarm-beam (ref. 7)
techniques and their data on aw (<e>). (•) swarm-unfolding
analysis. ( ), ( ), (-.-.-.) swarm-beam analysis
using the aw (<e>) data of ref. 5 for S02 in Ar and the negative
ion yields reported, respectively, by Kraus on O and SO from
S02 (ref. 8), by Lifshitz et al. on 0" from S02 (ref. 9), and by
Harland and Thynne10 on0~from S02 (ref. 10).

LONG-LIVED PARENT NEGATIVE IONS

FORMED VIA NUCLEAR-EXCITED FESHBACH

RESONANCES. PART IV: A SYSTEMATIC

STUDY OF N02-CONTAINING
BENZENE DERIVATIVES11

As part of our effort to study comprehensively
organic structures of biological and toxicological signifi
cance, we studied 40 N02-containing disubstituted
(substituents N02 and X) benzene derivatives with a
time-of-flight mass spectrometer. These were all found
to capture thermal and near-thermal energy electrons
forming long-lived (lifetimes t > 10~6 sec) nuclear-
excited Feshbach resonant states.

7. L. G. Christophorou, R. N. Compton, G. S. Hurst, and

P. W. Reinhardt,/. Chem. Phys. 43,4273(1965).
8. K. Kraus, Z. Naturforsch. 16a, 1378 (1961).
9. C. Lifshitz, J. Agam, A. Weinberg, D. Kantor, U. Shainok,

and M. Peres, Int. J. Mass. Spectrom. Ion Phys. 11, 243 (1973).
10. P. Harland and J. C. J. Thynne, J. Phys. Chem. 74, 52

(1970).
11. J. P. Johnson, D. L. McCorkle, L. G. Christophorou, and

J. G. Carter, J. Chem. Soc. Faraday II (in press).
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The lifetimes of the parent negative ions were
determined from plots of -In (N~/NT) vs t, where NT
is the number of ions formed at t = 0 (the beginning of
the drift space), and N" is the number of ions which
have not autoionized after they have traveled for a time
t along the flight tube of the time-of-flight mass
spectrometer. The lifetime data are summarized in
Table 14.1.

In the present as well as in previous studies,12'13 t
was found to decrease greatly with increasing electron
energy e for a number of negative ions. The variation of
r with e observed in the present study for w-nitro-
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isomers; (•) para isomers. The compounds are identified by the
second substituent X. The number of vibrational degrees of
freedom TV was taken equal to 3« - 6, where n is the number of
atoms in the molecule.

acetophenone and m-nitrobenzonitrile is shown in Fig.
14.5, along with the negative ion current as a function
of electron energy.

The parent negative ion autodetachment lifetimes
were found to increase with increasing value of the
polarographic half-wave potential of these molecules as
might be expected theoretically. This is shown in Fig.
14.6. They were also found to depend on the electron
donor-acceptor properties of the substituent X and the
intramolecular interaction between N02 and X. When,
in addition to N02, the second substituent X is also an
electron acceptor (molecules above the dotted line in
Table 14.1), the ions have lifetimes about ten times
longer than when the ions contain an X which is an
electron donor. In this connection, CNDO-2 molecular
orbital calculations on the neutral molecules have

shown that when X is an electron acceptor, the
magnitude of r correlates with the amount of rr-electron
charge removed from the benzene ring, while t is little
affected by the amount of rr-electron charge donated to
the benzene ring by X when X is an electron donor, as
shown in Fig. 14.7. Similar calculations on the negative
ions of 12 para-substituted compounds indicated an

12. P. M. Collins, L. G. Christophorou, E. L. Chaney, and
J. G. Carter, Chem. Phys. Lett. 4, 646 (1970).

13. L. G. Christophorou, A. Hadjiantoniou, and J. G. Carter,
/. Chem. Soc. Faraday II, Part III 69, 1713(1973).
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Table 14.1. Lifetimes of long-lived parent negative ions of N02-containing
disubstituted benzene derivatives

Lifetime (10 sec)

r- -1 — * r- -1 — * r- -1—*

Compound X
N02 N02

0.
N02

0
X

Nitroanisole OCH3 16 52 10

Nitrobromobenzene Br 18 21 10

Nitrofluorobenzene F 17 28 10

Nitrophenol OH 460"'* 31* 14*
Nitrochlorobenzene a 17 47c 14

Nitrotoluene CH3 13d 19d Ud
Nitroaniline NH2 46* 21* 15*
Nitrobenzene H 18c

Nitrothiophenol SH 23

Nitrobenzaldehyde CHO 395 205 47

Nitrobenzoic Acid COOH 338 142

Nitro-a,a,a-trifluorotoluene CF3 200 187° 143

Nitroacetophenone COCH3 189 310a 196

Nitrobenzonitrile CN 209 315a 205

Dinitrobenzene N02 463 537 421

aLifetime found to decrease with increasing electron energy.

bA. Hadjiantoniou, L. G. Christophorou, and J. G. Carter, J. Chem. Soc. Faraday II 69, 1691
(1973).

CW. T. Naff, R. N. Compton, and C. D. Cooper, J. Chem. Phys. 54, 212 (1971).

dL. G. Christophorou, J. G. Carter, E. L. Chaney, and P. M. Collins, Proc. IVth Int. Congress of
Rad. Res. (July 1970), vol. 1, Physics and Chemistry, Duplan and Chapiro (eds.), Gordon and Breach,
London, 1973, pp. 145-59.

increase in the ring vT-electron charge by 0.2 to 0.3
electron unit when X is an electron donor and by 0.4 to
0.7 electron unit when X is an electron acceptor, as
shown in Fig. 14.8. At thermal energies the lifetimes for
the ions of o-nitrophenol, o-nitrobenzaldehyde, and
o-nitroaniline were found to be 460, 395, and 46 /usee

respectively, that is, much longer than those (14, 47,
and 15 /usee respectively) for the ions of the respective
para isomers. The strong enhancement in the lifetimes
of the former ions is attributed to the intramolecular

interaction (complexing) between the substituents N02
and X at the ortho position.

The results of this investigation lead to the conclusion
that all N02 -containing benzene derivatives form long-
lived parent negative ions at thermal and epithermal
energies, unless a fast dissociative attachment process is
energetically possible. They also provide an insight into
the details of electron attachment to polyatomic
molecules and suggest that the degree of intramolecular
charge transfer between a substituent and the benzene

ring, as well as the extent of intramolecular complexing
between the substituents around the benzene periphery,
may be inferred from the measured values of r.

THRESHOLD-ELECTRON EXCITATION AND

COMPOUND-NEGATIVE-ION

STATES OF AROMATIC HYDROCARBONS

The three-ring aromatic hydrocarbon molecule phen-
anthrene was investigated with our threshold-electron
excitation spectrometer. Energy-loss spectra of phen-
anthrene indicated the existence of three peaks below 2
eV which were tentatively assigned to compound
negative ion states. Other energy-loss processes were
due to excitation of electronic states. The hydrocarbons
furan and thiophene were also investigated. The overall
quality of the spectra obtained with these compounds,
however, was poor because of rapidly deteriorating
electron gun characteristics after introduction of the
sample. One compound negative ion resonance was
observed in thiophene below 1 eV.
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LINKING OF EXISTING DATA ON

ELECTRON-MOLECULE INTERACTIONS IN

GASES WITH THOSE IN THE LIQUID PHASE

Our earlier successful linking of existing gaseous data
on electron attachment in gases to electron attachment
to molecules in liquids has been refined and extended
from aqueous media to other nonpolar liquids. Gaseous
information on the negative-ion lifetime, resonance
energies (in both attachment and scattering), electron
affinity, and cross-section functions has been found
useful in predicting electron-molecule reaction rates in
liquid media. In Fig. 14.9 we present our recent finding
that Reaq (the hydrated electron-molecule reaction
rate) decreases with increasing energy of the lowest
compound-negative-ion or dissociative attachment reso
nant state. A discussion of this work can be found in a

recent paperby Christophorou.1 4

SLOWING DOWN OF SUBEXCITATION

ELECTRONS IN POLYATOMIC GASES15

Electron drift velocities and lateral diffusion coef

ficients for a number of polyatomic gases have been
employed to determine mobilities, mean fractional
energy losses per collision, stopping rates, and thermali-
zation times as a function of mean electron energy, <e>.
The energy dependence of the electron mobility for a
number of hydrocarbons is shown in Fig. 14.10. The
electron mobility is seen to vary considerably from one
molecule to another, generally possessing a maximum
between (3/2) kT and ~0.2 eV. In contrast, the mobility
for molecules with significant dipole or quadrupole
moments continues to increase beyond 0.2 eV.

In Fig. 14.11 the mean fractional energy loss per
collision as a function of <e> is presented. It shows
distinct maxima which indicate that direct excitation of

deformation, bending, and torsional modes is an im
portant energy loss process for slow electrons. The
water molecule shows significant rotational excitation
at very low energies.

The stopping rate — the rate at which the electron
loses energy in collisions with molecules —increases
rapidly with <e> above the thermal energy and gradually
levels off beyond a few tenths of an electron volt, as
can be seen from the data in Fig. 14.12; it varies
considerably from one molecule to another, particularly
below ~0.2 eV. Estimates of thermalization times are

presented in Fig. 14.13; they are seen to depend
strongly on the gaseous medium and to be relatively

14. L. G. Christophorou, Chemical Reviews (in press).
15. L. G. Christophorou, K. Gant, and J. K. Baird, Chem.

Phys. Lett. 30, 104(1975).
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independent of <e> above ~0.1 eV, suggesting that they
are critically affected by interactions in the subexcita-
tion energy region.

ELECTRON MOBILITIES IN HIGH-PRESSURE

GASES ("QUASI-LIQUIDS")

The construction of a new apparatus for the measure
ment of electron mobilities in dense gases up to ~80
atm and 450°C has progressed well and nears comple
tion. Fabrication of the chamber, building of gas
handling and purification manifolds, and purchase of
the furnace have been completed. Similarly, auxiliary
equipment (such as a nanosecond pulsed light source, a
high-temperature pressure-measuring transducer, and a
signal analyzer) has been purchased and tested.

MEASUREMENT OF THE MOBILITY

OF EXCESS ELECTRONS IN LIQUIDS

Construction of the apparatus for the measurement of
the mobility of excess electrons in liquids described in
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last year's annual report is complete, and the debugging
of the electronic equipment and the purification of the
sample liquids have begun. By use of molecular sieves
and 14 cycles of freeze-pump-thaw at three different
temperatures, we have obtained a sample of benzene
with an intrinsic conductivity of approximately 10~14
ohm-1 cm-1. The present purification system is being
improved by the addition of a step in which the
benzene is brought in contact with Na-K alloy.

POTENTIAL ENERGY FUNCTION OF AN EXCESS

ELECTRON IN A NONPOLAR LIQUID

In last year's annual report, we presented the calcula
tion of a long-range polarization potential function
describing the interaction of an excesselectron with the
molecules of a liquid. Briefly, the electron was taken to
be a point charge, and a molecule in the liquid was
regarded as a point electrical dipole at the center of a
spherical cavity embedded in a uniform dielectric of
dielectric constant e. The point dipole was induced by
the local electric field generated by the electron. The
calculation of the potential energy of the electron
proceeded in analogy with Onsager's theory16 of the
local electric field in a dielectric liquid. If r is the
distance of the electron of charge q from the center of

the cavity, u = a/a3, where a is the polarizability of the
molecule, and a is the radius of the cavity, then the
leading term of the potential function is

V(r)- 1a<?2 gy ^
2 r

whereF(e) is the screeningfunction given by1

F(e) = l-
\ue,

H(e + 2)-(e--l)

(2e+l)-2u(e- 1)

(1)

(2)

By comparison, the screening function FL(e) calculated
by Lekner18 and used by Springett, Jortner, and
Cohen19 is

FL(e) = (e + 2)/3e (3)

Plots of FL(e) and F(e) for various values of u are
shown in Fig. 14.14.

One may note that there is a value of e at which F(e)
goes through zero. Physically, this means that the
fringing of the electric field at any point in the
dielectric due to the presence of the cavity is just
canceled by the electric field due to the induced dipole.
Consequently, neither the presence of the cavity nor
the induced dipole is felt at the position of the electron.
This behavior of the screening function may have
important implications for understanding the mobility
of excess electrons in compressed gaseous and liquid
argon. Jahnke, Meyer, and Rice20 have shown experi
mentally that at fixed pressure, the electron mobility in
argon goes through a maximum at a number density of
0.012 atom/A3. One interpretation of this effect may
be that the electron-atom scattering cross section in
argon goes through zero at this density. Since the cross
section is proportional to the square of the screening
function, this interpretation is in accord with the
behavior of F(e) shown in Fig. 14.14, since e depends
upon the number density.

To test this proposition, it is necessary to determine
the free parameter u for argon. This can be done by
analyzing data on the dependence of the dielectric

16. L. Onsager,/. Amer. Chem. Soc. 58, 1486 (1936).
17. The function published in last year's annual report

contains an algebraic error that has been corrected.
18. J. Lekner, Phys. Rev. 158, 130 (1967).
19. B. E. Springett, J. Jortner, and M. H. Cohen, J. Chem.

Phys. 48,2720(1968).
20. J. A. Jahnke, L. Meyer, and S. A. Rice, Phys. Rev. A3,

734(1971).
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constant on density in accordance with the Bottcher-
Onsager formula2 ]

UirNe _ 1 1 /2e-2\
(e- l)(2e+ 1) ~a ~ a3 \2e +1/' (4)

where N is the number density. We have used the
dielectric data of Michels, Ten Seldam, and Overdijk2 2

21. C. J. F. Bdttcher, Theory of Electric Polarization, vol. 1,
2nd ed., Elsevier, New York, 1973.

22. A. Michels, C. A. Ten Seldam, and S. D. J. Overdijk,
Physica (Utrecht) 17, 781 (1951).

for compressed gaseous argon to estimate a and a. This
follows from fitting the right-hand side of Eq. (4) to the
quantity (2e — 2)/(2e + 1) by the method of least
squares in which 1/a and 1/a3 are interpreted as linear
least-squares parameters. The results are summarized in
Table 14.2. By combining Eqs. (2) and (4), one
calculates that the number density vV0 at which F(e) is
zero is

Nn
4tt

(5)

Using the least-squares values of a determined from the
data of Michels et al., we obtained values for N0 as
shown in Table 14.2. The values of N0 are remarkably
close to the critical density at which the electron
mobility is a maximum.

Before the explanation proposed above is adopted,
one needs to consider also the short-range interaction of
the electron with the Hartree field of the argon atom. It
is the sum of this interaction and the long-range
polarization interaction given by Eq. (1) which deter
mines the scattering cross section, and which must go
through zero at the density 0.012 atom/A3. The next
goal of our efforts is thus to include this short-range
interaction in the theory.

ELECTRON MOBILITIES IN

GASES AND LIQUIDS

Our measurement of electron mobilities in low-pres
sure gases for which similar measurements have been or

are being made in the corresponding liquids continued.
The effects of electron trapping, autoionization, molec
ular geometry and sphericity, rotational and vibrational
energy levels, and microscopic molecular characteristics
on the mobility of slow electrons through gases and
liquids have been and are being investigated. In polar
liquids, electrons are much slower than in the cor
responding gases (due, predominantly to the effect of
electron trapping), but for spherical molecules such as
tetramethyl silane, electrons are more mobile (about 45
times) than in the corresponding low-pressure gases.
This finding is similar to that we reported earlier for
methane, neopentane, and the heavier-rare-gas atoms.
An explanation of this latter behavior has been sug
gested,23 but more work is needed. Additionally, the
effect of the static polarizability, a, on electron motion
in gaseous and liquid linear hydrocarbons has been

23. L. G. Christophorou, Int. J. Radiat. Phys. Chem. 7, 205
(1975).
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Table 14.2. Calculated properties of argon

Temperature (°K)

298

398

a (A)

2.70 ± 0.03

2.58 ± 0.02

investigated. The mobility decreases with cv for both
gases and liquids, but the decrease is much faster for the
latter.

PHOTOPHYSICS OF AROMATIC HYDROCARBONS

Our research in this area has continued with emphasis
on the fluorescence emission from higher excited
rr-singlet states. Special emphasis has been given to
separating the emission from the second excited rr-
singlet state from that originating from the vibrationally
excited first excited rr-singlet state. To this end the
fluorescence spectra of 1,12-benzoperylene were meas
ured as a function of temperature in various solvents.

SYNTHESIS OF ELECTRON-MOLECULE

INTERACTIONS WITH BENZENE

AND BENZENE DERIVATIVES

As part of our effort to extend our basic understand
ing of fundamental processes on radiation (ionizing and
nonionizing) interaction from simple to complex mol-.
ecules, we have been synthesizing — in collaboration
with a sister program at the Physics Department of the
University of Tennessee —knowledge on slow-electron
interactions with benzene and its derivatives. Experi
mental and theoretical work on electron motion

through and on ionization and excitation, resonant
negative ion states, and negative ions of benzene and its

<* (A3)

1.6421 ± 0.0007

1.6373 ±0.0005

N0 (A'3)

(1.21 ± 0.04) X 10

(1.40 ± 0.04) X 10"

derivatives has been synthesized in a coherent fashion,
critically evaluated, and discussed. Benzene and its
derivatives remain the common building blocks of many
biomolecules and relate to many biologically and
genetically important structures. The synthesis of this
knowledge will certainly lead us to a better understand
ing of these basic organic molecules and their interac
tion with slow electrons. This understanding, in turn,
could serve as a prototype for bigger organic structures.

SPIN-OFF OF OUR BASIC STUDIES

ON ELECTRON ATTACHMENT TO,

AND ELASTIC AND INELASTIC ELECTRON

SCATTERING FROM, POLYATOMIC MOLECULES

Our basic studies in this area indicated that the

number and energies of electrons triggering the break
down process in gaseous (and liquid) dielectrics can be
controlled by the use of appropriate substances in
multicomponent mixtures. Our new findings on elec
tron attachment and scattering indicated that indeed
the breakdown strength of high-voltage dielectrics can
be greatly improved. It is hoped that this work will lead
not only to better but also cheaper dielectrics for
high-voltage transmission, transformers, and switches.
Aided by Laboratory "seed money," we have completed
construction of necessary equipment and are currently
testing "model" systems.
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PHOTON SCATTERING FROM CYLINDERS

In last year's Annual Report, we reported briefly on
attempts to calculate the scattering of light from a
dielectric cylinder. This work was initiated in order to
verify theoretically the results of Miziumski,3 who
directed a helium—neon laser beam at an aluminized

glass fiber some 58 yu in diameter. Miziumski reported
structure in the reflectance curve at near-glancing angles
of incidence which he attributed to excitation of

surface plasmons of high order. Our preliminary calcula
tions failed to find agreement with Miziumski's data. In
addition, our prediction from optical measurements
that DNA molecules in the form of a thin film should

exhibit a large collective electron or plasmon response
to ionizing radiation made us wonder if the DNA
molecule by itself might support such a collective
electronic excitation. The rich 7t-electron density in
DNA is slightly reminiscent of the conduction electron
density in a thin metallic layer around a dielectric
cylinder.

Cylindrical geometry has been little explored as to its
electromagnetic response as compared with planar and
spherical geometries because of inherent mathematical
complexities. A literature survey showed that in theo
retical papers by Kerker et al.,4 Ashley and Emerson,5
and Pfeiffer, Economou, and Ngai6 there seems to be

1. Now transferred to Metals and Ceramics Division.

2. Consultant.

3. C. Miziumski, Phys. Letters 40A, 187,1972.
4. M. Kerker, D. Cooke, W. A. Farone, and R. A. Jacobsen, J.

Opt. Soc. Am. 56, 487 (1966).
5. J. C. Ashley and L. C. Emerson, Surface Sci. 41, 615

(1974).

6. C. A. Pfeiffer, E. N. Economou, and K. L. Ngai, Phys. Rev.
5 10,3038(1974).

an inadequate understanding of the experimental results
of Miziumski. Thus we have attempted to reproduce
experimentally Miziumski's results, using improved
techniques with smaller diameter aluminum cylinders
and thus lower order and presumably more prominent
plasmon excitations.

The experimental problem combines features of
geometrical optics, diffraction, and surface-plasmon
physics in an interesting way. The unscrambling of
these different effects poses challenging experimental
problems, which we have attempted to solve as follows.
The thicknesses of the fibers (some as small as 5/x in
diameter) were measured, using Fraunhofer diffraction
when a He—Ne laser beam was directed along a normal
to the cylinder axis. For oblique incidence the scatter
ing pattern from the fiber is a hollow diverging cone of
radiation coaxial with the fiber axis and containing the
unscattered laser beam in its circumference. A screen

placed normal to the axis of the fiber reveals a brilliant
red circle of light, which sometimes shows discontinu
ities or striations if the surface of the minute fiber is

not uniform. In order to minimize experimental arti
facts due to the motion of various parts of the
apparatus, we rotated only the fiber, reflecting the
scattered light off a plane mirror onto a concave mirror,
which, in turn, focused the light onto a photomultiplier
detector. A light trap absorbed the unscattered part of
the incident laser beam, and a slit could be interposed
over the surface of the concave mirror so that only the
portion of the reflected light diametrically opposite
from the laser spot was recorded. The system can be
used with or without this slit and with or without

polarizers in the laser beam. A schematic of the
geometrical arrangement is shown in Fig. 15.1.

Miziumski proposed a simple model for the excitation
of surface waves on a cylinder. When the component of
the photon momentum k lying along the cylinder axis is

114



115

ORNL DWG 75-7079

PLANE MIRROR

PHOTOMULTIPLIER

Fig. 15.1. Schematic of optical system for photon scattering.
Laser beam crosses fiber and reflects off plane mirror into light
trap. Light reflected from fiber into a hollow core of radiation
is reflected by plane mirror and focused by concave mirror onto

photomultiplier.

added to the momentum of the surface ks, a resonant
condition exists if the vector sum equals the surface-
plasmon momentum
pressed by

(k cos &f +ks2 =k 2 , (1)

k . This condition may be ex-

where (3 is the angle between k and the cylinder axis. If
we introduce k = 2n/X, the surface-plasmon dispersion
relation k = k\Jej(e+ 1), where e is the dielectric
function of the cylinder material, and the cyclic
boundary condition n = 2itaj\s = aks, then

cos2 (5 •- -)'lit (*D V) =e+ 1

AV
2W

(2)

Equation (2) shows that for a given surface coating and
wave length (e fixed), a resonant condition will exist at
various angles j5 for various integers n depending on the
radius of the cylinder a. For example, calculations from
this equation showed that there should be 12 reso
nances between 0 and 12° for an aluminized fiber 10 ^t
in radius. The data shown in Fig. 15.2 taken at a point
on the focal circle diametrically opposite from the
unscattered laser beam show such resonances. We have

been unable to make a comparison with the more
complete Ashley-Emerson theory because of the theo
retical difficulties in computing Bessel functions of
large arguments. However, we are now working to make
this calculation possible while at the same time concen
trating on making the cylinders smaller in diameter in
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Fig. 15.2. Light scattered from fiber as a function of angle
between fiber and laser beam. Discontinuities in light intensity
are attributed to excitation of surface plasmons. Orders from

n - 14 to 25 are seen.
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order to make these resonance effects occur in a lower

order and hence occur more prominently. We wish to
caution against taking the data of Fig. 15.2 too
seriously since they are difficult to reproduce, and this
experiment abounds in experimental artifacts. A "giant
slingshot" method has been devised to draw the fibers
to smaller diameters. The present slingshot, which is 24
ft long, is being extended to 50 ft.

Although our principal interest in this research is in
understanding basic surface properties of dielectrics and
metals in cylindrical form, there are many potential
applications. For example, the fiber optics field is a
very large and rapidly growing one which offers
important applications to communication systems. Our
fibers are an order of magnitude or more smaller in
diameter than those being studied at Bell Labs and
elsewhere. Likewise, our studies will help in understand
ing the propagation of electromagnetic waves in and on
dielectric cylinders. So far, we have been able to make
fibers 5 /U in diameter, but a l-<u size does not seem

impossible. At this diameter, the cylinder is of the same
size as a living cell, and this suggests using it as a probe
to touch, move, illuminate, or irradiate a cell. It is well

known that asbestos fibers are quite prevalent in some
atmospheric and aquatic environments. It may be
possible to monitor ambient air or water for such
cylindrical fibers by making use of the unique conical
reflection pattern, as noted above. Finally, on the
molecular scale, we would like to see if we can detect

the generation and absorption of surface waves in the

rr-electron systems in macromolecules such as DNA.

COLLECTIVE ELECTRONIC OSCILLATIONS

IN LIQUIDS

In a cooperative project with Prof. L. R. Painter and
Dr. J. M. Heller, Jr., of the Physics Department,
University of Tennessee, we have obtained optical and
dielectric data on a number of liquids over the past few
years. For several low or relatively low vapor pressure
liquids, we have been able to extend our investigations
out to about 26 eV photon energy. Low vapor pressure
is a requirement for measurements at these higher
energies because of optical absorption in the vapor
surrounding the liquid contained in an open dish.
Previously, dielectric functions had been obtained for
the silicone diffusion pump oils DC-704 and DC-705,
glycerol, and water. During the last year, we decided to
look at the liquids normal tetradecane (C14H30) and
normal heptadecane (Ci 7H36). The measurements were
made with the unique vacuum uv instrument at the
University of Tennessee, and the analysis was carried

out jointly with our staff at ORNL. Near-normal-
incidence (15°) reflectance measurements were ana
lyzed by a Kramers-Kronig method to yield the optical
parameters n and k, the refractive index and extinction
coefficient, respectively. The near-normal reflectance
and the optical constants are shown in Fig. 15.3. The
absence of rr electrons in the alkanes defers the onset (k
> 0) of optical absorption to almost 8 eV. In Fig. 15.4,
we have plotted the real and imaginary parts of the
dielectric functions and the energy loss functions for
these two alkanes. As found for all liquids studied
previously, the energy loss function, which is propor
tional to the probability that an energetic electron will
lose energy in a medium, shows a maximum at around
21 eV. This prominent feature is thought to be
associated with an electron energy loss which causes
excitation of a collective electronic plasma oscillation.
The simple formula for the plasma frequency of a free
electron gas predicts a plasma oscillation at about 16.6
eV for an electron density corresponding to that in the
alkanes. The electrons are not free, of course, and thus
the peak in the energy loss function will usually occur
at a different energy. Where collective effects are small,
the peak will occur at the same energy (or energies) as
the maximum (or maxima) in e2, that is, at 7 and 12 eV

ORNL-DWG 75-7081
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Fig. 15.3. Reflectance and optical functions for tetradecane
and heptadecane. The optical functions shown are n, the index
of refraction, and k, the extinction coefficient.
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in these alkanes. The observation that the peak in the
calculated loss function is at 21 eV instead is taken to

imply that collective effects are important in the
absorption of energy by liquid alkanes from ionizing
radiation. That is, the absorptions at 7 and 12 (due to
o-o* transitions of the C-H and C-C bonding electrons)
give rise to a broad peak in the calculated loss function
at 21 eV, predicting that collective effects can occur at
this energy.

The cross sections for optical absorption per molecule
obtained from the data of Fig. 15.3 and from the
literature are shown in Fig. 15.5 for «-butane vapor,
n-tetradecane liquid, and «-hexacosane solid. Not un
expectedly, the curves are very similar, differing primar
ily in magnitude. In Fig. 15.6 we have plotted the
maximum value of this optical absorption cross section
as a function of molecular weight for all alkane data we
have been able to find. Here, the lower molecular
weight materials are in the vapor phase, the interme
diate are in the liquid phase, and the highest are in the
solid phase. It is clear that the state of condensation of
the alkane makes no difference in this maximum optical
absorption cross section and that it is simply propor
tional to the length and molecular weight of the
molecule.

ORNL-DWG 75-7082
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Fig. 15.4. The dielectric functions for tetradecane and
heptadecane. The real and imaginary parts of the dielectric
function, ei and e2, are given as functions of photon energy.
The imaginary parts of the reciprocal of the dielectric function,
e, are shown in the lower figure.
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Fig. 15.5. Cross sections for optical absorption for hexa-
cosane (solid), tetradecane (liquid), and butane (vapor).
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Fig. 15.6. Maxima of the optical absorption cross sections for
various alkanes as a function of molecular weight. Lower
weights are for vapors, intermediate for liquids, and largest for a
solid. The state of condensation does not affect the maximum

cross section.

The energy loss functions for all liquids that have
been reported are shown in Fig. 15.7. Aside from the
structure due to rr electrons in the pump oils at 7 eV,
the curves are remarkably simple, all showing a maxi
mum at around 21 eV. As has been reported previ
ously,7 this loss represents the principal mechanism by
which energetic electrons lose energy in nonmetallic
liquid media. The significance of this finding to
radiation chemistry has been the subject of much
discussion that is still going on, but no conclusions have
yet been reached.

THICKNESS OF CONTAMINATION

ON THE ORMAK LINER

In a cooperative program with the Thermonuclear
Division, we have been attempting to evaluate the

7. J. M. Heller, R. D. Birkhoff, and L. R. Painter, J. Chem.
Phys. 62(10), 4121-4124 (May 15, 1975).
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Fig. 15.7. Energy loss functions for several liquids. All liquids
exhibit a broad maximum at about 21 eV, which is attributed

to excitation of a collective electronic oscillation.

thickness of the contaminant layer on the ORMAK
liner, since it is thought that impurities from this layer
might affect the discharge characteristics of this
Tokamak system. The results of theoretical calculations
on the reflectance of the liner surface as a function of

the thickness of carbon or other contamination are

reported in Chapter 16 of this Annual Report.
A low-power helium—neon laser has been used in an

optical arrangement as shown in Fig. 15.8. The laser
beam was directed through the outer vacuum wall and

through the inner liner into the inner wall section of the
liner. We attempted to measure the reflectance of the
liner by collecting the light returning back through the
liner and vacuum wall windows. As shown, this light
strikes a paper screen and is viewed with a mirror
attached to the outer wall of the vacuum system.
Reflected light has been detected but with relatively
poor efficiency, and attempts are now being made to
improve the system.

This work complements and supplements studies on
the liner being performed by personnel of the Metals
and Ceramics Division.

ELECTRON ENERGY LOSSES

IN LIQUIDS

The recent prediction of collective electronic ex
citations or plasmons in the liquids water, glycerine,
pump oils, and the alkanes has given rise to the
questions: (1) Can these plasmons be excited by an
energetic electron beam? (2) Will a surface plasmon
state be excited also? Little work has been reported on
electron energy losses in liquids since the pioneering
work of Powell.8 In these experiments, Powell used an
8-kV electron beam that was reflected from liquid and
solid metals at various angles of incidence. The energy
losses experienced by the beam were noted at each
angular deflection of the electrons. Powell discovered
that at near-glancing incidence, surface plasmons were
generated by the beam, whereas as incidence ap
proached the normal direction, losses to volume plas
mon excitation were found. No observations on non-

metallic liquids have ever been reported. It is our
intention to repeat essentially the Powell experiment on
various low vapor pressure liquids, including the silicon
pump oils and possibly glycerine. The possibility
that surface-plasmon waves can be supported at the
vacuum—liquid interface needs to be studied, since it is
related to our work on surface waves on dielectric

cylinders. In getting this experiment under way, we
have located a suitable vacuum system, a high-voltage
supply, and an electron gun and gun supply, and we
have initiated construction of a spherical electrostatic
analyzer for low-energy electrons.

8. C. J. Powell, Phys. Rev. 175, 972 (1968).
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Fig. 15.8. Optical arrangement for locating reflected laser beam from ORMAK liner.



16. Physics of Solids and Macromolecules
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OPTICAL PROPERTIES OF SOLID

SODIUM AND LITHIUM FROM

ELLIPSOMETRIC MEASUREMENTS

The optical properties of the alkali metals in both the
solid and liquid forms are of considerable theoretical
and practical interest. Over the past several years, we
have undertaken a systematic study4'5 of the optical
properties of solid alkali metals in the photon energy
range from 4 to 10.7 eV. This includes energy regions
of major interest for these materials, ranging over intra-
and interband transitions and the volume plasmon
energies. In these studies a solid thick film of an alkali
metal was deposited on the flat surface of a transparent
semicylinder substrate, and reflectance as a function of
photon angle of incidence was measured at the sub
strate—metal interface. The real and imaginary parts of
the complex refractive index, n = n + ik, were then
obtained by a least-squares fit of the data to Fresnel's
equations. Relative values of k were also obtained from
transmittance measurements on thin alkali metal films

on transparent substrates of uniform thickness.

We are now concentrating our efforts toward the
precise measurement of the optical properties of simple
liquid metals. Presently, there are theoretical predic
tions for disordered systems which have not been
checked out experimentally. Thus one reason for
studying liquid metals is to find a "simple" disordered
system for which existing theories can be checked. A
comparison of the optical properties of solid and liquid
lithium, using the same experimental techniques, should
provide a good test of these theories. In addition, the
optical properties of liquid lithium will be required in
the design of fusion reactors in which a "wetted" first
wall of liquid lithium will be used.

Although lithium is the simplest of the alkali metals
from the theoretical point of view, experimentally it is

difficult to work with. Especially below ~6 eV, widely
differing values6 have been reported for the optical
properties n and k of solid lithium; the values depend
on many factors, including the thickness and structure
of the films. However, there were existing, generally
accepted, values for the optical properties of solid
sodium in the literature. In order to get the maximum
sensitivity, we decided to measure the optical properties
of both solid and liquid lithium in the infrared to visible
range (0.6 -> 3.8 eV), using ellipsometric techniques. In
preliminary observations, which were designed to check
out our techniques and the interpretation of our data,
we deposited a thick layer of sodium on the base of a
quartz prism and analyzed the reflectance at the
quartz—sodium interface, using standard ellipsometric
techniques. The values obtained for the optical con
ductivity, o = nk<jo/2Tr, are shown in Fig. 16.1 as a
function of photon energy hco. This figure shows that
we have reproduced very closely the optical conduc
tivity reported by Smith.7 Using the same equipment,
we obtained the o vs hco for solid lithium and compared
it with the three different curves published by Mathew-
son and Myers8 (see Fig. 16.2). Curve A was obtained

1. Consultant.

2. Postdoctoral Fellow.

3. Graduate student.

4. J. C. Sutherland, R. N. Hamm, and E. T. Arakawa,/. Opt.
Soc. Amer. 59, 1581 (1969).

5. U. S. Whang, E. T. Arakawa, and T. A. Callcott,Phvs. Rev.
5 6,2109(1972).

6. E. T. Arakawa et al., Health Phys. Div. Annu. Progr. Rep.
July 31, 1974, ORNL-4979, pp. 125-128; T. A. Callcott and
L. T. Arakawa,/. Opt. Soc. Amer. 64, 839 (1974).

7. N. V. Smith, Phys. Rev. Lett. 21, 96 (1968); Phys. Rev.
183,634(1969).

8. A. G. Mathewson and H. P. Myers, Phil. Mag. 25, 853

(1972).
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from measurements on a lithium film 12 hr after

deposition on a quartz substrate, and curve B was
obtained from measurements on the same film six and

one-half days later. Curve C was obtained from meas-
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Fig. 16.1. Optical conductivity of solid sodium vs incident
photon energy.
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Fig. 16.2. Optical conductivity of solid lithium vs incident
photon energy.

urements on a lithium film on a sapphire substrate. In
the Mathewson and Myers study, the films were
deposited onto substrates cooled with liquid nitrogen,
and then measurements were made at the vacuum-

lithium interface. Our films were deposited on quartz at
room temperature, and then the measurements were
made at the quartz—lithium interface. The magnitude
of the conductivity for the four curves is in general
agreement, but the positions of the minima, and hence
their possible interpretation, show significant dif
ferences from each other. It has been suggested8 that
the differences in curves A to C may be associated with
differences in the crystalline phase. If this be true, our
results may correspond to an average of the different
crystal structures. Further study is needed on the
possible effects on the optical properties of different
substrate materials and of the substrate temperature. In
addition, the optical properties of some of our lithium
films were found to change with time, and this requires
further investigation.

In Table 16.1 the parameters defining the optical
properties of solid sodium and lithium obtained from
the data presented in Figs. 16.1 and 16.2 are compared
with the previously published parameters. For a nearly
free-electron model of a metal,

1 + 47rAfai
4rr?7(?2

m*u>2
(1)

where N is the number of ions per unit volume, ax is
the polarizability of a single ion modified slightly by
interband transitions, r? is the density of free carriers,
and m* is the average optical effective mass of a
conduction band electron. A plot of (n2 - k2)vs 1/co2
should be linear. It was found that plots of the data of
Figs. 16.1 and 16.2 showed linear portions in the
infrared and in the visible to uv energy regions. The
effective masses, calculated from the slopes of these
plots, are given for these two energy regions in Table
16.1.

COUPLING OF PHOTONS

AND SURFACE PLASMONS AT

INTERFACES OF KNOWN PROFILE

The coupling of photons and surface plasmons at
metallic diffraction grating surfaces has been investi
gated extensively in our laboratory in the past.9 At that

9. E. T. Arakawa et al., Health Phys. Div. Annu. Progr. Rep.
July 31, 1969, ORNL-4446, pp. 188-196; July 31, 1970,
ORNL4584, pp. 82-83.
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Table 16.1. Effective electron masses of solid sodium
and lithium at room temperature

m*/m

Infrared Visible and uv

Sodium

Present work 1.07 1.08

Ives and Briggs 1.01

Hodgson 1.08

Mayer and Hietel 1.27 1.17

Smithd 1.13 1.07

Palmer and Schnatterly 1.00

Monin and Boutry^ 1.07

Sutherland et al.g

Lithium

1.06

Present work 1.61 1.56

Hodgson 1.57

Bosenberg 1.47

Mathewson and Myers^ 1.7(A)

1.33(B)

1.33(C)

Callcott and Arakawa 1.42- 1.28

aH. E. Ives and H. B. Briggs, /. Opt. Soc. Amer. 27, 181 (1937);
M. H. Cohen,Phil. Mag. 3, 762 (1958).

6J. N. Hodgson,/. Phys. Chem. Solids 24, 1213 (1963).
CH. Mayer and B. Hietel, Optical Properties and Electronic

StructureofMetalsand Alloys, edited by F. Abeles North-Holland,
Amsterdam, 1966, p. 47.

dN. V. Smith, Phys. Rev. Lett. 21, 96 (1968);Phys. Rev. 183,
634 (1969).

eR. E. Palmer and S. E. Schnatterly,Phys. Rev. B 4, 2329

(1971).
•0. Monin and G. A. Boutry, Phys. Rev. B 9, 1309 (1971).
SJ. C. Sutherland, R. N. Hamm, and E. T. Arakawa,/. Opt.

Soc. Amer. 59, 1581 (1969).
''J. N. Hodgson, footnote c, p. 160.
'J. Bosenberg, Phys. Lett. A 41, 185 (1972).
>A. G. Mathewson and H. P. Myers, Phil. Mag. 25, 853 (1972).
kE. T. Arakawa et al., Health Phys. Div. Ann. Progr. Rep. July 31,

1974, ORNL-4979, pp. 125-128; T. A. Callcott and E. T. Arakawa,
/. Opt. Soc. Amer. 64, 839 (1974).

time, we studied the effect on the surface-plasmon
dispersion relation of different metal and dielectric
coatings on the grating surface by monitoring the
radiative decay of surface plasmons into the diffraction
orders. Any dependence on groove profile was not
considered in these studies. Very recently there have
been several theoretical treatments of the effect of

groove profile on the absorption of photons in grating
surfaces. We have undertaken a systematic experimental
investigation of the effect of groove profile on the
specular reflectance from metallic diffraction gratings
and have compared our experimental results with a
newly developed theory proposed by Elson and Ritchie
(General Physics Group, Health Physics Division).

Excitation of surface plasmons by photons requires
the conservation of both energy and wave vector (or
momentum) parallel to the surface. For a grating
surface, wave-vector conservation requires that the
surface-plasmon wave vector Ksp and the component of
the photon wave vector parallel to the surface Kp sin 8,
where 6 is the photon angle of incidence, satisfy

Ksp =Kpsin0+#g, (2)

with N a nonzero integer and g a vector parallel to the
surface but perpendicular to the grooves and of
magnitude 2ir/d, where d is the groove spacing. Excita
tion occurs only for p-polarized photons when the



123

plane of incidence (defined by Kp and the normal to
the surface) is perpendicular to the grooves; for this
case Ksp and Kp sin 9 are collinear although they may
be opposite in direction for negative N. A theoretical
treatment by Elson1 ° gives the probability for this
excitation processasP0 = S A^, with

AN = 8tt2X-2|SjV|2 e2|(l - e)|2 cos 9\2oN2 - e\

X liKr2 - l)(sin2 0 - e)] »/2 _ oN sin 9\2

X {Re^2 - e)!/2 •|(sin2 9 - e)1'2 - ie cos 0|

|(aw2-e)i/2 + e(aiV2-l)1/2|2} (3)

SN is the Nth coefficient of the Fourier transform of
the groove profile, while X is the wavelength of the
incident photon; e = €i + ie2 is the dielectric function
of the metal coating of the grating; and oN = sin 9 +
NX/d. This expression, Eq. (3), was derived from a
first-order perturbation treatment of the boundary
value problem using the magnetic vector potential, a
transformation to relative coordinates, and a dyadic
Green's function. Elsonand Ritchie1' employed similar
techniques for a randomly rough surface but used the
Hertz vector potential instead of the magnetic vector
potential. In the derivation of Eq. (3), the wavelength
of the incident photons was assumed to be much larger
than the groove depth. In order to be able to use Eq.
(3) when this approximation may not be satisfied, we
have calculated the probability, P, of photon-to-
surface-plasmon conversion assuming12

P= 1
-2a

, N
N

(4)

When using this expression, the probability, P, never
exceeds unity and reduces to P0 when P0 is small.

Experimental curves of reflectance vs angle of inci
dence were recorded for aluminum-overcoated replica
gratings with different known groove spacings and
groove profiles. At an angle 9, such that Eq. (2) is
satisfied, resonance surface-plasmon absorption results
in a dip in reflectance at that angle of incidence. These
dips were studied asa function of the angle between the
grating rulings and the plane of incidence, polarization

10. J. M. Elson, private communication.
11. J. M. Elson and R. H. Ritchie, Phys. Status Solidi (B) 62,

461 (1974).
12. J. M. Elson and R. H. Ritchie, ORNL-TM-3752.

of the incident photons, and wavelength from 2400 to
6500 A. Equation (3) gives the probability of surface-
plasmon excitation where this is greatest, that is, with
90° between the grating rulings and the plane of
incidence, and for p-polarized light. Most of our data
were obtained for these conditions.

Representative experimental data and the correspond
ing quantities calculated from Eq. (3) are given in Fig.
16.3. Reflectance vs photon angle of incidence is given
for several fixed values of the photon wavelength. For a
given wavelength the upper curve shows the experi
mental reflectance on an arbitrary scale, and the lower
curve shows a calculated quantity, PN. The wavelength
of the incident photons was chosen so that the angular
separation of dips in reflectance for different N was a
maximum with the result that 1 - exp (--Pn), from Eq.
(4), became 1 - exp (-A^) = PN. Since the maximum
value of PN should correspond to the minimum of the
dip in reflectance, the convention was adopted of
plotting PN increasing downward. The integers next to
each dip indicate the appropriate N value in Eq. (2).

Fitting the curves to the experimental reflectance vs
angle of incidence data involved use of the Fourier
coefficients appropriate to the groove profile to calcu
late PN. In these calculations the dielectric functions
appropriate to the aluminum overcoating were treated
as adjustable parameters; ex was adjusted so that the
angular position of the dips corresponded to experi
ment, and e2 was adjusted until the angularhalf widths
of the dips agreed with experiment. It is seen in Fig.
16.3 that having made the positions of the minima and
the angular half widths correspond, the experimental
and theoretical curves agree very well. The experimental
curves are not symmetrical about the positions of the
minima, and this is predicted correctly by the theory.
In addition, the relative depths of the dips at different
angular positions for a given wavelength are predicted
fairly well. These calculations seem to indicate a general
confirmation of Elson's theory, assuming that an
"effective" dielectric function, e, is used for the metal
overcoating of the diffraction grating. From observa
tions on several gratings, the probability for surface-
plasmon excitation in grating surfaces has been shown
to increase with increasing groove depth for fixed
groove spacing and to increase with decreasing groove
spacing for fixed groove depth.

The values of e required to fit the theoretical to the
experimental reflectance vs angle of incidence curves
indicate considerably more damping in the aluminum
overcoatings on the grating surfaces than in bulk
aluminum. This is reflected in the dispersion curve for a
given grating. The frequency, co, of nonradiative surface
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Fig. 16.3. Experimental reflectance (arbitrary units) and calculated probability (Ppj) of surface-plasmon excitation for agrating
for four different wavelengths. The integer next to each dip indicates the appropriate N in Eq. (16.2). Experiment and calculations
are for p-polarized light and for 90° between the grating rulings and the plane of incidence.

plasmons at a smooth, planar, metal vacuum boundary
is related to its wave vector, K, by

K =
e+ 1

(5)

Since the effective dielectric functions of the aluminum

grating surfaces are not those of bulk aluminum, this
implies that the dispersion relation for a grating is
different than that for a planar surface of the same
metal. This problem would be rather difficult to treat
theoretically. We have assumed Eq. (5) to be valid for
the grating or rough surface with e set equal to the
effective dielectric constant obtained by the reflectance
vs angle of incidence fitting procedure. Preliminary
analysis of our data indicates results for aluminum-over-
coated gratings similar to those reported in the litera

ture for silver-overcoated gratings13 and for surface
plasmons on randomly rough silver surfaces.14'15
Compared with that for a smooth aluminum surface,
the surface-plasmon dispersion curve, hco vs K, for a
given groove depth or surface roughness is shifted to
higher K values, the amount of the shift increasing with
increasing groove depth of the grating surface. This
implies a slowing down of the phase velocity of the
surface plasmons on grating surfaces compared with a
planar surface. In addition, we see a broadening of the
reflectance dips with increasing groove depth, which

13. I. Pockrand, Phys. Lett. A 49, 259 (1974).
14. A. J. Braundmeier, Jr., and E. T. Arakawa, /. Phys.

Chem. Solids 35, 517 (1974).
15. D. Hornauer, H. Kapitza, and H. Raether,/. Phys. D 7,

LI00 (1974).
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implies a stronger radiative damping of the surface
plasmons by coupling to light via the periodicity of the
surface.

Investigations need to be continued along two lines:
(1) we need to consider the effect of nontriangular
groove profiles on PN when comparing the experi
mental and theoretical variations of reflectance with

angle of incidence, and (2) we need to investigate
further the meaning of the values of the effective e
obtained by our fitting procedure in relation to a
theoretical dispersion curve for the grating surface.

PHOTOEMISSION FROM ALUMINUM

Photoemission measurements reported last year1
have been extended to higher energies, and an extensive
analysis of all of the data has been carried out.17
Samples consisted of thin films of aluminum evaporated
onto the plane face of an MgF2 semicylinder. These
samples were prepared in situ in an ion-pumped
ultrahigh vacuum system for which the pressure was ~
3 X 10~7 torr during evaporations and ~ 2 X 10~9 torr
during measurements. Film thickness was determined
by measuring the normal incidence transmission at a
wavelength of 5480 A, and in experiments where the
film thickness was an important parameter, the thick
ness determination was checked with an optical inter
ference microscope after the film was removed from the
chamber. A prism monochromator with a high-pressure
mercury—xenon lamp as source was used for excitation
at photon energies below 5.2 eV. A 0.5-m Seya
monochromator with a hydrogen discharge lamp as
source was used for excitation for photon energies
between 7.7 and 10.2 eV.

Both yields and energy distributions of emitted
electrons have been measured. The total photo yield as
a function of incident angle of p-polarized light for
photon energies below 5.2 eV have been presented
previously16 and analyzed in terms of volume and
surface photoemission processes. Only (35 ± 10)% of
the yield observed at the plasmon peak could be
accounted for by the volume process. The remaining
65% of the yield was attributed to the surface emission
process. The higher energy data shown in Fig. 16.4are
the angular yields produced by the partially polarized
light from the Seya monochromator incident on a
120-A aluminum film. At 10.2 eV the light is predomi-

16. E. T. Arakawa et al., Health Phys. Div. Annu. Progr. Rep.
July 31, 1974, ORNL-4979, pp. 129-132.

17. T. A. Callcott and E. T. Arakawa, Phys. Rev. B 11, 2750

(1975).

"i 1 1 r

2-

!0.2eV

"(F 20* 405"
6

ORNL-DWG-74-3256

~i—i—i—r

605" 80°

Fig. 16.4. Total photoyield vs incident angle of partially
polarized photons of energies between 7.7 and 10.2 eV. Curves
normalized to yield at normal incidence.

nantly s-polarized,1 8 and the film is thinner than that
used for the lower energy data, resulting in a far less
spectacular resonance peak. Analysis of these curves in
terms of volume and surface photoemission processes is
inconclusive due to the large and somewhat uncertain
percentage of s-polarized light in the exciting beam.
However, some additional evidence for surface emission
may be obtained from an examination of the energy
distribution curves (EDC's) of photoemitted electrons.
We can examine the curves for evidence of scattered

electrons, which should be produced by the volume
process but not by the surface process. In Fig. 16.5, we
display EDC's made at three photon energies with
photons normally incident from vacuum and with
photons incident through the substrate both normally
and at the resonance angle. For each energy the curves
are normalized at the high-energy shoulder of the
distributions. The relative amount of scattering ex-

18. W. F. Hanson and E. T. Arakawa,/. Opt. Soc. Amer. 56,
124 (1966); J. J. Cowan, E. T. Arakawa, and L. R. Painter,
Appl. Opt. 8,1734(1969).
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pected from the volume process for each angle of
excitation may be estimated from plots of energy
density rj(y) vs y such as those plotted in Fig. 16.6,
using parameters appropriate to 5.2-eV photons inci
dent on a 160-A film. Profiles calculated for other

photon energies have the same characteristic features.
EDC's were taken on thin aluminum films (~160 A) in
order to obtain sufficiently large yields for energy
analysis with photons normally incident through the
substrate. It can be seen (Fig. 16.6) that for normal
incidence, the energy density decreases nearly expo
nentially away from the surface of incidence. At the
plasmon resonance, it is reversed and has a profile very
similar to that produced by photons incident from
vacuum. At angles ~5° below the peak, the theory
predicts a minimum in the photoemission which we
have not observed experimentally. Clearly, relatively
more electrons are produced away from the emission
surface for photons normally incident through the
substrate, and such excitation should produce the
strongest scattering peak. The volume process should
produce comparable scattering for the other two angles
of excitation. In all cases (Fig. 16.5), the scattering
peak is largest for photons normally incident through
the substrate, as expected. The experimental curves
indicate that there are significantly fewer scattered
electrons in the plasmon-resonance photoemission than
in free-surface photoemission. Though by no means
conclusive, the EDC's are at least consistent with the
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existence of a strong surface emission at the resonance
angle.

The ratios of yields from aluminum with light
normally incident from vacuum and through the MgF2
substrate have been presented previously.16 Analysis of
these and additional data for the escape depths for the
volume process have yielded values ranging from (45 +
15) A for 5.0-eV electrons to (20 + 10) A for 8.2-eV
electrons.

For electrons near threshold, the measured escape
depth or attenuation length, L, can be directly com
pared with an electron mean free path. In Fig. 16.7, we
compare our values of the attenuation lengths with
those measured by other workers and with the
electron—electron scattering lengths calculated by Ash
ley and Ritchie19 for a free-electron gas with the
density of aluminum. Our value of the attenuation
length at 5.0 eV is in good agreement with the value
obtained by Kanter20 from direct measurements of the

19. J. C. Ashley and R. H. Ritchie,/. Phys. Chem. Solids 26,
1689(1965).

20. H. Kanter, Phys. Rev. B 1, 522 (1970).
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Fig. 16.7. Attenuation lengths for electrons in aluminum as a
function of energy above the Fermi level. Solid circle, our data;
diamond with dot, Pong et al. (ref. 22); dashed line, Wooten et
al. (ref. 23); open square, Kanter (ref. 20); open circle, Gesell
(ref. 24) from total yield; solid square, Gesell from Y(6)/Y(0y,
solid line, theory of Ritchie and Ashley with exchange
correction. Bars through solid and open circles indicate esti
mated limits of error due to experimental uncertainties.

attenuation of electron beams by thin foils. Both these
values at 5.0 eV are, however, lower than values
obtained by Feuerbacher, Godwin, and Skibowski,21
Pong, Sumida, and Moore,22 and Wooten, Huen, and
Stuart23 from analysis of photoemission data for
photon energies between 5 and 10 eV. These latter
analyses were made using assumptions appropriate to
the volume emission process, and they neglect surface
emission. It seems probable to us that surface emission
contributes in an important way to their yields and that
their values are consequently too high. The presence of
emission via the roughness-coupled surface photoeffect
would affect our determination of yield in the opposite
way and would lead to erroneously small values.

Gesell has determined attenuation lengths in the
immediately higher photon energy range by the analysis
of total yield using L as an adjustable parameter.24
Thus any unaccounted-for process that increases (or
decreases) yield increases (or decreases) the value of L
determined. The value of L Gesell determined at the

surface-plasmon energy is significantly higher than the
other values he obtained, presumably due to enhanced
yield produced by the roughness-coupled surface-
plasmon excitation. Above 15 eV, his values are
thought to be too low; here the yield is depressed by

the introduction of a new energy loss process in which
electrons lose energy by exciting surface plasmons as
they approach the sample surface. Our values oiL join
satisfactorily to the values Gesell found in the inter
mediate region between 11 and 14 eV, where neither of
the above processes are important, and to the single
value he obtained at 16 eV from an analysis of the
angular yield ratio Y(8)/Y(0) at this energy.

ELECTRON ATTENUATION LENGTHS

IN CARBON FILMS25

Electron attenuation lengths, L, of photoexcited
electrons in thick vapor deposited carbon films have
been reported previously26 over the range of photon
energies from 20 to 64 eV. These values were derived
from measurements of the total photoelectric yield,
Y(9), as a function of photon angle of incidence, 8. For
a small extinction coefficient, k (<0.1), and a refractive
index, n less than unity, the ratio Y(9)/Y(0) = G(9) vs
9 curves were analyzed to yield n and L. For each
photon energy the position of the maximum of G(9) vs
8, which occurs in the vicinity of 9C, where 8 = sin'1 n,
yields a value of n while the magnitude of G{6 ) is
sensitive to both k and L. We measured k independently
and hence obtained values of n and L by this method.
As a consistency check, we compared the values of n
obtained from reflectance and from photoelectric yield
measurements on similar samples and obtained very
good agreement. However, even though this consistency
check was satisfactory, we still questioned the high
values of L (~ 150 to 50 A) obtained in the photon
energy region of 20 to 30 eV. We thus decided to
obtain values of L from measurements of the photo
electric yield, Y(t), as a function of carbon film
thickness, t. A wedge-shaped carbon film was deposited
on a glass slide, and the metrical thickness as a function

21. B. D. Feuerbacher, R. B. Godwin, and M. Skibowski, Z.
Phys. 224, 172(1969).

22. W. Pong, R. Sumida, and G. Moore, /. Appl. Phys. 41,
1869 (1970).

23. F. Wooten, T. Huen, and R. N. Stuart, in Optical
Properties and Electronic Structure ofMetals and Alloys, edited
by F. Abeles, North-Holland, Amsterdam, 1966, p. 333; T.
Huen and F. Wooten, Solid State Commun. 9, 871 (1971).

24. T. F. Gesell, Ph.D. Thesis, University of Tennessee, 1971;
T. F. Gesell and E. T. Arakawa, Phys. Rev. Lett. 26, 377
(1971).

25. Research sponsored in part by the Defense Nuclear
Agency, under subtask TA040, but does not reflect endorse

ment by the sponsor.

26. E. T. Arakawa et al., Health Phys. Div. Annu. Progr. Rep.
July 31, 1974, ORNL^979,pp. 128, 129.
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of position on the slide was obtained from a combina
tion of transmittance and independent interferometric
measurements. The experimental apparatus described
previously26 was used. In the same way as for the Y(9)
vs 9 measurements, the carbon films were deposited in
vacuum and exposed to the atmosphere on being
transferred to the apparatus used for photoelectric
measurements; then the values of Y(t) were obtained
with the experimental chamber pumped down to ~ 2 X
10~7 torr. For each constant incident photon energy, a
Y(t) vs t curve was plotted. Some representative curves
of Y(t) vs t for carbon on glass are shown in Fig. 16.8.
It was found that for each photon energy from 10 to 64
eV, there wasa rapid increase in Y(t) in the vicinity of t
= (10 to 15) A with saturation of Y(t) above this
thickness. The complete analysis of photoelectric yield
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Fig. 16.8. Photoelectric yield vs carbon film thickness for
constant incident photon energies.

measurements from such thin films is very complicated,
requiring a knowledge of the homogeneity of the films
and their effective optical properties in addition to a
knowledge of the factors affecting the electron trans
port properties. Although a complete analysis of our
Y(t) vs f data for carbon has not yet been attempted,
the values of L for photoexcited electrons in carbon
appear to be much smaller in the region of 20 to 40 eV
than the ones obtained26 from the observations of Y(8)
vs 9. A theoretical analysis of the Y(9) vs 9 method has
since been undertaken which showed that although
reliable values of n can be obtained from G(9) vs 9, to
obtain L to ±1 A requires that k be known to within
~1%. The uncertainty in the independently measured k
values was much greater than this, leading to very large
uncertainties in the calculated L values.

Electron attenuation lengths are known to be small in
the region of 10 to 100 eV, and hence their accurate
determination is difficult. At the same time, the values
of these electron attenuation lengths in both metals and
insulators are of great interest. We thus regard this as a
continuing project. For the Y(8) vs 8 method, we plan
to investigate various techniques whereby we can obtain
extinction coefficients, k, to a higher accuracy than
presently attainable since we have shown that the
uncertainties associated with the values obtained for L
are directly related to the uncertainties in the input
values of k. For the Y{t) vs t method, we plan to
prepare and measure films of gold in ultrahigh vacuum
for comparison with preliminary data already obtained
on gold wedges prepared in vacuum but then exposed
to air on transfer to the apparatus used to measure Y(t)
vs t. Gold is simpler to work with than carbon and
should provide a check on the reliability of the
experimental Y(t) vs t curves obtained for carbon.
Furthermore, experimental and theoretical studies of
the electron attenuation lengths and the related elec
tron mean free paths for goldhave been reported in the
literature. Data on the effective optical properties of
gold asa function of film thickness are also available for
evaporated gold films prepared under various condi
tions. A complete analysis of the Y(t) vs t data for gold
should thus be possible, providing a check on the
reliability of this method. Ultimately, we hope to get
completely consistent and reliable values of L in both
metals and insulators.

OPTICAL AND DIELECTRIC PROPERTIES

OF BOVINE PLASMA ALBUMIN

BETWEEN 2 AND 82 eV

Studies of the optical properties of macromolecules
of biological interest, which were initiated in the
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Physics of Tissue Damage program, have been con
tinued. The complex refractive index, n = n + ik, of dry
films of bovine plasma albumin has been determined for
incident photon energies from 2 to 82 eV. The
techniques used were very similar to those used
previously27 to determine the optical properties of
DNA over this energy range. The experimental details
associated with obtaining the reflectance and transmit-
tance measurements are identical with those described

in ref. 27.

The dry films of bovine plasma albumin were ob
tained by dissolving bovine plasma albumin in distilled
water, putting a few drops of the solution on the
substrate, and allowing the water to evaporate at room
temperature. To measure the extinction coefficient, k,
for photon energies from 2 to 10 eV, a wedge of solid
bovine plasma albumin was formed on a CaF2 disk by
inclining the disk just before the film started to solidify.
Five positions on this film were selected for transmis
sion measurements. Near-normal incidence reflectance

at these positions showed good interference patterns in
the photon energy region from 2.1 to 5.9 eV (6000 to
2100 A), indicating that the thickness variation in the
area illuminated by the incident light was small. From
the interference patterns and the values of refractive
index, n, which were determined by critical-angle
measurements on a solid film deposited on a sapphire
semicylinder, the thicknesses, d, were calculated at the
five positions. The extinction coefficient of the bovine
plasma albumin was then obtained from observations of
transmittance, T, as a function of thickness for selected

photon energies in the 2-to-10-eV range. It was assumed
that T= exp (—4irkd/A), where Adenotes wavelength. A
plot of In (I/T) vs d for a given Xyielded a straight line
with a slope of 4nk/X and hence a value of k at that
photon energy. For the transmission measurements in
the region between 8 and 82 eV, albumin films were
made on ultrathin films of polystyrene supported by a
fine-mesh nickel screen. Polystyrene was selected as the
substrate material mainly because of its mechanical
strength, surface smoothness, and good affinity to solid
albumin. Although polystyrene absorbs strongly in the
regions of 6.4 and 16 eV, the polystyrene films used
showed greater than 25% transmission over the whole
energy range. The thin films of polystyrene were made
by dissolving polystyrene in a mixture of benzene and
cyclohexane and then placing a single drop of this
solution on a clean water surface and allowing the
solvent to evaporate. The film was then lifted from the

27. E. T. Arakawa et al., Health Phys. Div. Annu. Progr. Rep.
July 31, 1974, ORNL4979,pp. 149-151.

water surface on the nickel mesh screen. Before use, the
films were checked for uniform thickness by measuring
transmittance for a constant photon energy at different
positions on the films. For those polystyrene films
found to be uniform, half of each film was then covered
with a small amount of the aqueous solution of albumin
and the water allowed to evaporate. The transmittance,
T, of these albumin films was assumed to be given by T
= I/I0 = exp (-4trkd/X), where / and /0 are the light
intensities transmitted through the covered and un
covered parts of the polystyrene film respectively. In
order to make measurements of k by this method, the
bovine plasma albumin films had to be very thin, and it
was impossible to measure their thickness. Hence the k
values obtained by this method were normalized to
those obtained for the films on CaF2 in the overlapping
region from 8 to 10 eV. As is well known, proteins
show an absorption around 4.43 eV (2800 A) due to
aromatic side chains. Since this absorption band was
too weak to be observed in the film deposited on CaF2,
additional transmission measurements were obtained

for a 4.247-ju-thick film deposited on a sapphire
substrate. This thick film was also used to determine

the density of the albumin film. A known area was
dissolved in water, and the mass was calculated from
the absorptance measured at 2800 A. The calculated
density was 1.14g/cm3.

As previously mentioned, the refractive index, n, in
the photon energy region from 2 to 5.5 eV, where
bovine plasma albumin is nearly transparent, was
obtained from critical-angle measurements. The n values
above 5.5 eV were obtained by a Kramers-Kronig
analysis of the k values from 2 to 82 eV. For each
photon energy, E, n(E) was determined from

n(E) = 1 +
1 f=° E'k(E')

lit I dE'

It was assumed that k is zero in the region below 2 eV
and, for the region above 82 eV, the values of k at 70
and 82 eV were linearly extrapolated to zero k at ~90
eV. Errors in the calculated n values due to these

assumptions should be small. However, larger errors in n
could result from uncertainties in the k values above 10

eV due to the normalization procedure used in deter
mining these data. Since the n values determined by
critical-angle measurements in the 2-to-4-eV region were
considered accurate, the values of k above 10 eV were
adjusted so that the n values between 2 and 4 eV from
the Kramers-Kronig analysis agreed with those from the
critical-angle measurements.
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From the values of n and k thus obtained, the
complex dielectric function, e = ex + ie2, where e! =
n2 - k2 and e2 = Ink, and the energy loss function
-Im(l/e) were calculatedfrom 2 to 82 eV.

The real and imaginary parts of the refractive index
and the dielectric function and the energy loss function
for dry, solid bovine plasma albumin are shown as
functions of incident photon energy in Figs. 16.9,
16.10, and 16.11 respectively.

The extinction coefficient, k, shown in Fig. 16.9,
exhibits maxima at 4.4, 6.4, 7.6, and 14.0 eV and
shoulders at ~5.5 and ~9.7 eV. The small band at 4.4
eV has been attributed to 7r-electron transitions in
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Fig. 16.9. Real and imaginary parts of the complexrefractive
index of a dry film of bovine plasma albumin as a function of
incident photon energy.
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Fig. 16.10. Real and imaginary parts of the dielectric
function of a dry film of bovine plasma albumin as a function
of incident photon energy.
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Fig. 16.11. Energy loss function of a dry film of bovine
plasmaalbumin as a function of incident photon energy.

aromatic side chains.28 The peak at 6.4 eV has been
established to be the rr°- tr~ (NVL) band, which shows
exciton splitting at 6.02 and 6.56 eV in a-helical
polypeptides. The shoulder at 5.5 eVhas been assigned
to the n—TT~ transition and is widely used in the
conformational analysis of proteins and polypeptides in
optical rotary dispersion and circular dichroism studies.
However, Barnes and Rhodes2 9 have proposed another
interpretation for this band as composed of the «-7r~
band and a "mystery" band that has recently been
observed in the amide monomer. The small peak at 7.6
eV may have the same origin as the peak found in
aliphatic homo-polypeptides, over whose assignment
considerable controversy exists in the literature.30
Absorption studies on a series of homo-polypeptides
have shown that the intensity of this band is as sensitive
to the conformation as the ir°-tT~ band. Pysh31 has
carried out a theoretical analysis of the absorption
intensity for various conformations and has obtained
results that describe the experimental data quite well.
The absorption data on aliphatic amino acids32 have
suggested, however, that the intensity is also affected

28. For a complete survey, see G. D. Fasman (Ed.), Poly-a-
Amino Acids, Marcel Dekker, New York, 1967. M. A. Stah-
mann (Ed.), Polyamino Acids, Polypeptides and Proteins,
University of Wisconsin Press, Madison, 1962.

29. D. B. Barnes and W. Rhodes, /. Chem. Phys. 48, 817

(1969).
30. C. R. McMillin, W. B. Rippon, and A. G. Walton,

Biopolymers 19, 589 (1973); M. A. Young and E. S. Pysh,
Macromolecules 6, 790 (1973), and references therein.

31. E. S. Pysh,/. Chem. Phys. 52, 4723 (1970).
32. T. Inagaki, Biopolymers 12, 1353 (1973).
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by the species of the side chain group. In regard to the
shoulder found at ~9.7 eV, possible transitions33
predicted in this region are n'-n~, n-a*, and 7t+-
rr~ (NV2). Studies on oriented films of polypeptides
with polarized light may be of help for assignment of
this band. The strong peak in k at 14.0 eV appears to
arise mainly from a-electron transitions, since a peak
has been observed at nearly the same position for a
wide variety oforganic materials.34

Bovine plasma albumin is a typical globular protein,
andthe absorption spectrum obtained in these studies is
of fundamental importance in the quantitative analysis
of radiation effects on the macromolecule over the
extended energy range from 2 to 82 eV. In addition,
however, our data yield the energy loss function
-Im[l/e(F)] which describes the probability that a
high-energy charged particle will lose energy, E, in
exciting single electron transitions or collective electron
oscillations, on traversing the protein film. The separa
tion in energy between the peak in e2 and the
corresponding peak in -lm(l/e) is a measure of the
degree of collective behavior that the system ex
hibits.35 Examination of Figs. 16.10 and 16.11 shows
that, up to ~10 eV, structures in -Im(l/e) are
displaced very little from the corresponding structures
in e2 and hence the system shows little collective
behavior at these energies. However, the pronounced
peak in -Im(l/e) at 22.7 eV is shifted considerably
from the corresponding peak in e2 at 12.8 eV,
indicating considerable collective behavior of the tr and
o electrons.

The oscillator strength for bovine plasma albumin,
calculated in the same way as for DNA,27 approaches
unity for high photon energies, implying that almost all
of the loosely bound electrons participate in the optical
transitions observed below 82 eV.

OPTICAL AND DIELECTRIC PROPERTIES
OF POLYSTYRENE BETWEEN 2 AND 82 eV

For a large macromolecule, such as DNA,27 we were
able to make thin self-supporting films on a fine nickel

33. R. W. Woody and T. Tinoco, /. Chem. Phys. 46, 4927
(1967), and references therein.

34. For example, E. E. Koch and A. Otto, Chem. Phys. Lett.
12, 476 (1972); E. E. Koch and M. Skibowski, Chem. Phys.
Lett. 9, 429 (1971); J. T. Shapiro and R. P. Madden,/. Opt.
Soc. Amer. 58, 771 (1968); J. M. Heller, Jr., R. D. Birkhoff,
M. W. Williams, and L. R. Painter,Radiat. Res. 52, 25 (1972).

35. E. T. Arakawa et al.,Health Phys. Div. Annu. Progr. Rep.
July 31, 1974, ORNL-4979, pp. 140-143.

mesh. For a smaller macromolecule, such as bovine
plasma albumin, making thin self-supporting films
proved impossible, and polystyrene was used as a
substrate (see preceding section, this chapter).

Polystyrene is one of the most radiation-resistant
polymers. It is mechanically strong, can beformed into
thin, smooth, homogeneous films, and is transparent in
the visible with the uv absorption edge at 4.59 eV
(2700 A). It is an excellent thermal and electrical
insulator, with aromatic stabilization. It has many
applications; in particular, it is an important material in
communications systems, and hence it is important to
know what response it doesshow to ionizing radiations
over as large an energy range as possible. Furthermore,
it is a chemically simple linear polymer involving phenyl
groups; thus it is of interest to compare its properties
with those of benzene36 and of the alkanes.3 7

The characteristic energy loss spectrum of 20-keV
electrons has been reported by Swanson and Powell,
showing pronounced energy losses at (6.97 + 0.10) eV
and at (21.3 ± 0.3) eV. Previous optical measure
ments39 have yielded ample comparison between the
calculated energy loss function and the lower electron
energy loss peak but little comparison with the higher
electron energy loss peak. It was thus decided to
measure the optical properties of polystyrene over the
energy range from 2 to 82 eV. The techniques used
were similar to those for DNA2 7 and for bovine plasma
albumin (see preceding chapter, this section). The real
and imaginary parts of the dielectric function, e = e, +
ie2, and of the energy loss function, -Im(l/e), are
shown as functions of incident photon energy in Figs.
16.12 and 16.13 respectively. Pronounced structure is
seen in e2 at 6.2 and 12.5 eV and corresponding
structure in -Im(l/e) at 7.0 and 21.5 eV. The structure
in e2 at 6.2 eV corresponds to that seen in liquid
benzene36 at 6.5 eV. This is due to a it-it* transition
attributed to a molecular excitation of the it electrons
in the benzene ring. The structure in e2 at 12.5 eV is
assumed to be due to a ct-ct* transition, or transitions,
comparable with the transitions seen in the alkanes3 7in

36. M. W. Williams, R. A. MacRae, R. N. Hamm, and E. T.
Arakawa,Phys. Rev. Lett. 22, 1088 (1969).

37. J. M. Heller, R. D. Birkhoff, and L. R. Painter,
/. Chem. Phys. 62,4121(1975).

38. N. Swanson and C. J Powell, /. Chem. Phys. 39, 630
(1963).

39. J. G. Carter, T. M. Jelinek, R. N. Hamm, and R. D.
Birkhoff, /. Chem, Phys. 44, 2266 (1966); W. L. Buck, B. R.
Thomas, and A. Weinreb, /. Chem. Phys. 48, 549 (1968); J. T.
Shapiro and R. P. Madden, /. Opt. Soc. Amer. 58,771 (1968);
S. Onari,/. Phys. Soc. Jap. 26, 500 (1969).
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the (8-12) eV range of energies. The difference in
energy between the positions of corresponding peaks in
e2 and -Im(l/e) indicates the degree of collective
behavior associated with the peak in -Im(l/e).35 Thus
the peak in -Im(l/e) at 7.0 eV indicates that high-
energy charged particles traversing the polystyrene have
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Fig. 16.12. Real and imaginary parts of the dielectric
function of polystyrene as a function of incident photon
energy.

ORNL-DWG 75-6466

1

PC LYSTYREN E

J
20 40 60

PHOTON ENERGY (eV)

100
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a high probability of losing 7.0 eV of energy to a hybrid
excitation of the it electrons, which shows mainly
molecular excitation and very little collective behavior.
Conversely, the 21.5-eV peak in -Im(l/e) shows highly
collective behavior of both the it and o electrons. The
calculated peaks in -Im(l/e) are seen to correlate well
with the peaks measured by Swanson and Powell38 in
the characteristic electron energy loss spectrum.

Several materials of biological interest, (i.e., water and
many organic molecules in the liquid and solid states)
have now been studied in our collaborative pro
grams27'37 here and at the University of Tennessee. In
each case, prominent structure has been found in the
calculated energy loss function, -Im(l/e), in the
vicinity of 21 eV. Analysis of the spectra for the
dielectric functions and the corresponding loss func
tion, as done here for polystyrene, indicates a high
degree of collective electron behavior in each case.
Since the energy loss function is proportional to the
probability that a high-energy charged particle will lose
energy to the medium, this represents an extremely
important mechanism for energy absorption in these
materials. In particular, the importance of collective
electron oscillation (plasmon) creation at this energy
and its nonlocalized nature is significant in track
structure models and calculations for ionizing radiation.

FEASIBILITY STUDIES OF MONITORING
THE FIRST WALL IN ORMAK

BY OPTICAL MEASUREMENTS

A study of the feasibility of using optical measure
ments to monitor a portion of the gold liner, forming
the first wall in ORMAK, for the effective thickness of
the contaminant layer on the gold was undertaken this
year. Since it was thought that the predominant
contaminant is carbon, we calculated the specular
reflectance expected theoretically for electromagnetic
radiation of various photon energies incident on carbon
films of various known thicknesses on a gold substrate.
The specular reflectance for normal incidence was
calculated using Fresnel's equations and optical prop
erties of gold and carbon taken from the literature.40
In these calculations, it was assumed that the gold is
homogeneous, isotropic, and semi-infinite, with a per
fectly planar interface with vacuum (zero thickness of
carbon) or with the carbon. Likewise, we assumed the
carbon to be homogeneous, isotropic, and uniform in

40. H. J. Hagemann, W. Gudat, and C. Kunz, "Optical
Constants from the Far Infrared to the X-Ray Region: Mg, Al,
Cu, Ag, Au, Bi, C, and A1203," Report No. DESY SR-74/7,
May 1974.
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thickness and to have perfectly planar interfaces with
the gold and with vacuum. The results of these
calculations are shown in Fig. 16.14. It can be seen that
for this idealized case of carbon contamination on gold,
even a few angstroms of carbon thickness can be
detected directly by measurement of the normal inci
dence reflectance at a properly chosen photon energy
although, in practice, for very thin layers the homo
geneity condition breaks down and an "effective"
thickness would be obtained. As a direct check on these
calculations, a single reflectance vs thickness curve for
carbon on gold was determined experimentally. A
thick, smooth evaporated gold film was deposited on a
glass slide and then overcoated with various known
thicknesses of evaporated carbon. Reflectance vsthick
ness was then obtained for a photon energy of 2.3 eV.
These measurements are shown in Fig. 16.15 and
demonstrate the feasibility of using this method to
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Fig. 16.15. Calculated reflectance vs film thickness for
carbon on gold compared with experimental values for a photon
energy of 2.3 eV.

determine the thickness of a carbon contaminant layer
on a smooth gold substrate.

Transmission measurements were also performed on a
lens that had been used in ORMAK. Although the lens
was not expected to show the same contaminant layer
as the liner, its measurement had value as a test case.
Experimental observations of transmittance were ob
tained at 4500 and 5400 A, and theoretical curves of
transmittance vs film thickness were calculated by the
same techniques as described above. Assuming the
contaminant layer to be carbon on glass, we calculated
the film thickness, t, to be (440 + 30) A. Auger
analysis, by others, of the contaminant layer later
indicated that C, Fe, W, and 0 were present. Using
optical constants from the literature, transmittance vs
thickness curves were obtained for Fe304 on glass and
Fe (or W) on glass. For Fe304 on glass, t=(690 ±120)
A, and for Fe (or W) on glass, t = (110 ± 5) A. These
observationsillustrate several important facts. Assuming
homogeneous materials and perfectly planar interfaces,
it is essential to know the constituents of the con
taminant layer and the corresponding effective complex
refractive index in order to calibrate the system. The
large, estimated errors in thickness, At, for the film on
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the lens are indicative of incorrect input variations of
complex refractive index with photon energy rather
than of experimental errors in the measured transmit
tance. If the system is fully defined except for the
contaminant film thickness, the accuracy with which
this can be obtained for a given accuracy of the
reflectance measurements depends on the nature and
thickness of the contaminant layer, on the nature of the
substrate, and on the choice of photon energy.

Examination of the calculated reflectance vs carbon
film thickness curves, shown in Fig. 16.14, leads us to
suggest that initially measurements should be made
using a He-Ne laser for which the photon energy is
1.96 eV. The reflectance for this photon energy drops
monotonically from over90% for no carbon to approxi
mately 2% for a 600-A-thick film. Similar charac
teristics are anticipated for other possible contaminant
layers assuming ideal conditions, as in the calculations
for carbon on gold. In reality, the gold liner in ORMAK
is not mirror-like to the eye, and there is appreciable
surface roughness and hence some diffuse scattering of
the incident light. The calibration will have to be
determined experimentally, and for this it will be
necessary to know the nature of the contaminant layer.
Films of the same composition as the contaminant layer
in ORMAK will have to be deposited on a liner sample
and the reflectance measured as a function of known
film thickness. Such measurements will give a better
approximation to the actual conditions in ORMAK, and
hence a better calibration, than any values we could
calculate assuming a smooth gold substrate. It is
anticipated that the variation of reflectance with film
thickness will be less than that indicated by the ideal
values calculated for a smooth gold substrate. However,
the system should be sufficiently accurate for use as a
monitor of surface contamination thickness.

Finally, it was pointed out that to measure very thin
contaminant layers or small changes in the thickness of
the contaminant layer, it might be necessary to use
ellipsometric techniques to obtain the desired informa
tion.

Some preliminary experimental investigations of the
ORMAK liner are described in Chapter 15 of this
report.

SOFT X-RAY EMISSION FROM INSULATORS

The soft x-ray emission spectrum of LiF obtained
previously41 using cleaved LiF crystals has been

41. E. T. Arakawa et al.,Health Phys. Div. Annu. Progr. Rep.
July 31, 1974, ORNL-4979, pp. 132, 133.

repeated for evaporated films of LiF. As observed
previously, the specimen changed on electron beam
bombardment such that within a few minutes the
surface looked metallic. Correspondingly, the main K
emission peak shifted from that of Li+ in LiF at 46.5
eV to that for pure Li at 54.3 eV. In the initial
spectrum obtained before the Li buildup can occur, we
now see a peak at 61.0 eV, with a magnitude -10% of
the main emission peak. This is indicated clearly in our
present data in Fig. 16.16. whereas it was barely
seen in the emission spectra obtained previously41 for
LiF. The difference arises from the way in which the
initial spectrum was obtained in each case. For the
cleaved LiF reported previously, the crystal was cleaved,
mounted in the apparatus, and bombarded with elec
trons. Each soft x-ray emission spectrum was scanned
continuously with time, the time recorded on each
spectrum being the average time for that spectrumfrom
the beginning of the bombardment. It took 1 to 2 min
to obtain each spectrum. For the evaporated LiF,each
point on the spectrum corresponds to a fresh film. With
the monochromator set to record a given photon
energy, a LiF film was evaporated in situ and the
photon intensity recorded when the electron beam was
first turned on. This process was repeated until the
whole spectrum was obtained. The x-ray emission peak
at 61 eVis thought to be due to the radiative decay of a
core-level exciton in LiF. Until recently the soft x-ray
absorption spectra of various alkali halides reported in
the literature were interpreted in terms of band
structure alone, dismissing the possibility of core-level
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Fig. 16.16. Li K emissionspectrumof an evaporated film of
LiF.
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exciton states. The use of optical gap data in conjunc
tion with the soft x-ray absorption spectra has led to a
new interpretation of the x-ray absorption spectra in
which some structure is associated with core-level

excitons.42'43
From various observations, including independently

measured x-ray photoelectron spectra and optical gap
data, it has been determined, as outlined by

Pantelides,42 that in LiF the top of the valence band
lies 50.8 eV above, and the bottom of the conduction

band 64.4 eV above, the Li Is level. It is seen that these

numbers are consistent with our emission spectrum for
LiF, which is shown in Fig. 16.16. Thus the emission
seen at 61.0 eV occurs in the band gap and must
represent a direct observation of the radiative decay of
a core-level exciton. Data obtained in the same way for
evaporated films of LiCl and LiBr are shown in Figs.
16.17 and 16.18 respectively. Calculations42 identical
to those for LiF have set the bottom of the conduction

band in LiCl at 62.3 eV and in LiBr at 61.8 eV. The

peaks in the emission spectra of LiCl at 60.5 eV (Fig.
16.17) and of LiBr at 59.6 eV (Fig. 16.18) thus
originate in core-level excitons. The progression of
exciton peak energies seen in our emission spectra (i.e.,
61.0 eV in LiF, 60.5 eV in LiCl, and 59.6 eV in LiBr) is
very similar to the variation of peak energies seen in the
absorption spectra reported by Pantelides42 (i.e., 61.9
eV in LiF, 60.8 eV in LiCl, and 60.4 eV in LiBr).

Other emission peaks seen in Fig. 16.17 correspond to
Li+ in LiCl at 49.5 eV (Ka emission) and CI" in LiCl at
184 eV {L2iMx), with a second order at 92 eV. The
peaks in Fig. 16.18 correspond to Li+ in LiBr at 51.4
eV (Ka emission) and Br" in LiBr at 65 eV (Af4 5) and
U4eV(M2MA).

42. S. T. Pantelides and F. C. Brown, Phys. Rev. Lett. 33,
298 (1974); S. T. Pantelides, Phys. Rev. B 11, 2391 (1975).

43. W. Gudat, C. Kunz, and H. Petersen, Phys. Rev. Lett. 32,
1370(1974).

Emission spectra were also obtained for evaporated
films of Li2S04 and LiN03. These spectra did not
show exciton peaks. Neither did they show the rapid
changes with time seen in the halogens.
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ORNL-DWG 75-6492PION BEAM DOSIMETRY

The computer code PION-1, which has been discussed
in previous annual reports, has been further improved
and now appears to contain an adequate treatment of
all of the physical processes important for applications
to cancer radiotherapy. A complete description of the
code is currently being prepared for publication.

Several calculations have been made of dose distribu

tions from pion beams. The results of one set of
calculations, made at the request of a group at the Los
Alamos Scientific Laboratory, are shown in Fig. 17.1.
The curves display the effects on depth-dose patterns in
tissue of changing the momentum spread of a negative
pion beam. The calculations were made for a uniform,
circular, parallel pion beam of radius 2 cm. In each case
the mean momentum was 171.5 MeV/c, which cor
responds to a nominal range of 20 cm. The curves show
the dose that would be measured with an axial circular

cylindrical detector the same size (2 cm radius) as the

beam and 2 mm thick. It is seen that, as the momentum

spread increases, the peak dose decreases and the
position of the peak dose shifts toward the surface. The
curve for zero percent spread was calculated for a
monoenergetic pion beam and indicates the degree to
which the width of the peak dose region is determined
by multiple scattering, range scattering, and nuclear
capture stars.

ESTIMATED W VALUES FOR

NEGATIVE PIONS IN NITROGEN

AND ARGON

Because of the availability now of high-intensity
negative pion beams for radiobiology and radiotherapy,

20

171.5 MeV/c .
2-cm UNIFORM CIRCULAR

-BEAM -I :

1. Computer Sciences Division.

2. Consultant.

3. Graduate student.
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Fig. 17.1. Absorbed dose produced by uniform circular (2 cm
radius) beams of negative pions as a function of depth in tissue.
The curve labeled 0% results from a monoenergetic beam with
momentum 171.5 MeV/c. For the other cases the momentum
distribution of the beam is Gaussian and such that one-half of

the particles have momentum within the indicated percentage

of the mean.

interest in pion dosimetry has intensified. Knowledge of
W, the average energy required to produce an ion pair,
underlies the use of ionization methods to measure

radiation dose. While W has been measured for the most

common types of radiation in many gases, its value for
pions has not. The present work provides estimates of
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W for nitrogen and argon, based on a combination of
calculations and available experimental data.

The number-energy spectra of fragments produced
from capture of negative pions by oxygen, nitrogen,
and carbon have been calculated by Guthrie, Alsmiller,
and Bertini.4 These computed spectra are consistent
with available measurements.5 '6 Except for alpha parti
cles, Revalue data for multiply charged ions are sparse.
In a recent interview, Dennis7 summarizes measure
ments of W for a number of ions in nitrogen, carbon
dioxide, argon, and several hydrocarbon gases. The
most extensive data are available for nitrogen and
argon, which were chosen for the present study.

Dennis7 reports the values shown in Fig. 17.2 for
nitrogen. Measurements have been made with protons
and alpha particles over the entire range of energies
shown. Data are also available for nitrogen ions between
25 keV and 608 keV and for carbon ions between 25

keV and 50 keV. In Fig. 17.2 we have drawn smooth
curves through the data points for helium, carbon, and

4. M. P. Guthrie, R. G. Alsmiller, Jr., and H. W. Bertini, Nucl.
Instrum. Methods 66, 29 (1968), erratum, Nucl. Instrum.
Methods 91, 669 (1971).

5. P. H. Fowler and V. M. Mays, Proc. Phys. Soc. 92, 377
(1967).

6. H. L. Anderson, E. P. Hincks, C. S. Johnson, C. Rey,and
A. M. Segav,Phys. Rev. 133, B392 (1964).

7. J. A. Dennis, Radiat. Eff. 8, 87 (1971).
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Fig. 17.2. W values for ions stopped in N2 as functions of
their initial energy E. Dashed curve shows extrapolation of data
used in the present work for nitrogen ions.

nitrogen ions. Dennis gives the values W„ = 34.6 eV/ip
(electron volts per ion pair) and W = 36.39 eV/ip for
high-energy beta and alpha particles in nitrogen gas. The
curve for nitrogen has been extrapolated (dashed
portion) to energies beyond which experimental meas
urements are available, based on use of the universal
reduced velocity-squared parameter, E/MZ4^3, where E
is the energy of the ion, M its mass, and Z its atomic
number. This parameter is the same for a 537-keV alpha
particle and a 10-MeV nitrogen ion, for which the
extrapolated value WN = 38.5 eV/ip was assumed. Data
for the other nuclear fragments produced by pion
capture in tissue — namely, boron, beryllium, and
lithium ions, tritons, and deuterons —are scant. Curves
for these ions could also be constructed, based on the
reduced velocity-squared parameter, and drawn
smoothly between the curves in Fig. 17.2. However,
these other ions were treated collectively in the
calculations.

Figure 17.3 shows a similar plot for argon gas. The
values of W are generally smaller than those for
nitrogen. The data for argon indicate that Wis the same
for nitrogen, helium, and hydrogen ions at energies as
low as about 0.5 MeV.

Based on Figs. 17.2 and 17.3 and the spectra of
Guthrie et al.,4 numerical calculations of W were
carried out. The results are given in Table 17.1. The
values of Wc, WN, and Wq represents the average
energies required to form an ion pair in nitrogen or
argon gas by the ions produced when a stopped negative

ORNL-DWG 74-5877
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Fig. 17.3. W values for ions stopped in Ar as functions of
their initial energy E.
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Table 17.1. Calculated W for ionization in nitrogen and argon
gas following capture of negative pions by elements in soft

tissue and W averaged over tissue elements
Values in electron volts per ion pair

Wc
WN
w0

^TISSUE

Ar

36.40 26.30

36.42 26.30

36.44 26.30

36.43 26.30

pion is captured by a carbon, nitrogen, or oxygen
nucleus. The values of WTISsue represent the energies
when the capturing carbon, nitrogen, and oxygen nuclei
are present in the relative atomic abundance withwhich
they occur in soft tissue (C, 0.2594; N, 0.0370; 0,
0.7036). In computing the values of WTISSije, il was
assumed that the capture probability is proportional to
Z, as described by the Fermi-Teller8 capture rule.9

Since only a few measurements of Whave been made
at low energies, it is important to see what effect the
energy dependence of W may have on dosimetric
measurements with negative pions. To this end, the
calculations were repeated with an energy-independent
value of W for each type of ion. Specifically, values at
10 MeV were assumed to apply at all energies. The
results for nitrogen are shown in Table 17.2. Compari
son with Table 17.1 indicates that neglecting the energy
dependence of W introduces an error of only about
0.1% for nitrogen. The error for argon is much less. This
finding is not strongly dependent on the actual values
of W assumed at 10 MeV. These results indicate that the
energy dependence of W is not critical for the dosime
try of negative pions in tissue-like materials.

Additional computations were made for an experi
mental pion beam used in previous work.10 The pions
had a Gaussian momentum distribution with a mean of

176 MeV/c and a spread of 2%. The beam was parallel,
nonuniform, and elliptic in shape with major and minor
axes of 7 cm and 6 cm and was incident on a water

target. The absorbed dose was calculated as a function
of depth in thin circular volume elements of radius 3
cm centered along the beam axis. Pion depth-dose
curves are characterized by two regions, a plateau and a
peak. For the beam studied, the plateau extends from

8. E. Fermi and E. Teller,Phys. Rev. 72, 399 (1947).
9. If this rule is ignored, the computed value of lfTiggui£ is

different by less than 10 eV/ip.
10. J. E. Turner, J. Dutrannois, H. A. Wright, R. N. Hamm, J.

Baarli, A. H. Sullivan, M. J. Berger, and S. M. Seltzer, Radiat.
Res. 52,229 (1972).

Table 17.2. W for nitrogengas computed under assumption
of energy independence

Values in electron volts per ion pair

WN

WQ

^TISSUE

36.38

36.39

36.40

36.39

Table 17.3. W estimated for nitrogen gas in plateau and

peak regionsof typical pion depth-dose curve

Particle type
Relative dose (%)

W (eV/ip)

Plateau Peak

Pion (direct ionization) 89 38 36.3

Protons 4 27 36.3

Heavy particles 6 30 37.4

Neutrons 1 5 37.4

Average W
Plateau 36.38

Peak 36.69

the surface to a depth of about 15 cm, beyond which
the peak occurswith a maximum at 21 cm. Beyond this
peak, the dose falls virtually to zero at a depth of 25
cm.

Values of Wfor nitrogen gas, calculated in the plateau
and peak regions of this beam, are given in Table 17.3.
Contributions to dose made by various types of
particles1 ' were weighted by the Wvalues for capture
by oxygen (Table 17.1). Table 17.3 indicates that,
when nitrogen is used in an ionization chamber, the
value of W may increase about 0.3 eV/ip in the peak,
relative to the plateau - a difference of approximately
1%. Since these changes were determined by taking
differences, they are not very sensitive to systematic
errors in the individual numbers used in the calcula

tions. When argon is used, even less difference in W
between the plateau and peak regions is expected.

In summary, Wvalues estimated for stopped negative
pions are given in Table 17.1. This work indicates that
the energy dependence of W amounts to only about
0.1% in measuring the dose delivered in tissue by
stopped pions. The calculations also indicate that W

11. These contributions are shown individually in Fig. 6 of
ref. 9. The muon and electron contamination of the actual
experimental beam was not included in the estimates made
here. Its inclusion would have little effect.
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changes by only about 1% between the plateau and
peak regions for a typical pion beam. A summary of
this work has been submitted for publication.12

MONTE CARLO TREATMENT OF MULTIPLE

COULOMB SCATTERING IN PION-BEAM DOSE

CALCULATIONS

As a charged particle traverses matter, it undergoes a
large number of small-angle scattering events due to the
long-range Coulomb interaction with atomic nuclei.
This multiple Coulomb scattering, which occurs almost
continuously, markedly affects the patterns of dose
deposition that can be obtained with pion beams.
Indeed, for therapeutic applications, multiple scattering
largely determines the extent to which the absorbed
dose from pions can be localized in a tumor region.

The question arises of how to represent multiple
Coulomb scattering in Monte Carlo calculations for
pion beams. Because of the large number of scattering
events, direct collision-by-collision simulation based on
the Rutherford scattering cross section is not feasible.
Instead, an analytic procedure must be devised to
represent this effect. Three such procedures were
investigated, as described below, and one was selected
and incorporated in PION-1. Theoretical predictions
were compared with results obtained by using the
empirical formulas of Fowler and Perkins13 for the
lateral spread of pion beams in tissue due to multiple
Coulomb scattering.

1. Single scatter at surface of target. In the first
calculation it was assumed that each pion is deflected
through some angle as it enters the surface of the target;
thereafter, the pion travels in a straight line. For each
incident pion the angle was chosen from a distribution
that gives the correct empirical distribution of lateral
track displacements in the stopping region. This simple
procedure, which uses only 38 sec of computer time for
10,000 incident pions,14 gives the correct peak-to-
surface dose ratio for the typical pion beams we have
studied. However, it causes the beam to spread too
much between the surface and the peak.

Calculations were performed for a pencil beam of
82-MeV pions incident on tissue of unit density. All
nuclear reactions and range straggling were "turned off

12. J. E. Turner, H. A. Wright, and R. N. Hamm, submitted
to Health Physics.

13. P. H. Fowler and D. H. Perkins,Nature 189, 524 (1961).

14. IBM 360 model 91.
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Fig. 17.4. Empirical (crosses) and calculated (circles) distri
butions of projected lateral displacements at a depth of 14 cm
in a tissue target bombarded by a pencil beam of 82-MeV pions
(range, 20.2 cm). A single deflection at the surface of the target
was assumed in the calculations.

in order to study the effects of multiple scattering
alone. Each pion traveled exactly the same distance,
20.2 cm, and came to rest. The empirical distribution of

projected lateral displacements at a depth of 14 cm is
shown by the crosses in Fig. 17.4. The calculated
projected distribution, determined by tabulating the
relative number of pions with displacement between 0
and 2.4 cm in 0.1-cm intervals, is shown by the circles.
Both distributions are relative and have unit height at j
= 0. The results show clearly the extent to which this
simplified, single-deflection representation exaggerates
multiple scattering at intermediate depths between the
surface and the peak (near 20.2 cm).

While perhaps useful in special cases, the single-deflec
tion method is unnecessarily crude and inadequate for

many applications.
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Fig. 17.5. Empirical (crosses) and calculated (circles) distri
butions of projected lateral displacement at a depth of 14 cm in
a tissue target bombarded by a pencil beam of 82-MeV pions.
Multiple scattering was computed at successive scattering
distances s = 1 cm by use of angular distributions only.

2. Use of angular scattering distributions only.
Bichsel15 has given formulas, based on Molie're's
theory,16 which describe the angular distribution of an
initially parallel beam of charged particles after pene
trating a thin foil of variable thickness s. Using Bichsel's
tabulations, we performed calculations for a pencil
beam of 82-MeV pions by letting each pion be deflected
after each centimeter of travel in the target. Figure 17.5
shows the calculated projected lateral displacement
distributions (circles) for the 82-MeV pencil pion beam
at a depth of 14 cm. The displacements fall generally
below the Fowler-Perkins empirical values (crosses)

15. Hans Bichsel, p. 8 in American Institute of Physics

Handbook, 3d ed., ed. by Dwight E. Gray, McGraw-Hill, New
York, 1972.

16. G. Molie're, Z. Naturforsch. 3A, 78 (1948).

except at large displacements. Since Bichsel's compila
tions apply to thin foils, improvement in the computa
tion of multiple scattering is expected when the
scattering distance is reduced. Calculations were also
performed with scattering at intervals of s = 0.5 cm and
s = 0.1 cm, with some improvement. The computer
running time for 10,000 incident pions is increased
from 113 sec to 190 sec in going from s = 1 cm to s =
0.5 cm.

As a practical trade-off between physical reality and
running time, further calculations have indicated that
using Bichsel's tabulations with suitably adjusted
parameters and s = 1 cm gives a good overall compro
mise to use for pion dose calculations. This formalism
has been incorporated into PION-1. As described next,
little improvement, if any, is noted with the more
detailed joint angle-displacement distribution.
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Fig. 17.6. Empirical (crosses) and calculated (circles) distri
butions of projected lateral displacement at a depth of 14 cm in
a tissue target bombirded by a pencil beam of 82-MeV pions.
Multiple scattering was computed by use of joint angular-lateral

displacement distributions at path intervals of 1 cm.
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3. Use of correlated angle-displacement distributions.
Rossi17 presents a formula for the distributions of
lateral displacements and projected angles at a given
depth. The joint angle-displacement distribution was
applied to the pencil beam of 82-MeV pions. Results of
the calculation are shown in Fig. 17.6, where it is seen
that the agreement with the empirical fit is good. The
computer running time of 179 sec exceeds the 113 sec
needed when only the angular distributions are used
every centimeter of travel. Comparison of the two
methods indicates that the simpler treatment of multi
ple Coulomb scattering with Bichsel's tabulations is
adequate for many applications.

Results of a realistic sample case show the effect of
multiple Coulomb scattering. Calculations were per
formed for a uniform, circular (radius = 2 cm), parallel
beam of pions incident normally on the end of a tissue
cylinder. The pions were given a Gaussian momentum
distribution with a mean of 153 MeV/c (energy = 67.8

MeV; range in tissue = 15.0 cm) and a momentum
spread of 2% (i.e., 50% of the pions had momentum
within ± 2% of the mean). The absorbed dose from
10,000 pions was calculated as a function of position in
the target, and the code ISODATA18 was used to
compute and plot isodose contours. The calculations in
this section were performed with nuclear reactions,
range straggling, and secondary particle transport in
cluded, both with and without multiple scattering.

The isodose contours with multiple scattering "turned
off are shown in Fig. 17.7. The calculated contour
levels range from 0.18 X 10""7 rad/pion down to 0.10 X
10~9 rad/pion, as indicated. The pions are incident

17. Bruno Rossi, High-Energy Particles, p. 569, Prentice-Hall,
Inc., New York, 1952.

18. V. E. Anderson, R. N. Hamm, J. E. Turner, H. A. Wright,
R. G. Alsmiller, Jr., and T. W. Armstrong, ORNL-TM4296
(February 1974).
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from the left parallel to the beam axis at 0 and cover a
circular area of radius 2 cm seen edge on in the figure.
Because the beam is uniform and the target homoge
neous, the contours have cylindrical symmetry about
the beam axis. Distances are shown in centimeters. With

no multiple scattering, each incident pion travels
straight ahead until it interacts with a nucleus or comes
to rest. The dose contours spread only slightly as the
beam penetrates the target. In the peak region the
contours fall off rapidly on both sides at a distance of
about 2 cm from the axis. The dose falls by a factor of
18 in less than 1 cm.

The corresponding dose contours when multiple
scattering is included are shown in Fig. 17.8. The
high-dose region is much smaller than before. The same
lateral drop-off in dose by a factor of 18 occurs over a
distance of about 3 cm. The spreading of the beam as it
enters the target is also evident. As this example

illustrates, multiple Coulomb scattering can limit
severely the degree to which a concentrated therapeutic
dose can be delivered to a localized tumor region.

A report of this work is being prepared for
publication.19

SURFACE-PLASMON EXCITATION IN X-RAY

INELASTIC SCATTERING ON SPHERICAL VOIDS

IN METALS

The production of voids in metals, under neutron
irradiation for example, may lead to serious deteriora
tion in the mechanical strength of the material. Non
destructive testing methods are needed to determine
density of voids, size distribution, etc. We have per-

19. R. N. Hamm, H. A. Wright, and J. E. Turner, submitted
to the Journal ofApplied Physics.
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formed a theoretical calculation of the excitation of

surface plasmons in x-ray inelastic scattering on spheri
cal voids in a metal which may have direct relevance to
this problem.

We consider a system composed of voids distributed
at random in a metal. The number of voids per unit
volume is assumed to be so small that the scattering
from each void is not influenced by the presence of the
other voids. The theoretical calculation then reduces to

the calculation of the cross section for x-ray inelastic
scattering from a single void in the metal.

The model chosen to represent the response of the
metal to perturbations is the classical free-electron gas
treated in the hydrodynamical approximation.20 For
the case of x-ray photons with frequency much greater
than the plasma frequency, the interaction Hamiltonian
is given by

V
2mc J-d3rn(r)A(r) • A(r) (1)

where A(r) is the vector potential of the photon field
and «(r) is the hydrodynamic density fluctuation
operator for the electron gas. For a "void" of radius r0
containing a material with dielectric constant e0 embed
ded in the electron gas, we find

«(r) = ro) 27rhco/ 1/2

4ne /.m.pU^o + O+lJV

X{2l+\)Ylmp{8,<p)(bimp +bhmp) (2)

in a spherical coordinate system with origin at the
center of the void. The delta function 5(r —r0)
indicates that density fluctuations occur only on the
surface of the void. The Yimp's are real spherical
harmonics; bimp (6T/mp) is tne annihilation (creation)
operator for the /, m, p surface-plasmon state. The
frequency co/ depends only on the integer
/ = 0, 1,2,3, ... , and the dielectric constant of the
material in the void through the equation

CO/ (/+l)cop2/[/(e0+l)+l] (3)

with cop the plasma frequency for the electron gas. An
interesting feature here is the existence of a monopole
mode corresponding to a uniform charge distribution
over the surface of the void. The charge on the void for
this mode varies with time at the frequency

20. See, for example, R. H. Ritchie and R. E. Wilems, Phys.
Rev. 178, 372 (1969).

co/ = o = cjp independent of the dielectric material in
the "void."

The cross section can now be calculated using
standard methods of quantum mechanics. We find the
differential cross section doi/d£l for exciting a surface
plasmon of energy hco, by scattering photons of initial
energy hco^ into the solid angle dQ, about the direction
of the incident photon beam, for an unpolarized
incident beam, to be given by

dal - l 3 2 >oW/(2/+ l)3 (co,
—— — — Oi Qq ——
dtt 4 c[l(e0 + 1)+ 1] co,

co,)

X//2(£r0)(l+cos2 8). (4)

Here k is the momentum transfer to the void (in units
of h), a = e2/bc, aQ = h2/me2, and // is the spherical
Bessel function of order /. The momentum transfer is

related to the scattering angle 8 through the equation

k2 =̂ (cos to/) sur- +—— . (5)

In Fig. 17.9 we plot the sum over all modes (only
/ = 0, . . . , 15 contribute in this case for 0° < 8 < 12°)
of the differential scattering cross section for plasmon
excitation per void in units of the Thomson scattering

ORNL-DWG 75-6493
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Fig. 17.9. Total differential scattering cross section for
exciting surface plasmons on voids in an electron gas (plasma
energy hcj - 22 eV) as a function of x-ray scattering angle for
6-keV x rays. The void radius is r^ = 20 A, and en = 1•
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cross section Othom = 8nrc2/3 (rc is the classical elec
tron radius). The plasma energy hcop is 22 eV cor
responding to molybdenum, the energy of the x-ray
photons is 6 keV, and the void of radius 20 A is
assumed to have vacuum inside (i.e., e0 = 1). The shape
of this curve should describe the scattered intensity as a

function of angle in an experiment, and the scattered
intensity should be proportional to the density of voids
in the sample.

Additional information might also be obtained from
an energy analysis of photons scattered at a fixed angle.
In Fig. 17.10 we show the differential scattering cross
section for the first four surface-plasmon modes for
hco„ = 22 eV, x-ray energy = 6 keV, but with a void
radius of 200 A. Also shown on the figure is a list of the
energies of these first four modes. The photon energy
loss spectrum for a fixed scattering angle should reveal
peaks at these energies with intensities proportional to
the cross sections for the modes at that scattering angle.
As may be seen from this figure, rather large variations
in these intensities may occur as the scattering angle is

varied.

We would encourage experimental work to study
excitation of surface-plasmon modes on voids. It is not

ORNL-DWG 75-6494
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17.10. The differential scattering cross section for the
1, 2, 3 modes as a function of scattering angle 6 for
22 eV, e0= 1, x-ray energy = 6 keV, and r0 = 200 A.

only a problem of intrinsic scientific interest but one
which may prove to be of practical value also for the
study of void formation in metals.

THEORY OF THE LINEAR RESPONSE FUNCTION

OF A MODEL INSULATOR2 '

Important progress has been made in understanding
the properties of metals through study of the electron
gas model. Here one ignores the detailed crystalline
properties of the metal and concentrates on the
dynamic properties of the conduction electrons. From
this model, far-reaching conclusions have been drawn
about collective modes, screening of impurity charges,
and stopping power, to name only a few of the
important phenomena in metals which have been
treated on this basis.

There have been a few calculations of the dielectric

response function of semiconductors, semimetals, and
insulators. Most of the recent papers are concerned with
the dielectric response function, e, of specific solids. In
an effort to develop a similarly simplified model for
insulators which retains useful physical information
about electronic properties, we have recently derived an
expression for the linear response function of a ran
domly distributed assembly of molecules. This model
would be expected to describe best the electronic
properties of an insulating liquid.

The theoretical calculation starts with the polariza
tion propagator,tt(r2 , t;rl, 0), describing the ground-
state expectation value for the process of pair creation
at (r,, 0) followed by destruction of a pair at (r2. t). It
is defined by

7T(r2 ,t; n,0) =-^<*o fr[$f(r2 ,0$(r2, 0$+(ri,0)
>Kr,,0)] |*0> (1)

where |*0) ls tne exact Heisenberg state vector of the
system (we consider only the case T = 0 K), £2 is the
volume of the system, and \p(r, t) is the wave destruc
tion operator for electrons at (r, t). The wave operators
may be expressed in occupation number representation

as

OCC

kr,t)=L L Un\(r)$n\(t)
1 n<n-p

UNOCC

+ Z «k(r)Sk(0,(2)

21. Research sponsored in part by the Defense Nuclear
Agency, under subtask TA040, but does not reflect endorse
ment by the sponsor.
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where un\(r) is the «th single-particle "orbital" on the
ion core at position 1 and the a's are the usual creation
operators. We take electrons to occupy independent
orbitals centered on each of the ion cores, neglect
overlap of orbitals on different ion cores, and will
assume that there are «F occupied orbitals on each
core. With these assumptions we have «„i(r) = un(r —1).
Although not considered here, we could take a different
distribution of orbitals on different cores. The excited

states are taken to be OPW (orthogonalized plane wave)
orbitals; that is,

,/k-r

"kO) = • 2j L <nm|k> unm(r) » (3)
ft ' n<n„ m

F

where (r|«m> = «„m(r) and <r |k> = e /fi1'2 for brev
ity. One may easily check that «k(r) 's orthogonal to all
bound-state orbitals. The binding energies correspond
ing to these orbitals will be taken to fit experiment.
Since we do not wish to assume that the system

possesses any sort of crystal symmetry, it is not
appropriate to use Bloch functions to represent electron
states.

The Fourier representation of n(r2 , t;ti, 0) may be
defined as

*q1,q2(0=/d3'i/d3r2e-,'(q'"r' +q''l2)

^2,f;r,,0) . (4)

If we abbreviate Eq. (2) as

\Kr,0 =E"/.l(r)3,,i(0, (5)
n,\

Eq. (4) leads to

wqi,q2W

=~~L L L L jd3rjd3r2e *<WW2-ri)
s,\ u,m v,p w,q

Xufi(r2) uum(r2 ) w*p(r,) uwq(ri)

X<*o\T$ht)2um(t)S$P(0)2wq(0)] l*o> -(6)

To proceed, we need to approximate; we take i^n)
to be the state vector of the noninteracting ground

state (|0>), and we take the state creation and annihila
tion operators also to have their noninteracting forms.

Thus

ICOvt .asi(t) =e-'^tdsl(0) = e ""»' 2sl
(V)

Sj,(0 =e,'"*rSsti(0)=c,'Wj'«Ji

where cos is the eigenenergy of an electron in the sth
orbital located on any of the ions. We also find it
convenient to make the assumption that the positions
of the ion cores are completely random. Then we may
replace the sum over I by an integral,

HI"'-
where N is the number of ion cores in the volume SI.

With these assumptions we find

*i'>0)(0=
9i,q2

iN
X E Kp +q. i«>
s P

" E<p|«> <«|e_/qi-r|s>|2 e->("p-"s)t
n

Xo3(qi+q2) (8)

for t > 0. For the case t < 0 it is only necessary to take
the complex conjugate of the time-dependent exponen
tial factor in Eq. (8). We now compute the frequency
transform of the complete polarization propagator as

'9i.q2.w •/; dteiutit,qi,Q2 (0

N

-53(qi+q2)EE'<P +(ii,s>
s p

ft

-E<p;n><nl«"''qi"r!s>l2

C0j —co —it] cop —C0j + co —it] (9)

where 77 is a positive infinitesimal. Furthermore, in case
the system has translational symmetry,

Tq,,q2(0-*83(qi +qa)TqiW;

in that case the dielectric response function eq w is
given in terms of

*q,w=/Ae''"'7rq(0
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as

eq,u> ~ 1 ~~ Vq^u) (10)

where vq = 4tt/^2 is the Fourier transform of the
Coulomb interaction energy. Note that atomic units are
being used throughout. Thus we have

-q,a> l+^EElFpqs|
^ s p

1

X
cor COs — CO —17] COr cos + co —ir\

(11)

as the dielectric response function for our model
insulator, where

,-i(p + q) • r

•"sO)pqs=fd3F„as = 1
ft1/2

Zfd*r1L—lun(rl)f<Pr2e-*-t2
n ft1/2

X^(r2)ws(r2) (12)

is the OPW form factor.

It is reasonable to look at the case where only a single
ground-state orbital need be considered. This might be
appropriate when all other orbitals are tightly bound.
For an s orbital take

(r)=J&e-aru0

as a prope rly normalized one Then

o=8.JIT
r i

Ipq
U«2 + (q + p)2]2

16a4

(a2 +p2)2 (4a2 +<?2)2 (13)

The resulting response function is analytically quite
manageable; it describes collective states and screening
of impurity charges and at present is being used to
determine electron inelastic mean free paths and energy

loss rates in insulators.

APPLICATION OF THE MODEL INSULATOR

THEORY TO A1203: THE LOW-ENERGY END

OF THE ELECTRON SLOWING-DOWN

SPECTRUM2 2

The theory described in the preceeding paper yields
an analytical expression for the imaginary part of the

dielectric response function of a model insulator and
has been applied to compute the differential inelastic
mean free path of a swift electron interacting with
valence-band electrons in A1203. We assume that the
dispersion relation for energetic electrons in the model
insulator is given by cop = j3p2, where 0 = V2 if the
energetic electron has the bare electron mass, and we
consider only one bound state. Instead of using the
conventional normalization for the excited-state OPW

wave function, we require that the imaginary part of the
dielectric response function, eq2^,, satisfy the usual sum
rule:

co^.2),fi?co = 27r2« (1)

Here n is the density of ion cores, and we continue to
work in atomic units. We find the sum-rule-constrained

eq2<i> t0be given by

eq]l =imrifrA (2)

where

3 [a2+(?-p)2]3 [c^+fa+p)2]-

32a4 1 1

(a2+p2)2(4a2+q2)2 a2+(q-p)2 a2+(q+p)2

I024pqot8

(a2+p2)4(4a2V)4 . (3)

A= [wB +,3(<72 +a2)]

^[(co-cog)/?]1/2

1 32a3

8a5 (4a2+^2)4 (4)

(5)

Here cog is the excitation energy of the single bound
state. The procedure for using this model dielectric
function to represent that of a real insulator will be to
consider a and (3 as adjustable constants and match the
optical dielectric function measured for that material.
In the "optical limit," q ->0, Eq. (2) becomes

e(2) = 51277
7 3a'p

,2^60(cos+pV)(a2+p2)'
(6)

22. Research sponsored in part by the Defense Nuclear
Agency, under subtask TA040, but does not reflect endorse
ment by the sponsor.
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We have tried matching e^2^ as given by Eq. (6) to the
experimental values measured for A1203 by Arakawa
and Williams.23 Figure 17.11 shows a comparison of
these results, where curve A represents the experimental
results and curve B is obtained from our model with a =

0.78, 6 = l/2, and tos = 0.3309. We used a density of
4.05 for corundum and took 15 valence electrons per

A1203 unit. In effect we have assumed that the
threshold for excitation of any of the valence electrons
is 9 eV. We see that the agreement is quite reasonable.
We could obtain excellent agreement by taking a
combination of ground-state orbitals.

From the values of a, 0, and cog determined in the
"optical limit," the real part of the dielectric response
function, e(q^, was computed from eq2^, using the
Kramers-Kronig relations between the real and imagi
nary parts of an analytic function. Figure 17.12 shows a

ORNL-DWG 75-6495
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Fig. 17.11. The imaginary part of the dielectric response
function of the model insulator in the "optical limit" (curve B)
fitted to experimental results for A1203 (curve A).
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plot of the energy loss function, Im (— l/eq?CJ), as a
function of energy transfer co for various values of
momentum transfer q from these calculations, where q
and co are measured in atomic units. One sees a

prominent plasmon resonance peaking at to ~ 1 (energy
transfer ~ 27.2 eV) when q < 1. As q increases to larger
values the loss function peaks at values of co which
increase and approach the quantity co = q212, the
energy-momentum relation of a free electron, as q -> °°.
Thus our model displays a smooth transition in re
sponse from collective behavior for small q to single-
particle behavior for large q.

The differential inverse mean free path, dnjdoj, for an
electron of velocity v interacting with a medium of
dielectric response function eq^ is given by

djJ.=_2_rv+^2~2c°dqim
d" ^2JV-v/v^2co qm

1

=q,co
(7)

This integral has been evaluated numerically as a
function of v using the dielectric response function of a
model insulator applied to A1203. The results may be
fitted reasonably well for v > 4.7 with a function of the
form

i=Aw)ln(v/v,)+g(w)
aco

(8)

where /(co) is a function which describes mainly
plasmon creation, ^(co) represents primarily interactions

23. E. T. Arakawa and M. W.Williams,/. Phys. Chem. Solids
29,735 (1968).

ORNL-DWG 75-6496

Fig. 17.12. Theenergy lossfunction asa function of momentum andenergy transfer fromthe model insulator theory.
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Fig. 17.13. Slowing-down spectrum generated by source
electrons of 100 eV and 200 eV due to interaction with the

valence band in A1203.

corresponding to large momentum transfers, and vt is
an empirically determined constant. For values of v <
4.7 the function dn/doj is stored in tabular form;
double interpolation in these tables is carried out in a
straightforward way for intermediate values of v and co.

Figure 17.13 shows some preliminary results of a
calculation of electron slowing-down spectra generated
in our model insulator by electrons having energies of
100 and 200 eV. One sees a divergence in the flux (j)(E)
as the energy E approaches the threshold for excitation
in the insulator. At the high-energy end of the spectrum
there are several peaks just below the source energy
spaced at intervals of ~ 28 eV. These are plasmon loss
peaks and represent electrons which are degraded by
the creation of one, two, etc., plasmons after being
emitted from the source. These calculations are being
extended to include inner-shell excitations.

These calculations show that it is possible to fit
experimental data on optical dielectric functions of
insulating materials using the model insulator theory.
The dielectric response function determined in this way
may then be used to calculate mean free paths, stopping
powers, ranges, slowing-down spectra, etc. This model

may thus prove to have wide applicability to the study
of dynamic electron properties in insulating substances.

SCATTERING OF ELECTROMAGNETIC WAVES

BY CYLINDERS: EXCITATION OF

SURFACE-PLASMON MODES

In our continuing study of collective states in solids
and their role in energy transport processes, we have
been examining numerically the equations describing
the scattering of light by cylinders and the excitation of
surface-plasmon modes on the cylinders. We have
developed a computer program to calculate the extinc
tion, scattering, and absorption efficiencies for a plane
wave of arbitrary angle of incidence on a right circular
cylinder. The work described here represents a signifi
cant extension of the work reported.last year on this
topic.

The theoretical basis for our calculations is the

treatment by Wait24 of the scattering of a plane wave
of arbitrary angle of incidence from an infinitely long
circular dielectric cylinder. Consider a plane wave of
frequency co (time dependence ~ el0Jt) and wave vector
k incident at an angle 0; from the cylinder axis as
shown in Fig. 17.14. The response of the material in the
cylinder of radius a to an electromagnetic field of
frequency co is specified by the complex dielectric
function e(co), while the response of the medium
outside the cylinder is specified by e0(co). Both
materials are assumed to be nonmagnetic. Standard
methods from electromagnetic theory are used to
calculate the extinction, scattering, and absorption
efficiencies.

The scattering efficiency of the cylinder is defined as
the ratio of the energy scattered per second per unit
length of cylinder to the energy incident per second per
unit length. The polarization of the incident plane wave
will be specified by X. For X = 0 the electric field of the
incident wave is in the plane of incidence formed by k
and the cylinder axis (P polarization), and X = 1
corresponds to the electric field of the incident wave
perpendicular to the plane of incidence (S polarization).
The scattering efficiency is given by

Q,SCATTA1 e0 2 (ffw/c) sin 8i Ho,\r

°° 1 \ 1
+2E [\An,x\2 +\Bn,x\2) •>

n=\\

24. J. R. Wait, Can. J. Phys. 33, 189 (1955).

(1)
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Fig. 17.14. Geometry for the scattering of electromagnetic waves by acylinder.

where

_ /„(v) 2/ {An(v) - [e(co)/e0(co)] x/»}
i4"'X~^(v)+ 7TV2[42>(V)]2/J„

S"'x"-v2\v2 ^i^(v)]2Z)n
m cos 9;

(3)
7TV

£„=[h„(y) - ^t\in(u)} [hn(y) -/«(«)]

72-^)2»2cos2 0,. (4)

In the above equations we have also used the definitions

„=^[e(W)-eoMcos20,-]1/2 , (5)

[e0(oj)}1'2 sm9t , (6)

flCO

c

flCO

/«(")=
J'n(")

UJn(u)
(7)

where /„ is the Bessel function ofthe first kind oforder
nand the prime indicates differentiation with respect to
the argument, and

//<2)'(v)
hn(y) = —7jr~-

v<2)(v)
(8)

where //<„2) is the Hankel function ofthe second kind of
ordern.

The extinction efficiency is a measure of removal of
energy from the incident electromagnetic field by
scattering from the cylinder and absorption in the
cylinder. The extinction efficiency is given by

QEXT,\ (2X+l)/2
Co

(aco/c) sin 8t

RqA0,x +2 E Re/l„r?
n=\

(9)

where Re ( ) denotes the real part of ( ). The
absorption efficiency is then given by

QABS.X GexT,\ Q SCATT,\
(10)

If the dielectric function of the cylinder is real, <2abs -
0 and Qext = Qscatt-

We are now able to calculate these quantities for a
cylinder ofarbitrary complex dielectric function with a
cylinder radius less than about 2 ju. However, to
accentuate features due to surface-plasmon excitation,
our calculations have been done mainly for the free-
electron gas model including a phenomenological damp
ing constant y. For the dielectric response of the
cylinder we use

e(co) = 1
COn

co(co - iy)
(11)
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In Fig. 17.15 we plot the scattering efficiency as a
function of the frequency of the incident P-polarized
plane wave in units of the plasma energy. The angle of
incidence is 8( = 40°, T= y/cop =0(no damping), and
acop/c = 1.00. For an electron gas with a plasma
frequency corresponding to that of the conduction
band in aluminum, aojp/c = 1 implies a* 132 A. The
curves labeled n = 0, 1, 2, 3 represent the contribution
to the total from these terms in the sum over n. The n =
2 and n = 3 resonances indicate rather well-defined
surface-plasmon excitations. The n = 1 mode produces
less well defined structure. Figure 17.16 illustrates the
effect of damping in the electron gas. As the damping is
increased the structure in the scattering efficiency
becomes less pronounced (i.e., the corresponding sur
face-plasmon modes are less well defined), and the
absorption efficiency increases. In Fig. 17.17 we show
the results for the scattering efficiency for S- and
P-polarized incident plane waves for a larger value of
the parameter acop/c. Here we have labeled the peaks
corresponding to the n = 3 through n = 9 surface-
plasmon modes. In general, for larger values of acjp/c,

more peaks are seen in the scattering efficiency spread
over a wider range of co/cop values. There is, however,
an upper limit on the value of co/cop for which
structure will be seen. That value is co/cop = l/\/2,
corresponding to the surface-plasmon energy on a flat
surface bounded by vacuum.

We are still limited in our calculations to a value of
acop/c < 270 due to limitations in the routines required
for calculating the Bessel functions. This restriction on
the calculations has prevented detailed comparison with
experimental results, where the parameter acop/c gen
erally takes on values > 400 for metals. We hope to be
able to extend the range of applicability of our results
to larger values of aup/c to complement experimental
work in this area.

The results we have described here are related to, but
more detailed than, the calculations of Pfeiffer, Econ
omou, and Ngai25 on the surface-plasmon modes on a
cylinder. They have derived dispersion relations for the

25. C. A. Pfeiffer, E. N. Economou, and K. L Ngai Phys
Rev. B 15, 3038 (1974).

ORNL-DWG. 74- 10512R
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radiative surface-plasmon modes by searching for
minima in the function D„ in Eq. (4). For the sharp,
well-defined resonances we find excellent agreement
with their calculations. However, for the broader
resonances the position where the maximum in the
scattering occurs for a given n is shifted from their
dispersion relation predictions, due to other terms
which enter in the scattering equations. Thus for
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Fig. 17.16. The influence of damping in the electron gas on
the scattering efficiency and absorption efficiency for
aup/c = 1.
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Fig. 17.17. The scattering efficiency as a function of cj/ojp
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comparison with experimental measurements of light
scattering, the dispersion relations are not sufficient to
predict the positions of all peaks, and the full treatment
of the interaction of electromagnetic waves with the
cylinder is required.

ENERGY LOSS OF SWIFT PROTON

CLUSTERS IN SOLIDS

Energy-loss measurements in transmission experi
ments on carbon and gold foils with ~100-keV/nu-
cleon H2+ and H3+ beams reveal that protons movingin
spatially correlated clusters have effective charge num
bers significantly larger than unity. This effect may be
readily understood qualitatively. Consider a molecule of
mass Mc and kinetic energy E = %Mcv2 impinging on a
solid so that the speed v exceeds v0 = e2/h. Within
a few atomic layers, the valence electrons are stripped,
at time / = 0, leaving a cluster of spatially correlated
atomic ions to penetrate into the target. During
penetration, the cluster explodes: The distance between

the ions i and /, Rij(t), increases from the initial value,
Ri/(0), under the influence of Coulomb repulsion. The
kinetic energy loss of the cluster per unit distance
traversed in the solid, that is, the cluster stopping power
Sc(v), in first Born approximation can be written as
Sc(\) =Zc2(t) Sp(v), where Zc2(t) is the square of the
effective charge number of the cluster andSp(v) is the
proton stopping power. Clearly, if all Ry- were shorter
than a characteristic small distance, rciose, to be
determined, the cluster would act as a unified point
charge with Zc2(/?f/ <R close) = (SZ,)2. When the
Rjj(t) becomelonger than a characteristic distancer^ist,
the ions act independently, so that Zc2(R,y >rdjst) =
SZ/2 and the stopping power of the cluster becomes
equal to the sum of the stopping powers of its
constituents. The measured stopping power will thus be
a function of the dwell time of the cluster in a target of
thickness D, that is, of r = D/v.

We have derived Zc2(t) using a linear response theory
treatment. Let two point charges, Zxe of mass Mr and
Z2e of mass M2, proceed with velocity v parallel with
the z axis of a cylindrical coordinate system (z, p) in a
medium characterized by the dielectric function e(k,
co). The particles are separated by a vector R from 1 to
2, with components (d, b) in the z and p directions
respectively. Starting from an initial distance 7^(0) =
R0, the separation has grown under the influence of the
forceZxZ2e2\R2 toR(t) at the time

^oU1/2(Ml)1/2+ln[?1/2+(Ml)1/2]}
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where t0=(iiR03\ZxZ2e2')^ and ^=R/R0, withfi the
reduced mass.

In linear response theory, the particles set up the
scalar electric potential

^p(r,t) =~ jd2K
27T VJ

JdLO J{K-P +(zh-t)w\ (Zi +Z2 -i(n-b +uid/v)

(k2 + co2/v2)e(fc,co) (0

where k2 = K2 + co2/v2. The cluster stopping power,

Sc = Z,e dy/dz\t = Vf +Z2e9^|r = yt+R(t),

becomes

2e2 /S° ? codooJ« •. CO L

K dn I0 J0(K2+C02/V2)
Xlm|-

,2/„2

1

e(fc, co)y

X [Zt2 +Z22 +2Z1Z2/0(Kft)cos(coc?/v)] , (2)

since R <g v in the present context. The last term
describes the interference caused by the vicinage of the
projectiles, with J0 the zero-order Bessel function of
the first kind. At our particle velocities, or under
channeling conditions, the target core electrons are
ineffective; the stopping power from interactions with
the valence electrons dominates, to which Bethe's
theory applies. If the valence electrons can sustain
well-defined plasmons of energy co0, where co0 =
(4tre2n0/m)/j, one can set Im(-l/e)s (7r/2)(co02/co^)
5(co-co/t), with co£2sco02 + kf" \4m2, and Eq. (2)
becomes

2 2 Rcoo
Zl2+Z22+2Z1Z2g (3)

In the limit v > v0, the forefactor with the stopping

number

«/o

k dn

K2 +COk2/\2
2m v2

hcoo
In- (4)

is equal to the Bethe formula for Sp. We have averaged
the interference function g(Rco0/v) over all cluster
orientations with the result G(Rco0/v) shown in Fig.
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Fig. 17.18. The directionally averaged interference function
vs the reduced interparticle distance, with /"CLOSE =h/2"tv and

'"DIST = v/"0-

17.18. When R < rc,ose = h/2mv, G is of the order
unity and Z2 = {Zx +Z2)2 . When rciose <R <rdist =
v/co0, G has values close to V2 and varies only slowly
with R so that Z2 s'/2[(Z,2 +Z22) + (Zl + Z2)2 ].
When R > rdist, G drops sharply to small values and
oscillates with decreasing amplitude about zero, giving
Z2 = Zx 2 + Z22 as for independent point particles. The
oscillations signify the interference between the two
wakes of electron-density fluctuations trailing particles
separated by more than the screening length v/co0. In
terms of rciose and rdist so obtained, one retrieves Eq.
(4) in Bohr's formulation L = In ('"distA'ciose)-

To compare with experimental measurements of
energy losses by clusters, the function G[7?(r)coo/vl
must be averaged over times up to r and over the
distribution upon entering the target of interproton
distances of the cluster. Good quantitative agreement is
found with the experimental measurements of the
effective charge of H2+ and H3+ ions as a function of
dwell time or target thickness.26

The phenomenon of dwell-time-dependent stopping
powers of ion clusters in solids is important for the
prediction of penetration properties. More significantly,
it provides quantitative information about the inter-

26. W. Brandt, A. Ratkowski, and R. H. Ritchie, Phys. Rev.
Lett. 33,1325 (1974).



153

ference in clusters between the wakes of electron-

density fluctuations trailing charged particles.27

A STATISTICAL APPROACH TO THE

EVALUATION OF ELECTRON INELASTIC MEAN

FREE PATHS IN SOLIDS28

The electron gas model for the response of the
conduction-band electrons in metals has been used

quite widely. The uniform electron density assumed in
this model leads to results in many cases which agree
quite well with experiment. In the case of aluminum,
for example, calculations of electron inelastic mean free
paths yield excellent agreement with experiment.

We have been examining various methods of evaluat
ing electron inelastic mean free paths which incorporate
the relative simplicity of the electron gas model but
which would be applicable to a larger class of materials.
A statistical approach, pioneered by Jens Lindhard, has
met with considerable success when applied to the
calculation of charged-particle energy loss in many
different materials29'30 Basically the approach in
volves the assumption that the stopping medium is
characterized by a space-varying density of electrons,
«(r), and that the contribution of those electrons in a
small element d3r at r to the stopping process is the
same as that of the same number of free electrons in an

electron gas at the same density. The total stopping
power is computed by averaging over the «(r) distribu
tion appropriate to a given medium.

This procedure has been applied to the computation
of inelastic mean free paths in the two metals silver and
gold. The inverse inelastic mean free path of an electron
of energy E in an electron gas of density n is given in
atomic units by

n(E, n) =
Ejfdkf
ttEJ k J

dto Im
-1

e(k, co) (1)

where e(k, co) is the linear dielectric response function
of the electron gas,31 Ep is the Fermi energy, and k
and co are the momentum and energy lost by the fast
electron to the electron gas. The limits on the double

27. V. N. Neelavathi, R. H. Ritchie, and W. Brandt, Phys.
Rev. Lett. 33,302(1974.

28. Research sponsored in part by the Defense Nuclear
Agency, under subtask TA040, but does not reflect endorse
ment by the sponsor.

29. J. Lindhard, M. Scharff, and H. E. Schist, Kgl. Dan.
Vidensk. Selsk., Mat.-Fys. Medd. 33, No. 14 (1963).

30. E. Bonderup, Kgl. Dan. Vidensk. Selsk., Mat.-Fys. Medd.
35, No. 17 (1967).

integration are fixed by the energy-momentum relation
ship of the fast electron and by the properties of the
electron gas. In Fig. 17.19 we show the results of
numerical calculations using Eq. (1) of the inverse mean
free path in reciprocal angstroms as a function of
electron kinetic energy in electron volts. The curves
corresponding to different uniform densities are labeled
by the average interelectron spacing rs related to the
density n through n~l =4ita03rs3/3, where a0 = h2jme2
= 0.529 A.

If we now consider the density to be a function of
position, «(r), then i±[E, n(r)] will vary from point to
point in the medium. For a given density distribution
we can define an average value of i± as

(^{E))= jd3rn[E,n(x)\jj d3r (2)

where the integration is over some appropriate volume.
To test this statistical procedure we have used electron
densities in two metals, silver and gold, computed by a
relativistic Hartree-Fock method using the Wigner-
Seitz boundary condition. The densities 4irr2n(r)
plotted in Fig. 17.20 in atomic units (a.u.) for silver and
gold represent, approximately, the number of electrons
per unit radius of a spherical shell of radius r centered
about each nucleus in the respective metals. These data
have been used to average values of ji(E, n), such as are
shown in Fig. 17.19 at fixed E, according to

Jo

'rws fws
W£)>=/_ drr2 n[E,n(r)VJ drr (3)

where rws is the radius of the Wigner-Seitz sphere for a
given solid.

Figures 17.21 and 17.22 show the results of this
averaging for gold and silver respectively. For the

31. J. Lindhard, Kgl. Dan. Vidensk. Selsk., Mat.-Fys. Medd.
28, No. 8 (1954).
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purposes of comparison we have also shown experi
mental data which have been obtained for these

metals.32 Reasonable agreement is found, considering
the experimental difficulties which attend measure
ments of <p) in these energy ranges. We plan to apply
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Fig. 17.20. Electron density distribution around ion cores in
the metals Au and Ag.

10'

10° 10* 102 103 104
ELECTRON ENERGY ABOVE FERMI ENERGY (eV)

Fig. 17.21. Inverse mean free path of electrons in Au, based
on a statistical model.
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Fig. 17.22. Inverse mean free path of electrons in Ag, based
on a statistical model.

this model to other substances for which experimental
data exist.

TABULATION OF ELECTRON INTERACTION

PARAMETERS IN Al AND A120333

We have begun the theoretical calculations of mean
free path, stopping power, and range (in the continuous
slowing-down approximation) of electrons in the mate
rials Al and Al203 for electron energies over the wide
range of ~10 eV to ~10 keV. Tables of these inter
action parameters will be compiled which should be
useful to workers in many areas. The determination of
these parameters will be based on currently available
theoretical cross sections for the various mechanisms

involved in the interaction of electrons with matter.

The principal mechanisms determining the interaction
parameters are (1) the interaction of electrons with the
conduction band in Al and with the valence band in

A1203 and (2) the excitation of electrons into the
continuum from the inner shells of the Al and 0 atoms.

Part (1) has been discussed elsewhere in this annual
report and in earlier reports. Work with part (2) will be
discussed briefly here.

For the case of solids where the excitation of

electrons from the inner shells is to states in the

continuum, we write the cross section for excitation of

an electron from the subshell nl to a continuum energy
level between e and e + de as

de

4ml

(EIR){AE/R)
(Ka0)n

{Ka0)n

fnl(K,e)d\n(Ka0)2 (1)

where AE = e + eniB is the energy loss of the incident
electron, E is the energy of the incident electron, and
enlB is the binding energy of the subshell (a positive
quantity here). In addition, a0 = h2/me2 is the Bohr
radius, R = e2/2a0 = 13.6 eV is the Rydberg energy,
and hK is the momentum transfer. The limits on the

integration are given from energy and momentum
conservation by

(^flo)max: {2E - AE ±2 [E(E -AE)]1!2 }/R. (2)

32. C. R. Brundle,/ Vac. Sci. Technol. 11,212 (1974).
33. Research sponsored in part by the Defense Nuclear

Agency, under subtask TA040, but does not reflect endorse
ment by the sponsor.

Wfe^r^i-akfci^^WMk^^jiBjaiJSi^
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Generalized oscillator strengths for the ionization of
I-shell electrons in Al have been calculated by
Manson,34 using a nonrelativistic Hartree-Slater
central-field model of the atom for ionized-electron
energies from threshold to 128R. These values have
been used as input for numerical evaluation of the
integral over momentum transfer in Eq. (1). We now
have tables of (Elm02)do2slde and (E/na02)do2plde
for the values of e/R= 0,0.5, 1,2,4,8, 16, 32, 64, and
128 and for about 35 values of incident electron
energy. As some representative results of these calcula
tions, we have plotted (Eltra02)do„ilde as a function of
e/R for several values ofE for a limited range ofe/R in
Fig. 17.23 with nl -> 2s and in Fig. 17.24 with nl -* 2p.
The energy loss of the incident electron is given by
AE = e + 8.715R and AE = e + S.941R for removing
electrons from the 2s and 2p subshells respectively.

Similar calculations have been done for the Is shell in
oxygen. The values of the generalized oscillator strength
for excitation to the continuum from the Is shell of O
were taken from the work of McGuire.3 s

Generalized oscillator strengths for the K shell in Al
are not available using the Hartree-Slater method of

10
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Fig. 17.23. Plot of differential cross section for excitation of
an electron from the 2s subshell in Al to a continuum energy
level e by incident electrons of energy E/R = 20, 40, 60, 100,
400,1000.

Manson or McGuire, partly due to the length of the
computer calculations. However, it is widely accepted
that for the K shell of Al, hydrogenic calculations
should be quite good. Consequently, we have used the
form factor calculated using hydrogenic wave
functions36 to determine the cross section of excitation
of electrons from the K shell of Al to the continuum.

From the calculated differential cross section per
atom, the differential inverse mean free path for the
given process is obtained by multiplying the cross
section by the density of atoms in the solid under
study. The tabulations of this quantity for the inner
shells of Al and 0 and for the conduction band of Al
and the valence band of A1203 form the basic input
information of our calculations of mean free paths,
stopping powers, and ranges of electrons in Al and
A1203. Further theoretical consideration must be given
to the most efficient way to include exchange effects in
the calculations. From a practical standpoint we must
decide on the most useful format for presentation of
the tabulations (units, interval size for incident electron
energies, etc.).

34. S. T. Manson, Phys. Rev. A 6, 1013 (1972).
35. E. J. McGuire, Sandia research report SC-RR-70-406.
36. E. Merzbacher and H. W. Lewis in Handbuch derPhysik,

ed. by S. Flugge, Springer-Verlag, Berlin, 1958, p. 166.
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NEGATIVE-ION FORMATION IN

ORGANIC MOLECULES

There is considerable interest in the negative-ion
properties of organic molecules in the gas phase.
However, despite this intense interest, very little is
known about organic anions. Perhaps the lack of
experimental data can be traced to two reasons: (1)
experimental difficulties, or (2) physicists generally
prefer to study simpler systems. We have been making
steady progress in the area of organic negative-ion
physics by employing collision techniques (e.g.,
low-energy electron attachment, SF6 scavenger,
negative-ion—molecule reactions, and alkali atom
collisional ionization experiments). The development of
these techniques has allowed us to study bound states,
compound states (long- and short-lived), andmetastable
dissociating negative-ion states. Perhaps the most
innovative aspect of our work is the measurement of
electron affinities for organic molecules.7 The
collisional ionization technique has been used to

1. Consultant from the University of Tennessee.

2. Consultant from the University of Georgia.
3. Consultant from Davidson College.

4. University Research Participant, ORAU.
5. Southern Colleges University Union Participant from

Southwestern University, Memphis, Tennessee.
6. Graduate Student, University of Tennessee.
7. R. N. Compton, P. W. Reinhardt, and C. D. Cooper, J.

Chem. Phys. 60, 2953 (1974).

measure electron affinities for a number of organic
molecules. As an example, Fig. 18.1 shows the relative
cross section for the formation of TCNQ-
(tetracyanoquinodimethan) ions formed by collisions
with cesium atoms. From the threshold we deduce an
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Fig. 18.1. Relative cross sections for the production of
tetracyanoquinodimethan (TCNQ) negative ions and CN nega
tive ions resulting from collisions with fast cesium atoms as a
function of the energy in the center-of-mass system.
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electron affinity of 2.8 + 0.2 eV. Further data on
molecular electron affinities and correlations with
molecular orbital energy levels, using Koopmans'
theorem, are presented in a later section.

A rather thorough study of negative ion states in
parabenzoquinone (PBQ) has been completed and is
described herein. The electron affinity of PBQ was
measured to be 1.89 ± 0.2 eV, using the collisional
ionization technique. Dissociative electron attachment
to PBQ producedCsH4O-, C5 H3 0", C4 02 H2", C2 HO",
and C2H~. Our observations show that the cross section
for producing the long-lived metastable parentnegative
ion, C6H402", peaks at 1.4 ± 0.1 eV, which is
considerably lower in energy than previously reported.8
Compound negative ion states were observed at 0.7,
1.35, and 1.9 eV, using the SF6 scavenger technique
(see Figure 18.2). Our electron affinity value coupled
with calculated energies of the lowest unfilled orbitals
of PBQ permits an assignment of the compound states
observed using the SF6 scavenger technique. Orbital
energies of the four lowest unfilled and the four highest
filled orbitals of PBQ as calculated by
Merrienne-Lafore9 using a CNDO approximation are
shown in Fig. 18.3. A different set of molecular orbital
energy values as determined by Kunii and Kuroda10
using a Parisier-Parr-Pople-SCF (self-consistent field)
type of calculation are also included. The molecular
orbital designations apply only to the calculations of
Merrienne-Lafore.9 Kunii and Kuroda1' showed that
for a series of molecules, the electron affinity of a
molecule is related to the energy of the lowest vacant
molecular orbital, eLVMO, by -eLVMo~ l-9eV. From
this relationship (Koopmans' theorem) they predicted
an electron affinity of 2.08 eV for PBQ. In Fig. 18.3
the calculated energies of the lowest unfilled molecular
orbitals have been shifted so that the lowest vacant
orbital coincides with our measured electron affinity of
1.89 eV. The three resonances of lowest energy
observed experimentally for PBQ, using the SF6
scavenger technique, are included in Fig. 18.3. If one
associates the 0.70-, 1.35-, and 1.90-eV resonances with

the au, blu, and b3g unfilled orbitals of PBQ, the
agreement with the theoretical calculations of both

8. L. G. Christophorou, J. G. Carter, and A. A. Christo-
doulides, Chem. Phys. Lett. 3, 237 (1969); P. M.Collins, L. G.
Christophorou, E. L. Chaney, and J. G. Carter, Chem. Phys.
Lett. 4, 646 (1970).

9. M. F. Merrienne-Lafore, quoted in H. P. Trommsdorf, J.
Chem. Phys. 56, 5358 (1972).

10. T. L. Kuniiand H. Kuroda (privatecommunication).
11. T. L. Kunii and H. Kuroda, Theor. Chim. Acta 11, 97

(1968).
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Fig. 18.2. SF6 scavenger spectrum showing low-lying com
pound negative ion states in p-benzoquinone. The PBQ"
negative ion peak (C6H402~) is included as a reference. The
retarding potential difference technique was used to obtain an
effective electron distribution of 0.2 eV, and the energy scale
was calibrated with the krypton energy loss peak at 10.0 eV.
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Fig. 18.3. Energies of the observed compound negative ion
states of PBQ are placed in the "exp." column. The energies of
the lowest unfilled orbitals of neutral PBQ which were
calculated by Kunii and Kuroda (ref. 10) and Merrienne-Lafore
(ref. 9) are placed in the KK and M-L columns. The energies of
these calculated values have been shifted so that the energy of
the lowest unfilled orbital of PBQ coincides with the measured
electron affinity of 1.89 eV. The lowest excited singlet states,
Au and B2g, of neutral PBQ are shown on the right side of

the diagram.
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Merrienne-Lafore9 and Kunii and Kuroda1 ° are sur
prisingly good for the two lowest orbitals. The peaks of
the compound states are plotted here because of the
difficulty in determining the onset of the resonance
(i.e., the 0-0 transition energy). The qualitative agree
ment shown here supports the theoretical methods used
in the calculations and indicates that the energies of the
compound states qualitatively correspond to the energy
of the unfilled orbitals (i.e., it is not necessary to use
configuration interaction in calculating the approximate
energy of these states). Thus, the long-lived state at 1.4
eV is interpreted to result from attachment of an
electron into a blu orbital to form a 2Blu state which
undergoes an internal conversion process to the ground
state 2B3g.

NEGATIVE-ION FORMATION IN

Fe(CO)s AND Ni(CO)4

The formation of negative ions from iron and nickel
carbonyl was studied in gas-phase collision experiments
using both low-energy (0 to 10 eV) electron beams and
fast (0 to 40 eV) potassium atom beams. Dissociative
electron attachment to Fe(CO)5 and Ni(CO)4 occurs
with an extremely high probability for low-energy
electrons to produce Fe(CO)4" and Ni(CO)3~. Ions of
the type Fe(CO)x" (where x = 0 to 3) and Ni(CO)x"
(where x = 0 to 2) are observed to occur at higher
energy. Upper limits to the electron affinity of Fe and
Ni were estimated from the threshold for formation of

Fe" and Ni" to be <0.5 ± 0.3 and <1.1 + 0.3 eV

respectively. Figure 18.4 shows a low-resolution (~0.5
eV) scan of the various negative ions from Fe(CO)5 as a
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Fig. 18.4. Low-resolution electron impact study of iron
pentacarbonyl.

function of the electron energy. As the electron energy
is increased, we see from the figure that progressively
more and more CO molecules are ejected from the
molecule to form the molecular ion. Figure 18.5 shows
a high-resolution (~0.1 eV) electron impact ionization
cross section for three of these ion currents. A

well-defined structure is seen in the cross sections for

producing Fe(CO)3~ and Fe(CO)2~ in the energy region
between 3 and 5 eV. This structure is attributed to

predissociation from an electronically excited state of
the Fe(CO)4~ ion. This appears to be the first clear
evidence for predissociation from a negative ion, al
though there is no reason that negative ion predissocia
tion should not occur. Collisions of fast potassium
atoms with Fe(CO)5 yield Fe(C0)4~ at an energy ~0.4
eV below the ionization potential of potassium, while
Ni(CO)3~ from Ni(CO)4 occurs at ~4.3 eV, the ioniza
tion potential of potassium. Figure 18.6 shows sample
data for Ni(CO)4. These results imply that dissociative
electron attachment is approximately thermoneutral;
that is, the electron affinity of the radical is approxi
mately equal to the first CO bond dissociation energy.
This may allow for favorable overlap of the neutral and
ionic surfaces, which in turn offers an explanation for
the large attachment rates observed in these com-
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state.
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Fig. 18.6. Relative cross sections for the formation of
negative ions from nickel carbonyl resulting from collisionwith
fast potassium atoms as a function of the energy in the
center-of-mass system.

pounds. The thresholds for the various reaction prod
ucts are also energetically consistent with the thresholds
observed by electron impact. This work clearly shows
the utility of studying dissociative negative ion
processes with both electron and alkali atom beams.

COLLISIONAL IONIZATION OF Na, K, AND Cs
BY C02, COS, AND CS2: MOLECULAR

ELECTRON AFFINITIES

Studies of the reactions occurring between beams of
alkali metal atoms and molecules are contributing
greatly to our understanding of collision physics. In
some cases much sought-after molecular electron
affinities have been deduced from threshold measure

ments for the formation of positive and negative ion
pairs in such collisions. Alkali atoms have low ioniza
tion potentials, and thus the valence electron can easily
be transferred from the alkali atom to an acceptor

molecule. The reaction sequence is

A0 +M^A+ + M"

ORNL-DWG 75-272

(1)

Lower limits to the electron affinity of M are deduced
from measurements of the threshold for the initiation

of the above reaction. Alternately, the energy of the
incident alkali atom is set above the endothermic

reaction threshold, and the energy of the product alkali
ion is determined in the forward direction. The electron
is generally transferred over large distances (5 to 15 A),
leading to large reaction cross sections in which very
little momentum is imparted to the target molecule.

During the past year we have studied the collisions of
alkali metal atoms (Na, K, Cs) with the linear triatomic
molecules C02, COS, and CS2. (Preliminary results
were presented for the electron affinity of C02 in last
year's annual report.) These molecules provide an
extreme test of the collisional ionization technique for
determining molecular electron affinities, since the
ground states of the molecular anions are greatly
distorted from their neutral parent molecules. The C-0
bond length, for example, changes from 1.1621 A for
C02 to —1.25 A for C02~, and the bond angle changes
from 180° for C02 to -135° for C02".12 Ions with
masses corresponding to the parent molecules C02,
COS, and CS2 are observed for all collision permuta
tions except for Na colliding with C02 . Perhaps in this
case the collision complex (Na+ . . C02") does not live
long enough for relaxation to the ground state of C02~
to occur. The following electron affinities are deduced
from measurements of the threshold for the ion-pair
production reactions: C02 (-0.60 ± 0.2 eV), COS
(+0.46 ± 0.2 eV), and CS2 (1.0 ± 0.2 eV). Table 18.1
summarizes the data obtained for all the collision

permutations. The C02~ ions were always metastable
with respect to autodetachment, and the lifetime(9 ± 2
X 10~5 sec) was measured to be independent of
collision energy over the region of energy studied
(threshold to ~20 eV cm.). As an example of the

12. C. D. Cooper and R. N. Compton, /. Chem. Phys. 59,
3550 (1973).

Table 18.1. Electron affinities of some

linear triatomic molecules

Molecule Projectile Electron affinity (eV)

C02a Na C02 not observed

co2 K -0.68

co2 Cs -0.55

COS Na +0.34

COS K +0.50

COS Cs +0.58

cs2 Na + 1.2

cs2 K +0.9

cs2 Cs +1.2

aThe C02 ions observed were metastable with respect to
autodetachment. The lifetime was determined to be 9 ± 2 X

10 "5 sec and independent of collision energy.
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Fig. 18.7. Negative ion yields from carbonyl sulfide produced by collisions with fast sodium atoms asa function of the sodium
atom energy. The yield of 02 from molecularoxygen is used to calibrate the energy scale.
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Fig. 18.8. Ratio of individual negative ion current divided by
the total negative ion current for collision of alkali atoms with
C02,C0S,andCS2.

threshold measurements, Fig. 18.7 displays the nega
tive-ion yields produced by collisions of fast sodium
atoms with carbonyl sulfide as a function of the sodium

atom energy. The fragment ions 0~/C02, 0~/C0S,
S'/COS, and S"/CS2 were detected at a threshold
energy consistent with the known energetics of the

reactions. Interesting data as to the ratio of the
individual negative ion currents divided by the total
negative ion currents for collisions of alkali atoms with

C02, COS, and CS2 are shown in Fig. 18.8. Data such
as these provide insight as to the reaction mechanisms
involved.

ABNORMALLY LARGE ELECTRON AFFINITIES

FOR SOME HEXAFLUORIDE MOLECULES

Electron affinity values reported for atoms and small
molecules (number of atoms <4) range from approxi
mately —2 to +4 eV. Reliable electron affinities for
polyatomic molecules are difficult to determine, al
though estimated values for inorganic and organic
molecules are also less than 4 eV. In last year's annual
report we presented evidence that the collisions be
tween thermal beams of cesium and tungsten hexa-
fluoride produce the gas phase ions Cs+ and WF6~.
Because of the extreme interest in these unique
reactions, we have extended these measurements to
other alkalis and hexafluorides.

Lower limits to molecular electron affinities are

deduced from measurements of the threshold energies
for the formation of positive and negative ion pairs
from orthogonal crossed-beam reactions of fast alkali
atoms (Na, K, Cs) with room-temperature MF6 mole
cules; that is,

A + MF6-+A+ + MFfi (1)
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In some cases the incident alkali atom energy is set
above the endothermic reaction threshold, and the
energy of the alkali ion is determined in the forward
direction. Values determined from the "energy loss"
experiments are in good agreement with electron
affinities derived from the threshold measurements for
SF6 (0.65+ 0.2 eV),13 SeF6 (3.0 ±0.2 eV), andTeF6
(3.2±0.2eV).13

Perhaps the most interesting result from this work is
the observation that reactions of thermal cesium (T =
120°C) and potassium (7\= 180°C) withMF6 beams at
room temperature produce separated A+ and MF6~ ion
pairs. To our knowledge this is the first observation of a
"thermal" energy collisional ionization process between
ground-state reactants. The exothermic reactions A +
MF6 -> A+ + MF6~, represented by (A/MF6), which
have been observed are (Cs or K/WF6), (Cs/ReF6),(Cs
or K/IrF6), (K/PtF6), and (Cs/MoF6). These results
imply that EA(WF6), EA(IrF6), and EA(PfF6) are
greater than 4.34 eV; EA(MoF6) and EA(ReF6) are
equal to or greater than 3.89 eV. All collision permuta
tions between alkalis and hexafluorides have not yet

been examined. Effects on the collisional ionization

reaction due to thermal population of vibrational states
of the hexafluoride have not as yet been considered,
and thus these limits are uncertain by as much as ~0.4
eV. Rothe et al.14 have verified our observations of

exothermic reactions between cesium and WF6.

In the case of sodium colliding with WF6 , a reaction
threshold was observed from which we obtain an

electron affinity for WF6 of 4.5 eV. Figure 18.9 shows

the relative yield of WF6" and F~ produced by
collisions with fast sodium atoms.

Bartlett1s has analyzed the oxidizing properties of
the third transition-metal hexafluoride molecules and
also finds exceptionally large electron affinities. From a
Born-Haber cycle involving 02+(PtF6)", he estimates
EA(PtF6) = 9.3 eV. We find that reactions of low-
energy Na with PtF6 produce mainly PtF5~;PtF6~ ions
are also detected. Collisions of thermal potassium atoms
with PtF6 resulted in both K+ + PtF6" (weak signal) and
(K+ + F) + PtFs"(strong signal). The latter reaction isthe
first observation of a thermal energy dissociative ioniza
tion reaction between ground-state reactants, and thus
the electron affinity of PtFs must be quite large. We can
also conclude that EA(PtF6) > 4.3 eV, which is
consistent with Bartlett's estimation.

Endothermic collisional ionization reactions are easy

to rationalize from simple covalent-ionic curve crossing
considerations. However, for exothermic reactions the
ground-state ionic surface must lie below the covalent
surface, and therefore the two surfaces do not cross.
The initial electron transfer most likely occurs at the

13. R. N. Compton and C. D. Cooper, J. Chem. Phys. 59,
4140(1973).

14. S. Y. Tang, G. P. Reck, and E. W. Rothe, Bull. Amer.
Phys. Soc. 19, 1173 (1974); private communication from E. W.
Rothe.

15. Neil Bartlett, Angew. Chem. Int. Ed. Engl. 7,433 (1968)
and private communication.
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Fig. 18.9. Relative negative ion yields fromWF6 produced by collisions with fast sodiumatoms.
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crossing of an ionic surface involving a vibrationally or
electronically excited MF<f ion with the covalent
surface.

Tr-ELECTRON AFFINITIES FOR

ORGANIC MOLECULES

The electron affinity of a molecule is defined as the
difference in energy between the neutral in its ground
state, E°, and the ion in its ground state, E"; that is, EA
= E° - E~. In cases where the ionic surface lies above
that of the neutral, a virtual or compound state exists
(negative EA); and conversely when the total energy of
the negative ion is below that of the neutral, a bound
state exists (positive EA). The position and width of a
compound state can be studied by electron scattering
techniques, whereas the bound states can be studied by
photodetachment methods for simple molecules or by
the collisional ionization method for polyatomic mole
cules.

The lowest negative ion state of a simple conjugated
hydrocarbon results in the addition of an electron into
a 7r-molecular orbital, and the energy of this vacant
orbital is determined by the structure of the molecule.
The large variety of conjugated hydrocarbons allows for
considerable range in "7T-electron affinities," and both
bound and virtual states are known to exist. Recent

beam experiments have provided reliable electronaffin
ities for both bound16 and virtual states.17

Koopmans' theorem states that the Hartree-Fock
energy of the lowest vacant molecular orbital (eLvrvio)
gives an approximation to the electron affinity. Pre
vious correlations between elVMO and EA have been
made, and one of the more successful was due to Kunii
and Kuroda.1' Along these lines we have calculated
energy levels for some conjugated systems containing C,
N, and 0 atoms, using a semiempirical SCF-MO method
based upon a variable (3-y modification of the Parisier-
Parr-Pople approximation to the Hartree-Fock equa
tion. Figure 18.10 shows an excellent correlation
between electron affinities deduced from beam data

and the calculated value of eLvMO-
The ground state of C6H6" (2E2u) is degenerate,

and the degeneracy is removed upon substitution of one
or more nitrogen atoms into the ring!8 The calculated
splitting of the pyridine negative ion state is seen to be

16. A complete tabulation of electron affinity data is in
preparation. Partial results can be found in ref. 7.

17. I. Nenner and G. J. Schulz, /. Chem. Phys. 62, 1747
(1975).
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in good agreement with experiment. The open circles
for pyrazine and pyrimidine are the A Au states
reported by Nenner and Schulz,1 7 while the ground 2B
states were believed to be bound; however, our calcu
lations predict virtual states. The correlation shown in
Fig. 18.10 is used to calculate ground and excited
negative ion energy states for other simple conjugated
hydrocarbons where experimental data are nonexistent
or fragmentary. For example, a compound state is
observed as a broad and structureless dip at 1.7 eV in
the electron transmission spectra of ethylene. We find
the 2B3u state of C2H4" at 1.6 eV. Bound excited
states are also predicted for some organics, in particular,
organics containing the C=N subgroup. In Table 18.2
we include semiempirical calculations of electron affin
ities for a large number of organic molecules. We hope
that these calculations will be useful in predicting
electron affinities for many complex molecules.

GAS PHASE LASER-ION SPECTROSCOPY

The invention of high-powered tunable dye lasers
now makes it possible to study the energy levels of ions

18. R. H. Huebner, R. N. Compton, and H. C. Schweinler,
Chem. Phys. Lett. 2,407 (1968).
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Table 18.2. Calculated electron affinities from the modified Parisier-Parr-Pople method

Molecule

Acenaphthylene
Acridine

Acrylonitrile
Adenine

Alloxan

Aniline

Anthracene

Azulene

1,2-Benzanthracene

1,12-Benzperylene

3,4-Benzphenanthrene

1,2-Benzpyrene
4,5-Benzpyrene
Benzene

p-Benzoquinone
Biphenyl

Biphenylene

1,3-Butadiene

Carbazole

Chrysene
Coronene

Cytosine

1,2 ;3,4-Dibenzanthracene

1,2 ;7,8-Dibenzanthracene

1,2 ;5 ,6-Dibenzanthracene

3,4 ;5,6-Dibenzphenanthrene
Ethylene

Fluoranthene

Fulvalene

Fumaronitrile

Furan

Glyoxal

Guanine

HCN

Heptacene

Heptafulvalene

Hexacene

Hexahelicene

Imidazole

Isoquinoline

Electron affinity (eV)

0.77

0.75

1.31

-0.24

1.43

-0.58

0.49

0.77

0.42

0.51

0.18

0.64

0.35

-1.07

1.62

-0.21

-0.33

-0.52

-0.35

0.26

0.33

-0.03

0.34

0.33

0.37

0.26

-1.61

0.63

1.73

2.26

-2.40

0.94

-0.86

1.11

1.34

0.18

1.23

0.26

-2.00

0.07

in the gas phase. During the past year an experiment has
been designed and constructed which will allow us to
study photon-ion processes of the following type:

hv+ AB* -> A + B* ,

AB~-^AB + e,

AB~->A + B + <?

(1)

(2)

(3)

A schematic diagram of the experimental apparatus is
shown in Fig. 18.11. A pulsed electron beam of
controllable energy is used to produce negative or

Molecule

Maleic anhydride
Maleimide

Naphthacene
Naphthalene

1,5-Naphthyridine

1,6-Naphthyridine
1,7-Naphthyridine
1,8-Naphthyridine

2,6-Naphthyridine
2,7-Naphthyridine
Novacene

Octacene

Ovalene

Oxazole

Parabanic acid

Paraphenylenediamine
Pentacene

Pentaphene

Perylene

Phenanthrene

Phenazine

Phenol

Picene

Purine

Pyrazine

Pyrene

Pyridine

Pyrimidine

Pyrrole

Quinazoline

Quinoline

Quinoxaline

Styrene

TCNE

TCNQ
s-Triazine

Triphenylene
Uracil

Vinylene carbonate

Vinylidene cyanide

Electron affinity (eV)

1.28

1.15

0.84

-0.06

0.43

0.29

0.34

0.41

0.26

0.14

1.49

1.43

0.81

-2.26

0.90

3.49

1.06

0.44

0.71

0.03

1.06

-0.66

0.29

-0.08

-0.30

0.45

-0.70

-0.52

-2.39

0.30

0.20

0.51

-0.39

3.05

2.96

-0.54

-0.06

-0.13

-1.60

1.65

positive ions in the source region of a time-of-flight
mass spectrometer. The ions are allowed to remain in

the ion source for a variable period of time (0-10"3
sec) before they are pulsed out down the flight tube of
the mass spectrometer. During the ion residence time in
the source, monoenergetic photons of variable energy
are directed into the source through a Brewster angle
window. If dissociation of AB* occurs to form A+ B*,
a decrease in the AB* signal will occur along with an
increase in the B~ signal. Photodetachment reactions
(2) and (3) appear as a decrease in the AB~ signal. The
wavelength dependence of these signals will allow for
much new information on ionic energy levels.

,'-^itt=is«i)j^imlii«»tWw*s,la*W "•'
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Fig. 18.11. Schematic diagram of crossed-beam photon-ion reaction experiment.

The kinetic energy released in reactions (1) and (3)
can be studied by introducing the laser beam at a
second point down the ion flight path. An argon ion
laser which operates in the cavity dumping made by use
of an acousto-optical device is used to synchronize a
high peak power pulse of photons to strike one ion
packet as it passes a point along the flight path. If
photodissociation occurs, the kinetic energy released in
the center of mass will result in a broadening of the
time-of-arrival distribution of the ion and the neutral

peaks. Asymmetries in the dissociation with respect to
the polarization vector of the laser light can also be
investigated. Collision-induced dissociation or detach
ment, which might occur in the ion beam before or
after the intersection of the ion packet and light pulse,
is not a problem in these experiments, since the
collision-induced processes are separated from the

light-induced processes by using a pre- and post-
decelerator lens (see Fig. 18.11). If dissociation occurs
as a result of photon absorption, for example, reaction
(1), two peaks will be observed in the time-of-flight
spectrum in addition to the parent AB1 peak. We
anticipate that these experiments will add much new
information to the growing field of gas phase ionic
processes.

STUDIES OF DISSOCIATIVE IONIZATION

BY ELECTRON IMPACT

Dissociative ionization of sulfur hexafluoride. The

crossed-beam method previously described1 9 has been
used to study electron impact dissociative ionization of

SF6 for electron energies from threshold to 300 eV.
Figure 18.12 shows F+ ion time-of-flight spectra at a
number of electron energies for a 1.0-fisec electron
beam pulse and a flight distance of 28.7 cm from the
beam intersection region to the entrance aperture of the
quadrupole mass spectrometer detection system. The
spectra were obtained with the electron beam at 90° to
the mass spectrometer aperture and have been unfolded
to eliminate the transit time through the quadrupole.
Figure 18.13 shows F+ energy spectra derived from the
data of Fig. 18.12. The energy spectra are cut off below
an F+ energy of 0.8 eV corresponding to the far tail
(3*100 /isec) of the time-of-flight distribution. Con
siderable structure is evident in both time-of-flight and
energy spectra. This structure corresponds to the
various states of the SF6+* molecule involved in the
dissociation process, and its detailed interpretation
requires additional experimental and theoretical work.
A general point of interest is that the spectra, even at
low electron energies, show a considerable quantity of
fast F+ ions with kinetic energies above 1 eV. The
appearance potential for the F+ ion from this and
previous work20 is >35 eV, much greater than the
values for the ions SFS+, SF4+, and SF3+, which are
15.9, 19.5, and 20.4 eV.20 Since from the known

19. J. A. D. Stockdale and L. Deleanu, Chem. Phys. Lett. 22,
204 (1973). See also Health Phys. Div. Annu. Progr. Rep. July
31, 1974, ORNL4979,p. 117.

20. V. I. Dibeler and F. L. Mohler, J. Res. Nat. Bur. Stand.
40, 25 (1948).
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SF5-F bond strength and the ionization potential of the
F atom only 20.1 eV is required for the process

e + SF6 ->SFS +F+ + e,

it follows that at the observed F+ threshold of 35 eV,
15.5 eV of internal excitation would remain in the SFS
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fragment if the F+ were produced with near zero
kinetic energy. This amount of energy is sufficient for
nearly complete dissociation of the SFS. However, the
kinetic energy spectra of Fig. 18.13 indicate that the F +
ion is, in fact, frequently produced with considerable
kinetic energy, which raises the possibility that energy
is not shareYi uniformly between the available vibra
tional modes in the SF6+* complex prior to dissocia
tion.

Figures 18.14 and 18.15 show angular distributions
for F+ ions of various kinetic energies obtained at
electron impact energies of 55 and 100 eV respectively.
The distributions are isotropic within the accuracy of
the measurements.

Method for obtaining excitation functions in digital
form: Application to dissociative ionization of C02.
For full interpretation of ion kinetic energy spectra
such as those shown in Fig. 18.13, it is necessary to
obtain ion excitation functions differential in ion

energy. These are plots of the intensity of a given ion of
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a given kinetic energy against the exciting electron
energy. Integral excitation functions, plots of total ion
current for a particular ion against electron energy, are
also used to obtain appearance potentials and calibrate
energy scales. This latter measurement is one of the
most common and useful in mass spectrometry. Excita
tion functions are most frequently obtained by an
analog method in which the measured ion current is
recorded as the electron energy is driven through a
predetermined range. It is preferable, however, to
obtain excitation functions in digital form. Here each
detected ion produces a single count, and the electron
energy is repetitively swept over the region of interest
many times. In this way the threshold regions of low
intensity can be studied in greater detail, and drifts in
experimental conditions tend to average out through
repeated scanning. Data are also obtained in a form
suitable for processing by digital computer.

Figure 18.16 showsschematically an arrangement for
obtaining excitation functions in digital form.21 The
ramp generator in the center box produces a pulse
which provides the ramp voltage of a sampling time-to-
pulse-height converter and also drives an operational
amplifier which varies the electron beam energy
through an adjustable range. Detected ion pulses are fed
to the time-to-pulse-height converter which produces
output pulses of amplitude proportional to the electron
energy at the instant of detection of the ion. This
output is accumulated and stored in a multichannel
analyzer. Provided the ramp rise is slow compared with
the time of flight of the ions in the pulsed crossed-beam
experiment,19 this arrangement can be used to compile

21. J. A. D. Stockdale, B. P. Pullen, and A. E. Carter, Int. J.
Mass Spectrom. Ion Phys. 17,241 (1975).
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differential excitation functions for ions (as illustrated
in Figs. 18.20 and 18.21). Figures 18.17 and 18.18
show excitation functions for the ions 0+ and C+
produced from C02 by electron impact. The data apply
to ions of all energies emitted at 90° to the incident
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electron beam direction. The appearance potential of
19.4 ± 0.3 eV obtained for 0+ probably corresponds to
the threshold for excitation of the predissociating C2 2 *
state of C02+.22 The C+ onset of 29.8 ± 0.3 eV
corresponds to total dissociation of the C02 molecule:

e + C02 -+C++ 0 + 0 + 2e.

The process e + C02 -> C+ + 02 + 2e, which has a
threshold of 22.9 eV for zero kinetic energy and zero
internal excitation of the products, was not observed
under our experimental conditions.

Dissociative ionization of deuterium. Figure 18.19
shows kinetic energy spectra of D+ ions produced by
electron impact on D2 in the crossed-beam experiment.
The D+ ions were detected at 40° to the incident
electron beam direction, and the effect of the 3.0-/Usec
electron beam gate pulse and the transit time through
the quadrupole mass spectrometer detector system have
been unfolded. The dashed lines in the figure are
previously reported measurements of Van Brunt and
Kieffer23 for a detection angle of 23°. The two sets of

22. K. E. McCulloh,/. Chem. Phys. 59,4250 (1973).

23. R. J. Van Brunt and L. J. Kieffer, Phys. Rev. A2, 1293
(1970).
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measurements are consistent at high D+ energies. The
interesting feature of these observations is the structure
observed in the D+ kinetic energy spectra below the
prominent peak at 8 eV from dissociation of D2+ via the
22* state. Some suggestion of such structure can be
seen in the results of Van Brunt and Kieffer,23 and
more sharply resolved peaks have been reported forH +
from H2 by Crowe and McConkey.24

The appearance potentials for the various structural
features are of central concern; Figs. 18.20 and 18.21
show typical excitation functions for D+ ions of
energies 30.9 and >3.4 eV respectively. Within the
accuracy of the measurements, only two onsets can be
distinguished with certainty. The low-lying onset in
both figures is consistent with formation of D+ ions
through excitation of the ground 22* state of D2+,
which has an asymptotic limit of 18.1 eV. The higher
onset is consistent with formation of ions from the 22*

state of D2+. This data and other similar excitation
functions do not provide any definite evidence for
onsets in the electron energy region lying between the
22* and 22* states, that is, betweenapproximately 19
and 32 eV in the Franck-Condon region. Since the yield
of D* ions observed in the excitation functions in

creases dramatically above 32 eV and the fraction of D +

24. A. Crowe and J. W. McConkey,Phys. Rev. Lett. 31, 192
(1973).
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Fig. 18.20. Excitation function for D+ ions produced by
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ions of anomalous kinetic energy (between the 8-eV
22* and zero eV peaking 22* associated groups) is
quite large, the data suggest onsets for these D+ ions of
near 32 eV. Their origin therefore might be either with
the formation of D+ ions through excitation of D2+
states lying above but near the 22* state in the
Franck-Condon region or with formation of D+ through
decay of doubly excited autoionizing states of D2
which have excitation thresholds in the same region
into the continuum of the 22* state.25'26 Recent
calculations by Bottcher26 indicate thresholds between
28 and 34 eV for excitation of such states.

IONIZATION POTENTIALS OF ORGANIC

DONOR MOLECULES

There is much interest in the charge-transfer com
plexes of organic molecules; a number of these com
plexes show extraordinary electrical conductivity in the
crystalline phase. An important parameter, which
affects their stability, structure, and conductivity, is the
ionization potential of the electron-donor com
ponent.27 We have determined these ionization poten-

25. A. U. Hazi (private communication, 1974).
26. C. Bottcher,Proc. Phys. Soc., London (At. Mol. Phys.) 7,

352 (1974).

27. C. E. Klots, R. N. Compton, and V. F. Raaen, / Chem.
Phys. 60,1177 (1973).

Table 18.3. Ionization potentials for selected donor molecules

Donor molecule

TTF (tetrathiofulvalene)

Heptafulvalene

TSeF (tetraselenafulvalene)
Tetraperfluoromethyl (TTF)

TMPD (tetramethylphenylenediamine)
DMPD (n.n'-dimethylphenylenediamine)
PD (p-phenylenediamine)

Ionization potential (eV)

6.95

7.00

7.21

8.04

6.33

6.84

7.22

The estimated imprecision is ±0.1 eV.

tials for several such donors, using the retarding
potential difference modification of the electron impact
technique, with a time-of-flight mass spectrometer.
These are listed in Table 18.3.

Although these molecules are usually viewed as elec
tron donors, there are indications of interesting acceptor
properties also. Attachment of electrons of extremely
low energy of heptafulvalene yields a parent nega
tive ion. Attachment to tetraperfluoromethyl (TTF)
shows similar behavior and also dissociative attachment

to yield C2(CF3)2. Low-energy attachment to TSeF
and TTF gives no detectable parent negative ion but
extensive decomposition, predominantly yielding a
C2H2 fragment. These observations suggest a sub
stantial electron affinity for these "donor" molecules.

REACTIONS OF ELECTRONICALLY

EXCITED ATOMS

Previous investigations28,29 of the reactions of highly
excited atoms and molecules are being continued; we
are interested in particular in species excited to
Rydberg-like states lying just below the ionization
potential. An example of the reactivity of these states is
the process

Kr**+CS2 ^Kr+ + CS2".

This reaction occurs with a large cross section and
hence shows two things: (1) the electron affinity of
CS2 must be positive, and (2) its rate of reaction with
low-energy electrons is also large. These studies hence
complement other studies of the section.

We have investigated further these reactions with the
following technique. A pulse of electrons is used to
excite (and ionize) a mixture of, for example, xenon
and SF6. This is followed by a pulsed electric field to

28. J. A. D. Stockdale, F. J. Davis, R. N. Compton, and C. E.
Klots,/. Chem. Phys. 60,4279 (1974).

29. C. E. Klots,/ Chem. Phys. 62, 741 (1975).
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clear out the Xe+ and SF6" ions found by the original
electron pulse or by the scavenging of scattered
electrons. The buildup in time of additional ions via the
process

Xe** + SF6^Xe+ + SF6"

is then monitored in the usual way with a time-of-flight
mass spectrometer. Even in the absence of SF6, some
Xe+ will be observed; at least some of the Xe** will be
field-ionized by the second electric-field pulse used to
sample the ions. We find that (1) the cross section for
making Xe** Rydberg states under electron impact is
very nearly a step function at threshold; (2) at large
electron energies it is equivalent to that for making an
Xe** with energy just above the ionization potential,
that is, Xe+ and a slow electron, as observed in
trapped-electron experiments;30 and (3) the cross
section for SF6" and hence for the Xe reaction is the
same. We take this as implying that, although SF6
apparently reacts with only S-wave free electrons, it can
react with Rydberg electrons of all orbital angular
momenta.

Of interest also are some nonreactions of Rydberg

states. The reactions

Ar**, Kr**, Xe** + He -> HeAr +, HeKr+, HeXe+ + e

could not be observed, although energetically allowed.
These diatomic ions can be made when the helium atom

is initially excited, for example, into itsmetastable 2lS,
23P states. Likewise the reaction

Kr** + Ar^KrAr+ + e

does not occur readily, although initial excitation of Ar
to a state of energy virtually equal to Kr* readily
affords reaction. A pattern seems to be emerging. The
initially excited moiety must be the species of higher
ionization potential to effect these mixed Hornbeck-
Molnar reactions. The reason for this is only poorly
understood.

KINETIC ENERGY PRODUCTION FROM

UNIMOLECULAR DISSOCIATIONS

Our earlier work on the unimolecular decomposition
of species with well-defined energy has focused on the
rates of these decompositions.31 These studies em

30. J. T. Grissom, R. N. Compton, and W. R. Garrett, Phys.
Rev. A6,977 (1972).

ployed a model in which the long-range potential
determines the mechanism of fragmentation, with only
a small perturbation arising from the short-range forces.

Recent measurements of the kinetic energies of the
separated fragments following decomposition of ionsin
a mass spectrometer offer a nice opportunity to
illustrate these ideas. Figure 18.22 shows the kinetic
energy distribution of the fragments from the re
action32

C6H5CN+-+C6H4+ + HCN.

The distribution is approximately that of a two-
dimensional Boltzmann gas, although the leading edge,
at very low energies, is clearly depleted. The smooth
curve is our calculated result, obtained with no adjust
able parameters. It reproduces the experimental "histo
gram" quite well. In particular, the depletion of the
leadingedge,which in the present model arises from the
small perturbation of the short-range forces, is accu
rately predicted.

This work has been extended to other decompo
sitions where the short-range forces become especially
important, and to collision complexes where large
angular momenta are involved. In these instances the
"depletion" effects assume overriding importance.

31. C. E. Klots, Z. Naturforsch. 27, 553 (1972).
32. D. T. Terwilliger, J. H. Beynon, and R. G. Cooks, Proc.

Roy. Soc, London A341,135 (1974).
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OPTICAL AND ELECTRICAL MEASUREMENTS

ON ORGANIC SEMICONDUCTORS

Preliminary data were reported last year for the
room-temperature reflectance and transmittance of
small crystals of TTF-TCNQ (tetrathiofulvalene tetra
cyanoquinodimethan), using plane-polarized light over
the photon energy range 1.5 to 3.2 eV. Experimental
techniques have now been improved, and these meas
urements were repeated from 0.7 to 4.1 eV. The
reflectance R,, obtained with the electric vector, E,

incident in the z direction, or direction of the high-
conductivity axis, shows a sharp Drude edge in the
vicinity of 0.73 eV and marked structure above this
energy. The reflectance RL, corresponding to the
electric vector perpendicular to the high-conductivity
axis, shows little structure, being close to 10% over the
range of photon energies studied. The dc electrical
conductivity along the three principal directions in the
crystal was also measured as a function of temperature
from 4.2 to 300°K. The extremely high conductivity
peaks reported by one group of observers have not been
seen. The suggestion that a probe misalignment could
generate false high peaks was investigated by computer
modeling.33 Althoughvery high conductivity peakscan
be generated by computer modeling to fit experi
mentally misaligned probe data, the temperature de
pendence of the measured extraordinary peaks can in
no way be attributed to simple probe misalignment. We
did find the electrical conductivity, oz, along the
stacking direction to be at least 103 times as great at
58°K as that along the other two principal directions.
Two forms of TTF-I, orthorhombic crystals of stoichi-
ometry TTF-I2 and monoclinic crystals of approximate
stoichiometry(TTF)7-I5, were also studied. For ortho-
rhombic TTF-I the TTF molecules are aligned in the x-y
plane, allowing resolution of the reflectances Rx and

Ry corresponding to the incident electric vector in the
x and y directions respectively. For monoclinic TTF-I
this alignment is not present. Room-temperature meas
urements of Rx + Ry over the energy range 0.7 to 5.1
eV on monoclinic TTF-I showed the combined struc

tures obtained independently for Rx and Ry on
orthorhombic TTF-I. In addition, for monoclinic TTF-I

a Drude-like edge was observed at ~—0.15 eV in Rz.
High dc conductivity was observed in monoclinic

TTF-I. There was little temperature dependence in oz
near room temperature; but at 205 to 260°K there was
a sudden change to semiconductive behavior, with

33. R. J. Warmack, T. A. Callcott, and H. C. Schweinler,

Appl. Phys. Lett. 24, 635 (1974).

major hysteresis in oz on temperature recycling. For
orthorhombic TTF-I the value of oz was considerably
lower than for the monoclinic TTF-I, and there was no
hysteresis. Monoclinic TTF-Br, with a high dc conduc
tivity comparable to that observed in monoclinic TTF-I,
showed the sudden change to semiconductive behavior
at ~180°K, without hysteresis.

LEVEL SHIFTS FROM COULOMB INTERACTION

OF ATOMS IN A GAS

We considerNa identical atoms in a gas of volume V;
each atom has a Jw = 0+ ground state and/, excited 1~
levels. The three NaL excited states are labeled \RjCtv);
they have at R7 partner a(a = x, y, z) of the i>th 1~ level,
of excitation energy Ev, and have at all other atomic
positions unexcited atoms. The atoms are assumed not
to overlap. The Hamiltonian is// =//° +Hmt, where //°
is the sum ofNa one-atom terms, and//lnt is the sum of
Na(Na —l)/2 Coulomb interaction terms. Here the
Hamiltonian matrix <RIoa>\H\RI'a.'v') is the Kronecker
product G X £ of a 3Na by 3Na "geometrical" matrix
G and an L by L "electronic" matrix &. Similarity
transformation of H by V X IL, where V is the matrix
of eigenvectors of

G[W'*)GIa,l'a'YI.a;n=gnTIa,n\ ,

and IL = (o„j/) is the L-dimensional unit matrix,
reduces H to 3Na diagonal L by L blocks with zeroes
elsewhere. Furthermore, the nth such block of H - W
has matrix elements

(H - W)vv. = (Ev - W)bvv. +gfle2Zv0Z0Jr3 ,

where -eZv0 is the transition moment between the j>th
excited and ground state of any atom, and rs (defined
by 4nr3/3 = V/Na) is a scale length introduced to make
G andg dimensionless. The determinant of// - W is

riKnx^xi + Ei/x^)] ,

where

Kv =(Ev-W)l{gne2Zv0ZJr3s).

The secular equation det(// - W) = 0 has a simple
graphical interpretation for the energy eigenvalues Wnv
and a surprisingly simple equation for the coefficients
of the excited states. All the above can be carried

through explicitly if the atomic positions R/ form a
lattice; the states are then the "exciton states" \kpv) of
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solid-state physics, described by Na propagation vectors
k, three polarization indices p, and energy Wkpv (which
approaches Ev as rs gets large). We conclude that for
each k and v two transverse excitonic states are shifted

downward by about e2Zv0Z0v/r3(gk = -1), and the
longitudinal exciton is shifted downward by twice as
much. For the argon resonance line this is a shift of
about 1 in 10s at 1000 torr.

ROTATIONAL RESONANCE IN LOW-ENERGY

ELECTRON-H2 SCATTERING

In a recent theoretical study34 the existence of
rotational resonances was established in low-energy
electron scattering by polar molecules. Some of the
properties of the phenomenon were elucidated, but the
more interesting question of whether such resonances
might exist for very simple molecules such as H2 was
not answered. Electron drift velocity experiments on
ortho and para H2 (ref. 35) and an electron beam trans
mission experiment on H2 and D2 (ref. 36) seem to in-
cate the presence of resonant structure in electron
scattering cross sections in the energy region below the
first vibrational excitation threshold. However, detailed

close-coupling results for electron-H2 scattering3 7 have
failed to show any theoretical evidence for such pro
posed resonances.3 8

A theoretical study of low-energy electron-H2 and
D2 scattering has now been completed. The approach
was analogous to that taken earlier in the study of
rotational resonances in electron scattering by polar
molecules.34 The calculations were made in the close-

coupling approximation,34'39 utilizing an electron-
molecule interaction potential similar to that used
successively by Henry and Lane37 for describing
low-energy electron scattering by hydrogen. The object
here was to ascertain whether rotational resonances

might be sustained by a realistic interaction potential,
that is, one which yields cross sections in agreement
with available experimental data.

34. W. R. Garrett,Phys. Rev. All, 509 (1975).
35. R. W. Crompton and A. G. Robertson,Aust. J. Phys. 24,

543 (1971).
36. W. Raith and J. E. Land, p. 82 in Proc. Third Int. Conf.

At. Phys., Boulder, Colorado, 1972, ed. by S. J. Smith and
G. K. Walters, Plenum, New York, 1973.

37. R. J. W. Henry and N. F. Lane, Phys. Rev. 183, 221

(1969).
38. L. Frommhold, Phys. Rev. 172, 118 (1968); W. N. Sams,

L. Frommhold, and D. J. Komi, Phys. Rev. A6, 1070 (1972).
39. W. R. Garrett, Phys. Rev. All, 1279 (1975).

The electrostatic potential which results from inte
gration over electron coordinates has the form

V(ra) = -2(0.583 + 0.5/ra) exp (-2.33 ra) , (0

where ra is the distance from nucleus a (Fig. 18.23). A
similar expression holds for V{r^). Terms of the form
(1) may be readily expanded in a multipole expansion
of the form

K(r) =2 Kx(r)i\(cos 0„) . (2)
\—0

In addition to terms of the form (1), a term arising
from the permanent quadrupole moment, Qzz, is
included in the total interaction potential. This has the
form

Vq2(r) = -Qzzr'3 C{r) (3)

Finally, spherical and quadrupolar distortion terms due
to the parallel and perpendicular polarizabilities are
included in the semiempirical analytic forms

VP(r) ••

VP(r) -

<*oC(r)

2(/2+r2)2 '

2(r2 +r2)2~

(4)

(5)

These expressions contain the experimentally deter
mined values Q3z = 0.49eal, a0 = S.Sal, and a2 =
1.38a3) for the quadrupole moment and the two

ORNL-DWG 70-1081A
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Fig. 18.23. Coordinate system for electron-molecule system.
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polarizabilities. The forms (4) and (5) were established
by Henry and Lane37 through a variational procedure.
They assigned rL = 1.22a0•The function C(r)contains a
single parameter, r0, which has been chosen earlier3 7
by finding a best fit to elastic scattering cross sections:

C(r)={l-exp[-(r/r0)6]} (6)

The most probable channel for resonance structure in
electron scattering below the first excitation threshold
has been shown earlier34 to be theJ = 2 partial wave (/
is the total angular momentum of system electron plus
target molecule). For electron-hydrogen scattering we
do indeed find a sharp resonance in the J = 2 partial
wave in the energy region below the first rotational
excitation threshold at E = 0.0439 eV for H2 and E =
0.0222 eV for D2. The exact position of the resonance
depends strongly on the value of the parameter r0 in
the parameterized distortion potential. However, the
resonance occurs for values ranging from r0 ~ 1.55 to
r0 ~ 1.8a0, which is consistent with the distortion
potential found necessary to obtain agreement with
scattering at higher energy.37 Thus the long-standing
question of whether a Feshbach resonance can occur in
low-energy electron-hydrogen scattering is answered in
the affirmative.

Results for the particular choice r0 = 1.75a0 are
shown in Fig. 18.24. A width T ~ 3 X 10"7 Ry is
found for the resonance. Eigenvalues of the projected
Hamiltonian QHQ were obtained in separate calcula
tions,34 and the energy shift A was determined
directly. Eigenvalues of QHQ are listed in Table 18.4.
We obtain a value A = 0.35 X 10~3 Ry for the energy
shift. Additional calculations for / = 0 and/ = 1 partial

waves indicate that the electron-hydrogen interaction
potential is not sufficiently attractive to sustain a
resonance in either of these partial waves.
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Fig. 18.24. The / = 2 partial-wave phase shift as a function of
energy. The energy scale is marked in units of 10 Ry.

Table 18.4. Eigenvalues of QHQ for
/ = 2 states of H2

Rr

1.65

1.60

1.55

E (Ry)

0.002603

0.002065

0.001125
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RESONANCE IONIZATION SPECTROSCOPY

Introduction

Most of the past information on the kinetics of
excited states and, in general, the energy pathways
following excitation of noble gases has come from
time-resolved photon-emission experiments. Thus, one
attempts to deduce from time-resolved emission studies
the number of various kinds of atomic excited states,

their lifetimes, their conversion to excimers, and the

lifetimes of excimer states. We have emphasized this
technique and have shown how it can be used to obtain
models which could then explain more macroscopic
phenomena such as Jesse effects.

Last year, we reported on a new method which we
called resonance ionization spectroscopy (RIS). In this
method, excited states are converted to ionization in a

two-step process, one of which is resonance photon
absorption; thus, the ionization signals show a reso
nance structure. We also showed that, in theory, pulsed
dye lasers can be used in many cases to saturate the
ionization. This year, we have experimental proof of
RIS under saturated conditions for the singlet meta
stable state of helium, He(215), and we discuss this
accomplishment in considerable detail in this section.

For energy pathways research, RIS offers several
advantages: (1) by saturating the ionization, the abso
lute number of excited states can be determined from

sensitive ionization measurements; (2) each excited
state of a given gas can be separately studied with the
technique, irrespective of whether it is a resonance state
or a metastable state; and (3) in cases where time-re
solved emission studies give ambiguities because of the

overlap of resonance lines and molecular continua (as in
the case of the 1067-A radiation of Ar), the RIS
technique enables one to resolve the ambiguity, since
either the atomic state or the molecular state can be

photoionized.
Another very significant application of RIS was

started this year and is reflected heavily in our annual
report. There are many cases (e.g., the elemental metal
vapors) where lasers can be used to excite from the
ground state. Thus, with a laser for initial excitation
followed with the RIS technique, one atom in the
ground state can be converted to one ion pair, and this
process can be saturated. Detection of ionization would
then lead to analytical systems of unprecedented
sensitivity. We expect, therefore, to be increasingly
involved in new analytical methods that take advantage

of resonance ionization spectroscopy.

Accelerator Modification for

Resonance Ionization Spectroscopy

For the past several years, the ORNL 3-MV Van de
Graaff accelerator has been an important tool for the
investigation of energy pathways in noble gases. Its
purpose has been the injection of proton pulses into a
reaction cell containing the gas being studied. The
collisions occurring when protons traverse the gas cell
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lead to the conversion of a fraction of the gaseous
atoms to ion pairs and excited states. Energy pathways
studies concern themselves chiefly with the observation
of the evolution and decay of the various excited states
as the ground-state atoms, excited atoms, ions, and
deexcitation photons interact.

In these investigations the Van de Graaff accelerator
is normally run at 2 MV, since this is a comfortably safe
voltage for the machine and 2-MeV protons have
sufficient energy to completely traverse the gas cell at
the pressures employed. The protons originate as a
500-/iA dc beam extracted from a duoplasmatron ion
source mounted in the terminal of the accelerator.

Proton beam pulses are generated by utilizing two pairs
of deflector plates mounted in the terminal. The first
set is driven by a 2-MHz sine-wave voltage and sweeps
the dc beam across an aperture. The second set is
mounted below and at right angles to the first and

applies a properly phased unblanking voltage pulse. The
repetition rate of the unblanking pulse is selected by
adjusting a switch at the Van de Graaffs central
console. Beam bursts can be repeated at a choice of
intervals 1, 2, 4, 8, 16, 32, 64, 128, 256, or 512 /isec
for injection into the accelerator tube. The beam burst
duration can be changed from about 10 nsec to 20 nsec
by controlling the sweep voltage amplitude.

For use of the accelerator in conjunction with laser
experiments a new feature has been added. It allows the

injection of a single proton burst into a reaction cell
and also provides a trigger signal to fire a single burst of
photons from a dye laser into the cell. The time interval
between the creation of the excited states by the
proton burst and the arrival of the photon burst from
the laser can be selected by the experimenter.

Figure 19.1 depicts the apparatus. The pulsed Van de
Graaff is shown at the right of the figure. A continuous
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stream of proton bursts leaves the accelerator, is bent
90° by an analyzer magnet, and passes between the
control slits. The setting of the magnet's field deter
mines the energy of the analyzed proton beam. Error
signals from the slits are used to lock the accelerator
voltage at the value determined by the analyzer magnet
setting.

With laser experiments the time between proton
bursts is set at 64 //sec. This continuous stream of

bursts traverses a signal pick-off which generates a
continuous stream of electrical pulses and sends them
to a logic circuit which normally ignores the pulses. The
stream of proton bursts enters a set of deflector plates
which normally deflects all the bursts from the reaction
cell.

Only two proton bursts are of interest. These are the
first two which arrive at the signal pick-off after a
manual switch is depressed. The first of these proton
bursts produces the one electrical pulse to which the
logic circuit responds. This pulse is transmitted to a
delay generator and also initiates the generation of an
unblanking pulse which is timed to allow only the
second proton burst to traverse the deflector plates and
reach the reaction cell.

The pulse from the adjustable delay generator fires
the laser, allowing a photon pulse to enter the reaction
cell at any selected time with respect to the arrival of
the proton burst. The pulse from the delay generator
also triggers the sweep of a transient recorder that
records the amplified electrical signals from the reaction
cell.

Laser Facilities for Resonance Ionization Spectroscopy

The light source used in RIS experiments is a pulsed
coaxial flash-lamp-pumped dye laser (manufactured by
Phase R). The laser output can be tuned from 3500 to
11,000 A by using various dye solutions. This region
can be extended into the ultraviolet (uv) region by
optical mixing in nonlinear materials. The energy
output per pulse, which can reach 1 J, varies with the
wavelength region according to the availability of
high-gain dyes. It also varies with the cavity configura
tion. The maximum energy and spectral content of ~40
A FWHM at a dye's central wavelength are produced by
a flat-flat cavity configuration. As dispersive elements
are introduced into the laser cavity, the spectral content
is reduced and the output energy is somewhat reduced.

The dye cell is 12.5 in. long and V2 in. in diameter
and is enclosed by a xenon flash lamp having slightly
more than a V2-in. diameter. The flash lamp is fired by
a standard spark-gap arrangement. At 20 kV, 100 J of
electrical energy is stored in the capacitor. Of this, on

the order of 1% is converted to the laser beam. Because

the flash lamp has very low inductance, the pulse has a
100 X 10"9 sec rise time and a 300 X 10 "9 sec width.

The dye concentration is chosen such that a uniform
circular beam of 14-mm diameter is delivered by the

laser.

Figure 19.2 shows a labeled scheme of the different
cavity configurations. Configuration a has a 600-
line/mm grating (G) as a angle-dependent dispersive
wavelength selector at one end of the cavity and a
broadband plane reflector (O) of 70% reflectivity at the
other end of the cavity. Along with the grating, a
broadband plane reflector (M) of 60% reflectivity is
inserted in the cavity. This mirror-grating combination
makes the spectral selectivity interference-dependent
and thus eliminates certain satellite lines. Satellite lines

due to some modes that oscillate slightly askew to the
beam axis have a different spectral content and in some
cases mask the tuning line. At 20 kV, the measured
output (at 5015 A) of this configuration is 250 mJ with
14 A FWHM. This energy, while not enough for
performing RIS experiments under saturation condi
tions, is enough to damage grating coatings.

Configuration b is more attractive, since one can go to
higher energies without damaging the components. A

ORNL-DWG 75-6408

DYE CELL

(<7)

DYE CELL MAX

(A)
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Configuration using a prism as a tuning element.
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ORNL-DWG 75-6409R prism (P) (60°) is used as a wavelength-selective
element. A maximum broadband reflector {Max) isused
at one end of the cavity, and a broadband mirror of
70% reflectivity is used at the output end of the cavity.
At 20 kV the measured output (at 5015 A) of this
configuration is 690 mJ with 28 A FWHM.

The spectrum for a typical shot with coumarin 314
dye was measured with an optical multichannel ana
lyzer and is shown in Fig. 19.3.

Reaction Cell and Ionization Measurements

The reaction cell is shown schematically in Fig. 19.4.
The cell is a metal chamber through which the gas being
studied can flow at a selected pressure. The chamber is
electrically insulated and is isolated from the proton
beam vacuum lines on the left by a 0.1-mil Havar foil.
On the right, a quartz window coated with a thin,
transparent conductor seals the chamber. Rectangular
plates A, B, and Cmounted parallel to rectangular plate
D complete the essential characteristics of the cell. Each
of the rectangular metal plates is electrically insulated.
A wire from each plate is brought outside the vacuum
system enclosing the reaction cell, allowing a choice of
external electrical connections.

The Havar foil is highly transparent to the proton
beam bursts, which enter on axis from the left. The
coated quartz is highly transparent to laser-produced
photon bursts, which enter the cell on axis from the
right.

Figure 19.4 shows the electrical connections em
ployed when measuring the Wvalue of a gas. These

ORNL-DWG 75-6410

Fig. 19.4. Schematic diagram of the reactioncellfor studyingresonance ionization spectroscopy.
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measurements are made with the proton beam alone.
Versatility is achieved in allowing connections for the
measurement of W, since this quantity characterizes the
purity of a gas. To measure W, the number of protons
traversing the cell is counted by a current integrator,
while the energy loss per proton in the region above
plate B is calculated by the known stopping power of
the gas. The number of ion pairs created above plate B
is deduced from the voltage measured and hence the
charge collected on the known value of capacitor C .

When measuring the lifetime of metastable states,
both proton bursts and photon bursts are used. A
positive voltage is applied to plate D. Plates A, B, and C
may be connected singly or in parallel to the input of
an amplifier whose output is in turn connected to the
transient recorder. Both broadband and pulse-shaping
amplifiers have been used. When using a broadband
amplifier a small signal resistor, R, is used such that
RC (C is the chamber input capacitance) is less than te,
the electron collection time. When the pulse-shaping
amplifier is used, R is large, so that .RC is much greater
than te. In both cases the output of the amplifier is
proportional to the number of ion pairs created in the
chamber. Pulse shaping is preferred in those cases where
the expected transients generated when the laser is fired
are large compared with the desired electrical signal
from plates A, B, and C. On the other hand, time
resolution is best when the broadband amplifier is used,
for in this case the electron currents are recorded on the

transient recorder.

In operation, the proton beam burst produces charged
particles and excited states in the gas. The charged
particles alone produced an electrical signal at A, B, and

C proportional to the number of ion pairs created. At a
preselected time later, a photon burst, with the photons
tuned to the right wavelength, ionizes the atoms in the
metastable state being studied. A second signal is
produced at A, B, and Cby these charged particles. It is
separated in time from the proton-produced signal and
is proportional to the number of atoms in the particular
metastable state at the time the photons enter the
reaction cell.

Theory Related to
Resonance Ionization Spectroscopy

During the past year, we have investigated in consider
able detail the validity of rate equations for the
description of the interaction of a laser pulse with an
extremely dilute population of atoms having an absorp
tion line that overlaps in wavelength with the laser line
shape. Particular attention has been given to the

situation where the absorption of two photons by a
single atom results in the ionization of the species in
question. We have found that the more basic density-
matrix formulation4-6 of the problem can be simpli
fied to rate equations for atomic populations if

1. the electromagnetic field amplitude changes very
little within the time that either off-diagonal ele
ments of the density matrix decay or saturation of
the transition occurs;

2. the density of atoms in the state that resonates with
the laser pulse is so small that attenuation or
amplification of the laser pulse is negligible;

3. the laser line width is very broad compared with that
of the absorption line (including pressure and
power-broadening contributions to line width);

4. the off-diagonal elements of the density matrix
decay in a time that is small compared with the time
over which diagonal elements change appreciably.
The latter situation can occur either because of the

pressure-broadening effects, which rapidly destroy
memory of how a state was excited, or because of
the short coherence times of the laser pulse itself.

Even when conditions 1 and 4 are not satisfied, rate

equations can be used to predict the yield of ion pairs,
provided the laser beam is sufficiently powerful to
saturate the transition in a time that is short compared
with the pulse length and provided conditions 2 and 3
are satisfied.

In RIS, one is likely to use very powerful dye lasers
having line widths of the order of a few angstroms and
pulse lengths of the order of 10~7 sec. If the energy per
pulse is of the order of 1 J, the above considerations
lead us to believe that a rate-equation approach is
appropriate for the description of RIS in almost any
situation where the density of the species in question is
sufficiently low. We will now use a rate-equation
approach to describe the interaction of a laser pulse
peaked at X^ 5015 A with a small population of
He(21S) atoms. We will generalize on the equations
written and solved in last year's report by including the
effect of collision processes which are important when
the He(21S') population is accompanied by a much
larger number (say a pressure of several torr) of
ground-state He atoms. Under such high-pressure condi

tions, the He(31/>) population not only is photoionized

4. W. E. Lamb, Jr., in Lectures in Theoretical Physics, vol. 2,
ed. by W. E. Britten and B. W. Downs, Interscience, New York,
pp. 435-88.

5. F. Bloch, Phys. Rev. 70. 460 (1946).
6. J. P. Wittke and P. J. Worter, /. Appl. Phys. 35, 1668

(1964).
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by further photons but is also rapidly converted to
He(315) and He(31D) by two-body collisions with
ground-state He atoms. Further, the He(31P) and
He(31D) states undergo the process He(31/> or 31D) +
He (l'S) -*• He2+ + e with a very large rate7 at room
temperature. As an aid to the formulation of the rate
equations, the reader is referred to Fig. 19.5, which
summarizes the appropriate energy pathways.

We define:

g(t) = photon flux density,

F(v) dp = fraction of the laser photons with frequency
v to v + dv ,

2'S

SulSl ~ ratio °f degeneracies of the upper and lower
levels (3'^ and 2^),

X0 = wavelength at the line center,

0(2fS)= decay rate of the 2lS population without
the laser pulse,

C(215), C{2lP), C{3lP), C(3XD), and Q2lS) =popu
lation of the corresponding states,

a(31P), a(31D) = rates for associative ionization out
of the states in question,

7. H. F. Wellenstein and W. W. Robertson,/ Chem. Phys. 56,
1077(1972).
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Fig. 19.5. Energy pathways diagram for RIS of the He(215) state. The lines —O— represent collisional processes
involving a collision with one ground-state atom, the lines —O—O— represent collisions with two ground-state atoms, the wavy
lines represent spontaneous emission, ~~<)~~ represents emission stimulated by a collision with a ground-state atom, and
laser-induced processes are represented by double lines. In all cases, arrows represent the direction of the reaction. Only dominant
mechanisms have been included.
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n(3lP -> 3lD), ii(3lD -+ 3lP), n(3'P -> 3lS) = rates
for two-body conversion of the first population to
the second,

j(3lP-> 2'S), y(3>S - 2lP), y(3lD -* 21 P) =spon
taneous decay rates,

X(21P^215) = rate of collisional conversion of 2lP
to2lS,

$(2lP) = total rate of destruction of He(2lP),
j30(3I.P)= rate of escape of resonance 3*P -> l1 S

radiation to the walls,

ct(3'P), o(3lS), a(3'D) = photoionization cross sec
tions for states in ques
tion at 5015 A.

The rate equations for the five coupled states are:

^d\^ =-^-y(3lp^ ^S)F(u0)g(t) [3C(2lS)
-C(31/>)] +y(3iP-*21S)C(31P)-(3(21S)C(2lS)

21S), so that any population which was originally in
2lS but ends up in 2lP is lost. In actuality, about 70 to
85% of the 21P population eventually becomes 2lS due
to radiative transitions and collisional effects and

thereby may be promoted once again to 3lP, from
which ionization can again occur. Once X(2lP^> 21 S) is
set equal to zero, Eqs. (la), (16), and (le) are
uncoupled from (Id) and (le) and can be solved
separately. Further simplifications occur if for most of
the laser pulse we have

hi
8tt

y(3iP^21S)F(u0)g(t)

> any collisional or radiative rates. (2)

In the latter situation, one quickly reaches the point
where 0(3^) « (gjgz) C(21S). Thus, one can eliminate
C(21S) and obtain the following coupled equations for
C(3lP)and C(31 D):

dCi3' P)+X(21P^2iS) C(2lP) , (la) [1 +gjgu] —^-= - [o(3lP)g(t)

^~=^y(31P^2lS)F(v0)g(t) [3C(2'S)
-C^P)] -[o(31P)g(t) + y(3lP-+21S)

+ Po^P) + a(31P)+n(31P^31D)

+H(3lP-+3lS)\ C(3lP)

+li(31D^31P)C(31D), (lb)

dC(3lD)
- - [o(3lD)g(t) +a(3lD) +y(3lD -> 2lS)

+H(31D->31P)] C(3lD)

+p(31P^3lD)C(31P), (le)

- [o(31S)g(t)+y(3>S^21P)] C(3lS)

+H(3lP-*31S)C(31P), (Id)

-P(2'P) C(2'P) +y(3lD -* 2lP) C(3lD)

dt

dC(3lS)
dt

dC(2lP)
~dt~'

+y(31S-+21P)C(3iS). (le)

Initially, all the Cs are zero except C(21S).

We can derive a lower bound on the total number of

ion pairs produced by neglecting completely X(2'P -»

dt

dt

+(g&/gu) 13(2'5) +M^P) +a(31P)+n(3lP-+31D)

+n(3lP^31S)] C(31P)+ii(31D-*31P)C(3,D),(3a)

dC(3'D)
= - [o(31D)g(t) +ol(3lD) + y(31D^21S)

+ai(3!D-> 31 P)] C(3*D)

+ m(31 P ->31 D) C(31 P) . (3b)

Once the above equations are solved, one can calculate
the yield of ion pairs from the two states. Further, with
C(3'.P) known, C(3lS) can be determined from (Id),
and the yield of ion pairs from that state can be
calculated. With a laser beam having a 1-cm2 beam
diameter, 35 A FWHM, 0.7 J per pulse, and pulses
lasting 3 X 10~7 sec, this should bea good approxima
tion below 10 torr He pressure, provided the energy
density is spread reasonably uniformly over the beam
cross-sectional area.

At much higher pressures, /x(3'P -> 3'D) anda(3lD)
as well as some othercollisional rates become very large
compared with the reciprocal length of the laser pulse
and compared with a(3l P) g(t), a(3lD)g(t), and a(3'S)
g(t). In thelatter case, one obtains a good approximation
for the number of ion pairs produced by assuming that
photoionization can be neglected compared with asso
ciative ionization and that#(7) ^g0 for t <r and g(t) »
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O for t > t. In the latter case, (la), (lb), and (le) have
constant coefficients and are easily solved. Once they
are solved, the solutions can be used to solve (Id) and
(le), and the resulting C(21P) can be used in (la) in
order to obtain better solutions to (la), (lb), and (lc).
After obtaining accurate populations for C(31D) and
C(3XP), the total amount of associative ionization can
be obtained and compared with the original population
of 2lS. With the laser pulse described previously, one
finds that 90 to 95% of the initial He(2'S) population
is converted to ion pairs for 15 torr</)< 100 torr.

Application of Resonance Ionization
Spectroscopy to the Study of He(2lS)

The facilities described in previous sections have been
used to study the time dependence of the He(21S)
population following the excitation of He by fast
charged particles. The laser described earlier was used to
generate 0.69-J pulses lasting 0.3 jusec and having a
wavelength centered at 5015 A. The line width was~30
A. The laser pulses were fired into a gas cell filled with
He (99.9995% pure) at various times following excita
tion by pulses of 103 to 104 protons. Signals generated
by the direct ionization of the protons and by the
resonant ionization of He(2lS) by the laser pulseswere
recorded by a transient recorder. From the ratio of
pulse heights, the number of ion pairs due to the laser
divided by the number of ion pairs produced by the
protons was determined. A typical recording of the
signals is shown in Fig. 19.6. It was demonstrated that
(1) the laser pulse could be attenuated by a factor of
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Fig. 19.6. Resonance ionization of He(2a5) at 14.9 torr.
Direct ionization by the pulsed proton beam accounts for the
large pulse at the left. After 9 Msec the laser fired a sufficient
number of 5015-A photons to convert all of the He(2'S) to ion
pairs.

'10 without appreciably reducing the ratio and (2) the
laser beam could be spread by a lens (so that its radius
in the interaction region was increased by a factor of
~2) without appreciably changing the ratio. Thus, as
suggested by theory, it appeared that the ionization was
saturated and the spatial overlap was complete, so that
the measured ratio represented the ratio of the He(21S)
population to the number of ion pairs produced during
and just after the passage of the protons. Figures
19.7—19.10 show decay curves measured in the experi
ment at helium pressures of 15.3, 30, 60, and 100 torr
respectively.
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The decay rates of He(215') measured by the present
technique are in excellent agreement with the measure
ments of Bartell et al.8 of the collision-induced emis
sion of He(215) at 601 A. In both cases the late time
decay isexponential with decay constant (3,

0(21S) = 23OP + 1.4P2 ,

where 0(2'S) has units of sec"1 and Pis He pressure in
torr. Figure 19.11 shows a graph of $(2lS)lP vsP with
both the present data and several points from the work
of Bartell.

As mentioned earlier, the intercepts of the decay
curves are in agreement with theory for the population
of He(215), providing one assumes that (in accord with
the He energy pathways model discussed earlier) most
of the initial He(21P) population is also converted to
He(2'5).

In addition to the experiments at 15 torr <P < 100
torr, we have also carried out measurements at 0.6 torr

and 1.0 torr. At the latter pressures, little associative
ionization occurs, yet the intercept of the decay curves
is 0.2, indicating that photoionization out of the
intermediate states is nearly saturated, as is expected
from theory.

Further studies of excited species in inert gases
following excitation by a pulse of fast chargedparticles
are planned. In particular, we hope to obtain important
information about the He(23S) and He2 (a3 2*) popula
tion as a function of time and then to look at other

noble gases. These investigations will be of considerable
importance for Ar, where considerable ambiguity exists
in the interpretation of time-resolved emission studies.

ENERGY PATHWAYS AND

JESSE EFFECTS IN HELIUM

In our FY 1974 annual report, we presented a
detailed kinetic scheme for the processes which deter
mine the time dependence of vacuum ultraviolet (vuv)
emissions from helium following excitation by fast
charged particles (see Fig. 19.12 for details). One of the
most novel mechanisms in the model was the suggestion
that the very large linear-in-pressure term in the rate
constant for the decay of the 584-A resonance line8
represented the process He(21P) + He(l'S) -> He(2'5)
+ He(l15'). The latter suggestion was motivated partly
by an extrapolation from information about transport
of photons from resonance lines of other noble gases.

8. D. M. Bartell, G. S. Hurst, and E. B. Wagner, Phys. Rev. A
7,1068(1973).
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The information implies that such a large pressure
dependence due to a breakdown of the Holstein
transport theory was extremely unlikely. The other
chief motivations concerned the facts that (1) due to
energy considerations, the He(2lS) state is the only one
likely to result from a two-body collision with a
ground-state atom and (2) our theoretical calculation of
the rate yielded a value nearly equal to the one
observed experimentally. We have now used our reso
nance ionization spectroscopy (RIS) technique9 in
order to provide further evidence concerning the
existence of the mechanism.

In the RIS experiment, helium gas at various pressures
was excited by a single pulse of 103 to 104 protons^
~ 2 MeV) delivered in a time period of 1.5X 10-8 sec.
The protons produced 106 to 107 ion pairs and a
comparable number of excited atoms. After different
delay times, a pulsed laser tuned between Ue(2lS) and
Ee(31P) was fired and > 95% of the He(215') population
remaining in the system was converted to ion pairs. The
number of ion pairs arising at the time the laser was
fired was measured and compared with the number

produced very near the time of passage of the protons.
Further experimental and theoretical details are de
scribed in a later section of the report. According to
theory,8'10 the combined population of He(2lS) and
He(21P) is about 34% of the number of ion pairs
produced by the protons and secondary electrons, with
the He(21P) population being about five times as large
as that of He(2'S). At pressures of a few torr, the
He(21i>) population decays at a rate B(2lP)^3 X 106
sec"1, with 2 X 106 sec"1 of the rate representing
radiative decay to He(21S). Thus, at such low pressures,
about two-thirds of the He(21P) population becomes
He(21S), and for delay times >1 jusec, the number of
ion pairs detected just after the laser pulse divided by
the number detected just after the proton pulse should
be about 0.23. If the large linear-in-pressure term

9. G. S. Hurst et al., Health Phys. Div. Annu. Progr. Rep. July
31, 1974, ORNL-4979, pp. 230-33.

10. G. D. Alkhazov, Ioffe Institute of Physics and Technol
ogy, Leningrad, Report No. FTI-108, 1969 (unpublished);
Transl. Scientific Service, JTS Order No. 7926.
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represented an increased rate of escape of resonant
photons from the system, then the above ratio should
decrease to about 0.11 at P = 100 torr. On the other
hand, if the linear-in-pressure term represents a colli
sional conversion of He(21P) to He(21S), the ratio
should increase to about 0.29 at P = 100 torr. Our
experiment shows that at P = 15 torr the ratio is 0.26
and that at P = 100 torr it has reached 0.33, which is in
good agreement with the interpretation of the linear-in-
pressure term as a rate for converting He(2'.P) to
He(215).

Along the same lines, we have looked for other
independent evidence related to the question of
whether the large linear-in-pressure term observed in the
decay of 584-A emission might represent an increased
rate of escape of radiation to the walls. Important
empirical information comes from studies11'12 of the
decay of the Ax(xPx), Ar(3P,), and Ne(1/>1) popula
tions.1 3 In the first two cases, excellent agreement with
the Holstein theory (with impact-broadened line
shape14) for the rate ofescape of resonance photons to
the walls is obtained for P < 50 torr. Above 50 torr.

some pressure dependence appears, and the observed
decay rate is B = BH + CP2, where BH is the Holstein
rate. In both cases there is no observable linear-in-pres
sure term, and the P2 term is believed to represent the
formation of electronically excited diatomic molecules.
Since the form B ^ BH + CP2 is observed to hold with
excellent accuracy up to several hundred torr, it is
tempting to suggest that the rate of escape of resonance
photons to the container walls is pressure-independent
to good accuracy up to at least 100 torr and possibly up
to 200 torr. In the case of We(lPx), theory14 suggests
that no bound molecule exists that correlates with

Ne( Px) + Ne(150) at large internuclear separation.
Accordingly, experimental studies15 show that the
decay rate contains no P2 term but that it is repre
sented accurately by B = BH + C'P. In the latter case,
spin-orbit coupling leads to an avoided crossing between
adiabatic potential curves corresponding to Ne(lPx) +
Ne(150) and Ne(3/>,) + Ne(150) at large R,14 and
theoretical estimates suggest that there should be a large
rate for the collision Ne(,/>1) + Ne(150) -> Ne(3P,) +
Ne(15'o). Experiments13 show that the linear-in-pres
sure term is large and that the emission from Ne(3Px)
starts out low and builds up [over the same time scale
as Ne(1/>1) decays] before bending over and decaying
itself. The decay rate for Ne('.P,) is fitted very
accurately by B = BH + C'P from P = 1 torr up to
pressures where the line can no longer be seen. This
again suggests that the rate of escape of resonance
photons to the wall is pressure-independent above a few

torr and is given accurately up to rather large pressures
by the Holstein theory with impact-broadened line
shape.

Some insight into the reason why the Holstein theory
with impact-broadened line shape may hold up to
rather high pressures is gained by noting that a
statistical line-shape theory1' is valid on the far wings
of the line, and if the valence forces did not come into
play at small internuclear separation, the emission
profile predicted by the statistical theory would be
symmetrical and given by (for 1P1 -• 1S0 transitions)

m =
tW

24ir3(v - v0)2 (4)

where y is the spontaneous decay rate for the resonance
transition, N is the number density of ground-state
atoms, X0 is the wavelength at the line center, and v0 is
the frequency at the line center. Much nearer the line
center (but still on the line wings), the impact theory of
line shape is valid and is given by1 4

P(v) = 1.53
7/vV

247r>-^)2
(5)

Thus we see that in the absence of valence forces we

would have a theory that is valid on the near wings of
the line and another valid on the far wings. Further, the
dependence on v —v0 is the same and the amplitude is
sufficiently close so that if the expression which is valid
on the near wings is extrapolated to the far wings, it
comes rather close to joining smoothly into the correct
function. Thus it would not be surprising if Eq. (5) is
accurate to within 50% error all the way from the near

wings to the far wing region where the statistical theory
(including valence forces) begins to predict asymmetri
cal broadening. Whether one uses Eq. (4) or (5) in the
Holstein theory is relatively unimportant, since the rate
of escape to the container walls only differs by ~25% in
changing from one to the other. We estimate that the
transport theory will begin to sample far enough on the
wings for valence forces to come into play at about 50

11. M. G. Payne, J. E. Talmage, G. S. Hurst, and E. B.
Wagner, Phys. Rev. A 9, 1050 (1974); J. E. Talmage, Jr., G. S.
Hurst, M. G. Payne, and E. B. Wagner, Transport ofResonance
Radiation in Argon, ORNL-TM-4368 (1973).

12. G. S. Hurst, E. B. Wagner, and M. G. Payne, /. Chem.
Phys. 61,3680(1974).

13. P. K. Leichner, to be published.
14. P. R. Berman and W. E. Lamb, Phys. Rev. 187, 221

(1969).

15. Henry Margcnau and William W. Watson, Rev. Mod. Phys.
8,22(1936).
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to 100 torr. Thus, at room temperature and for
pressures less than 50 torr, it would be somewhat
surprising if deviations from the theory were greater
than 25% for the 584-A line of He and a container of
radius ~1 cm. If the linear-in-pressure term is a
deviation from the Holstein transport theory, there
would be a factor of 2 error at only 15 torr. We plan
further investigation into this matter, since it is ex
tremely important for the interpretation of the time
dependence of escaping resonance radiation.

The Jesse effect in He16'1 7 with Ar, Kr, or Xe as an
impurity depends on He pressure and impurity pressure
in exactly the way that would be expected if allof the
effect came from the Ue(2x S) population. This is
consistent with our suggestion that most of the large
He(21P) population is converted to He(2xS). However,
our recent experiment on this population indicates that,
even after the conversion of the He(21P) to He(215),
the population of the latter state is only about
two-thirds as big as would be required to explain the
entire effect. Thus, either part of the extra ionization
comes from the He(235") population [as for singlet
states, He(23P) is rapidly converted to He(235)], or it
must be accounted for in terms of ionization of
impurities by electrons that are sub excitation in pure
He. Since the pressure dependence of the latter effect is
rather different from what is observed, we regard the
former suggestion as being more likely to contribute a
large portion of the missing extra ionization.

The pressure dependence of the effect from He(235)
is easily estimated from knowledge of the Penning
ionization cross section and from the known decay
kinetics of He(23S) for the pure gas. The dependence
on He and impurity partial pressures is very close to
what is observed for the He(215) population, and this is
what is required. Further, the size of the population is
just aboutwhat is needed.8'1 ° to explain the additional
one-third of the effect. However, there is a possible
difficulty with the explanation. When an He(23S) atom
does not undergo Penning ionization, it forms a
metastable molecule by the process

He(23S) +2He(l15)^He2(a3Eu+) +He(l15).

The a3 2* molecule is known to have a lifetime against
radiative decay of the order of seconds (or longer).
Thus, in the absence of electrons or many other excited
atoms, but at rather high pressures, it is eventually
quenched by encounteringan impurity atom. The latter
process should be the principal mode of deexcitation
even in He with impurity levels less than 1 ppm. Thus,
if the quenching process leads to ion pairs with unit
efficiency, these ion pairs should be present and
counted even in measurements of W values for pure
gases. If one includes the conversion of 3XP, 3XD, 33P,

and 33D, as well as 23S, 23P, and all other states with n
> 3 to ion pairs (the n > 3 levels are converted by the
Hornbeck-Molnar process with at least 80% efficiency
for He pressures greater than 50 torr), one concludes
that there is a considerable discrepancy between calcu
lated W values for the pure gas and the value that is
actually measured for gases with a part per million or
more of an impurity. Further, if the ionization effi
ciency of He2(<73 Sj) is unity, very little of the pressure
dependence of the Jesse effect will come from the
triplet population. One is then left with the problem of
accounting for one-third of the observed pressure
dependence in terms of subexcitation electrons.

A look at the adiabatic potential curve of He2(a32*)
is suggestive of an explanation for the problem. We note
that with relatively small amounts of impurity and at
large He pressure, the He2(a32*) islikely to be relaxed
to its ground vibrational level before being quenched.
Thus, if a reasonably long-range encounter resulted in
energy transfer, the energy transferred from the He
might be of the order of magnitude of the energy
difference between the minimum of the a3S„ potential
curve and the ground-state X1 E* potential curve at the
same internuclear separation. This energy is about 14.5
eV, which is not sufficient to ionize Ar but might be
sufficient to ionize Xe at some internuclear separations.

Thus, if discrete-discrete energy transfer to a consider
able number of impurities other than Ne is a possibility,
one might conceivably have an ionization efficiency
considerably less than unity, in which case a pressure-
dependent contribution from the triplet population
would occur and look very much like that from
He(215).

We plan to time-resolve emission from Ar as a
function of Ar pressure in order to prove or disprove
the existence of this mechanism (we have already
shown that argon fluoresces strongly in nearly pure He
excited by pulses of charged particles). In such an
experiment the Ar emission should build up as He(235')
decays and then decay at a rate that is limited by the
slow decay of He2(a32*). The latter decay rate should
be proportional to Ar partial pressure.

ENERGY TRANSFER

Energy Transfer from Argon Resonance
States to N2, H2, and NO

Previously12 we described a time-resolved spectro
scopic method for obtaining quenching rates of reso-

16. W. P. Jesse and J. Sadauskis, Phys. Rev. 88, 418 (1952).
17. J. E. Parks, G. S. Hurst, T. E. Stewart, and H. L. Weidner,

J. Chem. Phys. 57, 5467 (1972).
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nance excited states. These studies have proven to be of
considerable interest (1) because of their scientific value
in, for instance, checking theoretical calculations; (2)
because they produce data for the design of energy-
transfer lasers; and (3) because they suggest concepts
and supply data for analysis of low-level atmospheric
pollution. Consequently, we have extended18 the
measurements to some additional acceptors (quench
ers). In particular, we investigated for the resonance
states Ar(xPx) and Ar(3Px) at 1048 A (11.82 eV) and
1067 A (11.62 eV), respectively, the rate of energy
transfer to N2 and H2, both examples of discrete-
discrete transfer, and to NO, an example of a discrete-
continuum process. In Fig. 19.13, we illustrate the
time-resolved quenching data for Ar-H2 .

18. J. R. McNeely, G. S. Hurst, E. B. Wagner, and M. G.
Payne, submitted for publication in the Journal of Chemical
Physics.
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Rate constants for energy transfer were deduced from
the changes of the rate of decay of excited states
corresponding to known changes of the density of the
diatomic molecules. See Fig. 19.14 for a sample of the
data for Ar-H2 . For Ar*-N2 the rate constants were 5.4
X 10"11 and 0.8 X 10"11 molecule"' cm3 sec""1 for
Ar(xPx) and Ar(3Px) respectively. For Ar*-H2 the
measured rate constants were 22 X 10"11 and 21 X
10"11 molecule"1 cm3 sec"1 for Ar('Pi) and Ar(3Px)
respectively. The results for nitric oxide were 54 X
10"11 and 32 X 10"1 ] molecule"1 cm3 sec"1 for
Ar^/0!) and Ar(3Pi) respectively, compared with 59.7
X 10"11 and 32.6 X 10"11 molecule"1 cm3 sec"1
calculated from a theory for discrete-continuum energy
transfer. Table 19.1 may be consulted to see how these
results compare with previous measurements. Also
included in Table 19.1 are data for energy transfer from
the metastable species Ar(3P0) andAr(3P2). Table 19.2
provides a comparison of experiment and theory for the
discrete-continuum cases.
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Energy Transfer from Helium
Excited States

During the past few years, electronic energy transfer
from excited rare gases to foreign atoms or molecules
has been the subject of many theoretical and experi
mental studies. Energy transfer from excited helium is

amenable to theoretical calculations. A variety of
experimental approaches has aroused even more in
terest. Measurements of Jesse effects, ionization cross
sections, and Penning electron energy distributions have
all been carried out. The study of excitation transfer
processes for the lowest lying metastable and transition-
allowed resonance states of helium will be discussed
individually in the following.

The process of Penning ionization from metastable He
has been discussed from two points of view by
Nakamura,19 namely, on the basis of quasi-adiabatic
and adiabatic representations of electronic states. A
detailed theoretical formalism of Penning ionization
and associative ionization has been given by Miller2 ° '2-
through classical, semiclassical, and quantum mechani
cal considerations. Bell, Dalgamo, and Kingston22

19. N. Nakamura,/. Phys. Soc. Japan 26,1473 (1969).
20. W. H. Miller,/ Chem. Phys. 52, 3563 (1970).
21. W. H. Miller, Chem. Phys. Lett. 4, 627 (1970).
22. K. L. Bell, A. Dalgarno, andA. E. Kingston,/. Phys B 1.

18(1968).

Table 19.1. Rate constants" for transfer ofargon excitation energy at 300°K

Quencher molecule

N2

H2

NO

C2H4

Ai(3P2)

3.6 X 10

3 X 10

-li b

-11 d

6.6 X 10"
11 b

-li b
22 X 10

64 X 10
-11 d

Rate constant when donor state is

Ar(~7>i)

0.6 X 10"

0.8 X 10"

21 X 10"

40 X 10"

20 X 10

32 X 10"

"11/

56 X10"11*

Art^o)

-li b
1.6 X 10

7.8 X 10
-11 b

-li b
25 X 10

aIn units of cm sec

bL. G. Piper, J. E. Velazco, and D. W. Setser,/. Chem. Phys. 59, 3323 (1973).
CC. J. Chapman, A. J. Masson, and R. P. Wayne, Mol. Phys. 23, 979 (1972).
dM. Bourene andJ. LeCalve,/. Chem. Phys. 58, 1452 (1973).
ePresent work.

fC. E.Klots, /. Chem. Phys. 56, 124 (1972).
gG. S. Hurst, E. B.Wagner, and M. G. Payne,/ Chem. Phys. 61, 3680 (1974).

Ar(-Pi)

5.4 X 10"

22 X 10"

60 X 10"11 f
54 X 10"11 e

103 X 10"11 g

Table 19.2. Comparison of experimental and theoretical rate constants"
for transfer of argonexcitation energy in four discrete-continuum processes

Acceptor molecule
Experiment Theory"

NO

C2H4

Ar(>1)

32 X 10"

56 X 10"

Art-Pj)

54 X 10"

103 X 10"

AiCPx)

33 X 10"

54 X 10"

"In units of cm sec .

bJ.Watanabe andK. Katsuura,/. Chem. Phys. 47,800 (1967).
CG. S. Hurst, E. B. Wagner, and M.G. Payne,/. Chem. Phys. 61, 3680 (1974).

Ai^PO

60 X 10"

103 X 10"
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assumed that the C6/R6 dispersion interaction at long
distance is the main factor that determines the ioniza

tion cross section and calculated the reaction rate and

ionization cross section of He(215)-Ar through the
orbiting approximation. The reaction rate and ioniza
tion cross section calculated by Bell et al.22 are 9.95 X
10"10 cm3/sec and 85.3 A2. Ferguson et al.23 corr
elated classical momentum transfer cross sections for

He(215)-Ar and got results close to those obtained by
Bell et al.22 Unfortunately, the calculated results from
the different groups always show an ionization cross
section larger than the experimental data, some of
which are not consistent.

For He(215)-Ar, Benton et al.24 obtained a cross
section of 55 A2 from afterglow studies of pulsed
helium discharges. Sholette and Muschlitz25 used a
beam technique and got 7.6 A2; Schmeltekopf et al.26
and Howard et al.27 obtained 16.4 A2 and 23.5 A2 by
flowing afterglow methods and cross-beam techniques
respectively. Chen et al.28'29 measured the differential
cross sections and got 22.5 A2 at room collisionenergy
through a localized complex potential calculation. It
was pointed out that the ionization cross section
strongly depends on the interaction potential and
collision energy. From the above data, it is clear that
the experimental discrepancies are quite significant.

Phelps30 did absorption studies of the decay of
metastable He and obtained the decay rate j3 = 150P
with 0 in sec"1 and P in torr. Phelpsattributed the rate
to the collision-induced emission process suggested by
Nickerson31 which involved the A1'E+U molecule
created by barrier penetration into a quasi-bound
vibrational level. Phelps's interpretation is supported
through emission and absorption studies of Sando et
al.32 and Tanaka et al.33 The existence of a potential
barrier has been proved by theoretical calculation,34'35
and the barrier height was accurately determined as 61
MeV by Lee et al.36 Bartell et al.8 used the time-
resolved technique to decide the decay rate of He(215')
as (3 = 15OP + 1.3P2 with P in torr and 0 in sec_1. The
term of 1.3P2 comes from a three-body collision
process.

Since He(215') can decay through collision-induced
emission, the time-resolved vacuum ultraviolet (vuv)
method can be used as an accurate and sensitive tool to

study energy pathways37"40 and energy transfer
processes leading from this state.

When small amounts of foreign species are added to
pure He and produce ionization through the Jesse
effect, the vuv radiation is quenched. Through the
time-resolved vuv spectroscopic method of 601 A, the
reaction rate of energy transfer process of He(215') can

be obtained much more accurately than the data

obtained by beam and afterglow discharge methods.
The experimental data of time-resolved vuv spectros
copy for He(215')-Ar, Kr. and Xe are presented in Fig.
19.15. The agreement between this result and those of
Howard et al.27 and Chen et al.28 is good. Numerical
results are given in Table 19.3, with an estimated
accuracy of 10%.

From the accurate determination through the time-
resolved vuv method, it is known that the long-range
dispersion interaction considered by Bell et al.22
through orbiting approximation is not adjustable. The
interaction potential between He(2'S)-Ar, He(215')-Kr,
and He(2'S)-Xe should be similar to alkali-atom-rare-
gas interaction potentials. If further data at different
temperatures for time-resolved vuv spectroscopy be
come available, a detailed interaction potential and
transition mechanism can be deduced.

Dipole-transition-allowed excited states of rare gases
are the other important species for study of excitation
energy transfer processes. The ionization process from
resonance excited states was probed by Katsuura4 x
from the rotating-atom approximation, which assumed

23. E. E. Ferguson, Phys. Rev. 128, 210 (1962).
24. E. E. Benton, E. E. Ferguson, F. A. Matsen, and W. W.

Robertson, Phys. Rev. 127, 206 (1962).
25. W. P. Sholette and E. E. Muschlitz, Jr., /. Chem. Phys.

53,3173(1970).
26. A. L. Schmeltekopf and F. C. Fehsenfeld,/. Chem. Phys.

53,3173(1970).
27. J. S. Howard, J. P. Riola, R. D. Rundel, and R. F.

Stebbings, Phys. Rev. Lett. 29, 321 (1972).
28. C. H. Chen, H. Haberland, and Y. T. Lee,/. Chem. Phys.

61,3095(1974).
29. H. Haberland, C. H. Chen, and Y. T. Lee, in Atomic

Physics, vol. 3, Plenum Press, New York, 1973, p. 339.
30. A. V. Phelps, Phys. Rev. 99, 1307 (1955).
31. J. L. Nickerson, Phys. Rev. 47, 707 (1935).
32. K. M. Sando and A. Dalgarno, Mol. Phys. 20, 103 (1971).
33. Y. Tanaka and K. Yoshino, / Chem. Phys. 39, 3081

(1963).

34. R. A. Buckingham and A. Dalgarno, Proc. Roy. Soc.
London A 213,327 (1952).

35. S. L. Guberman and W. A. Goddard, Chem. Phys. Lett.
14,460(1972).

36. Y. T. Lee and C. H. Chen, to be published.
37. G. S. Hurst, T. E. Bortner, and T. D. Strickler, /. Chem.

Phys. 49,2460(1968).

38. G. S. Hurst, T. E. Bortner, and T. D. Strickler, Phys. Rev.
178,4(1969).

39. T. E. Stewart, G. S. Hurst, T. E. Bortner, J. E. Parks,
F. W. Martin, and H. L. Weidner, /. Opt. Soc. Am. 60, 1290
(1970).

40. N. Thonnard and G. S. Hurst, Phys. Rev. A 5, 1110
(1972).

41. K. Katsuura,/. Chem. Phys. 43, 3771 (1965).
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that the electronic polarization of the atoms is always
directed along the molecular axis during the collision.
The interaction can be given as the interaction energy
of the dipoles resulting from the two charge distri
butions. The dipole moments correspond to the dipole
matrix elements associated with the transition.

Watanabe and Katsuura42 averaged all the contribution
through different angular momenta without using the
rotating-atom approximation. They obtained the rate
constant

*= 14.59 (;V/x22/h)2/5 (2kBT/M*)3'10 ,

ORNL-DWG 75-64(8
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Fig. 19.15. Decay rate constant at 601 A vs amount of
impurity. Linear least-squares fitting was used to get the straight
lines.

where nx and ju2 are transition dipole moments, kB is
the Boltzmann constant, M* is reduced mass, and T is
the temperature. The reaction rate of He(21i°)-Ar from
the above equation is 9.5 X 10"1° cm3/sec.

Recently, Hurst et al.12'18 studied energy transfer
from the resonance states Ar(xPx) and Ar(3/>1) to
ethylene and to nitric oxide. It was found that the

agreement between experimental data and theory was
very good. A more critical experiment to check the
validity of the equation by Katsuura and Watanabe42
should be He(21i')-Ar. The quenching rate for
He(21P)-Ar mixtures is given in Fig. 19.16 and was
determined from vuv time-resolved measurements.

Numerical data are included in Table 19.3. The experi
mental results are 75% larger than the calculated results.
This may indicate that the long-range dipole-dipole
interaction is not a good approximation for the process
where resonance excited states ionize foreign atoms. In
other words, the close agreement quoted above for
argon may have been fortuitous.

The excited A state of He2 can be formed through
three-body collisions involving one He(215). Radiation
of A -> X is in the region of 601 A to 950 A and is
called "slow continuum." Rate constants for the

quenching of the He "slow continuum" by Ar and Kr
are presented in Fig. 19.17. The experimental results of
the decay rates are essentially the same as the results
from He(2xS) since the decay of the "slow continuum"
is rate-limited by the slow decay of He(215) compared
with the radiative decay rate of the^l1 S+M molecule.

Formation of the D molecular state by a three-body
collision involving one 2XP atom leads to a "fast
continuum" covering the wide energy region 640 A to
950 A. The reaction rate of the D molecule with foreign
species should be comparable with the rate of 2XP state.

42. T. Watanabe and K. Katsuura, /. Chem. Phys. 47, 800
(1967).

Table 19.3. Summary of reaction rate and cross sections for the helium mixture

0 (sec x) k (cm /sec)
Ionization cross section

This work a b Calculated

He(215)-Ar 8.41 X 106 2.63 X 10"10 22.5 23.5 22.5 85.3C
He(215)-Kr 15.3 X 106 4.79 X 10"10 42 42.5 97.7C
He(215')-Xe 26.2 X 106 8.2 X 10"10 70 57 114.c
He(21j°)-Ar 53.3 X 106 16.6 X 10"10 142 81.3d

"Data obtained from J. S. Howard, J. P. Riola, R. D. Rundel, and R. F. Stebbings,Phys. Rev. Lett.
29,321 (1972).

6Data obtained from C. H. Chen, H. Haberland, andY. T. Lee,/. Chem. Phys. 61, 3095 (1974).
cCalculated from K. L. BeU, A. Dalgarno, and A. E. Kingston, /. Phys. B 1, 18 (1968).
Calculated from T. Watanabe andK. Katsuura, /. Chem. Phys. 47, 800(1967).
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Fig. 19.16. Decay rate constant for He(21P) at 584 A vs
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slope.
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Fig. 19.17. Decay rate constants for quenching of the slow
continuum in He at 800 A bv Ar and at 615 A by Kr.

The quenching experiments ofZ>1S+u will be done in
the near future.

New Energy Transfer Facility

It is well known that time-resolved vacuum ultraviolet

(vuv) spectroscopy is one of the most convenient tools
for studying the quenching rate of rare-gas excited
states. Recently, Fink et al.43 and McNeely et al.18 did
energy transfer studies of Ai(xPi) and Ar(3Px) to H2
and N2. The agreement for the reaction rate of

43. E. H. Fink, D. Wallach, and C. B. Moore,/. Chem. Phys.
56,3608(1972).

44. L. G. Piper, J. E. Velazco, and D. W. Setser, /. Chem.
Phys. 59, 3323 (1973).

discrete-discrete electronic energy transfer between
experimental data and calculational results by Katsuura
and Watanabe formula42 is very poor. On the other
hand, Piper et al.44 measured the quenching cross
section of metastable Ar by small molecules. Their
results could not be explained by any simple theoretical
model either. Therefore, detailed experimental in
formation of energy transfer kinetics becomes in
creasingly important.

In addition to the theoretical interest, more in
formation on the detailed mechanism of electronic

energy transfer is needed to develop high-power ultra
violet lasers for fusion work and for laser isotope
separation. Therefore, we have built a new facility for
measurements of time-resolved vuv spectroscopy and
time-resolved visible spectroscopy. A high-power pulsed
laser will also be set up to determine, in a direct way,
the atomic precursors to excimer states. In the follow
ing, we will briefly describe this new experimental setup
and the work planned for the near future.

A schematic of the multipurpose rectangular reaction
cell is given in Fig. 19.18. Proton beams of 2 MeV are
pulsed into the cell to produce ion pairs and excited
electronic states. Through direct interaction, recombi
nation, and cascade process, many low-level metastable
and resonance excited states will be produced. Vuv
photons will be emitted from both excited rare-gas
atoms and excimers. They will pass through a lithium
fluoride window and be resolved by a vuv mono
chromator, with a wavelength resolution of about 3 A.
Photons of a chosen wavelength leave the mono
chromator through a variable-width exit slit and strike
the vuv-sensitive cone of a channel electron multiplier
which gives 0.5 dark count per second.
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Fig. 19.18. Schematic diagram of the reaction cell for
studying energy transfer.
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If there are foreign gases in the reaction cell, the
energy transfer process from excited rare gases to
foreign species will occur. When the ionization potential
of foreign gases is higher than the energy level of
excited states, the process will be a discrete-discrete
electronic energy transfer. Thus, there is high proba
bility of fluorescence from the foreign molecules,
mainly in the ultraviolet (uv) and visible region.
Photons emitted from the fluorescence will pass
through the quartz window and enter a uv-visible-
near-infrared monochromator. The resolution can be set

better than 0.3 A. Photons with a selected wavelength
are detected by another electron multiplier which has
0.5 dark count per second at a temperature of -20°C.
Both vuv and uv-visible photons will be detected
through time-resolved single-photon counting tech
niques.

In addition to time-resolved vuv and uv-visible

spectroscopy, the ion-pair collection plates are set up to
collect all the ion pairs produced by the proton beam.
This JV-vale measurement can be used to provide Jesse

effect and to verify the purity of gases.
Since there are many different electronic excited

states, it is helpful to know the precursor for each
individual energy transfer process. A high-power tuna
ble pulsed laser with high repetition rate can be used to
remove a selected excited state of a rare gas through
photoionization. Dunning et al.45 have been successful
in ionization of Ar by two-step photoionization
through a pulsed dye laser. Detailed discussion on
resonance ionization spectroscopy which makes use of
two-photon ionization was reported above.

A brief discussion of proposed work with the new
facility will be given in the following.

1. Laser applications. A high-power, high-efficiency
laser with a wavelength in the visible or near ultraviolet
would be very desirable for laser-induced fusion and
isotope separation. Molecular nitrogen has excited
states suitably spaced for stimulated emission in the
desired wavelength range. Argon-nitrogen lasers have
been built by Searles et al46'47 Bhaumik et al.,48 and
Basov et al.,49 but the power is less than the 104 J per
pulse needed for fusion work. In order to improve the
efficiency, a detailed study on energy transfers is
important. Hill et al.50 studied time-resolved emission
of Ar-N2 by electron excitation and got a kinetic model
to explain the energy transfer process. According to this
model, the efficiency is less than 2%. However, detailed
kinetic studies of energy transfer through electron
excitation are difficult since recombination and elec

tronic collision processes make the situation quite
complicated. A careful study will be done through vuv

and uv-visible time-resolved methods by proton-beam
excitation under conditions where mainly linear
processes occur.

In addition to lasing through the triplet system
N^C3^ -^S3Sg), it may be possible to study the laser
action through spin singlet excitation. For
Ar^i^-r N2, the quenching rate of Ar(xPi) has been
found quite large by McNeely et al.1 8 For Ar(xPx), the
spin conservation rule, if applicable, is against N2 triplet
excitation. Recently, Golde5 x studied vuv emission
from discharges for Ar and N2 mixtures. A strong
emission ofN2(aJ rig—x 2+f) was observed. If N2(a! Ug)
comes from the Ar(xPi) state, it might be possible to
develop a new laser system through singlet discrete-
discrete transition. The energy transfer from Ar* to 02
and to Cl2, which could lead to a very powerful
dissociation-typeuv laser,52 will also be studied.

2. High Rydberg states. When a rare gas is excited by
proton beams, some high Rydberg states are created.
High-Rydberg-state atoms emit visible photons in transi
tions to lower excited states. Some of the high Rydberg
states are converted to associative ionization through
the Molnar-Hornbeck process. Time-resolved visible
photon spectroscopy will give more detailed informa
tion of energy pathway of high Rydberg states.

3. Electronic energy transfer to kinetic energy. It is
well known that He(215) can form AXL+U through
three-body collision. The lower vibrational state of
A1 2+u can be converted to a discrete level of a foreign
gas such as Ar, because the ground molecular state of
He2 is highly repulsive. However, because of the short
lifetime of the A molecule, it may be more feasible to
make the studies for the metastable molecule of helium.

4. Ionization kinetics. Richardson et al.53 studied

fluorescence of N2, 02, and Cl2 ionized by Ue(23S). It
was found that the Franck-Condon principle does not

45. F. B. Dunning and R. F. Stebbings, to be published.

46. S. K. Searles and G. A. Hart, Appl. Phys. Lett. 25, 79
(1974).

47. S. K. Searles, Appl. Phys. Lett. 25, 734 (1974).
48. E. R. Ault, M. L. Bhaumik, and N. T. Olson, IEEE J.

Quantum Electron. QE-10, 624 (1974).
49. N. G. Basov, V. A. Danilychev, V. A. Dolgikh, O. M.

Kerimov, A. N. Dobanov, and A. F. Suchkov, Sov. Phys. JETP
Lett. 20,53(1974).

50. R. M. Hill, D. J. Eckstrom, R. A. Gutcheck, D. L.

Huestis, D. C. Lorents, D. Mukherjee, and H. H. Nakarro, Bull.
Am. Phys. Soc. 19, 153 (1974).

51. M. F. Golde, Chem. Phys. Lett. 31,348(1975).
52. D. W. Setser, private communication.
53. W. C. Richardson and D. W. Setser,/. Chem. Phys. 58,

1809(1973).
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always hold in these collision processes. It is, therefore,
interesting to compare ionization by resonance excited
states with photoionization in which vertical (Franck-
Condon) transitions always occur.

5. Lifetime measurements of excited states of ions
and molecules. The time-resolved visible photon
spectroscopy method should be a direct and convenient

way to measure lifetimes of many excited molecules
and ions.

6. Pollution and analytical chemistry research. Since
time-resolved techniques are very sensitive to small
amounts of impurities, they can be widely applied in
pollution research and analytical chemistry. Detailed
discussion will be given in the following sections.

Energy Transfer for Pollution Analyses

The basic ideas that have been conceived and the

results obtained from energy transfer studies are being
evaluated in terms of their obvious analytical applica
tions. Materials are being procured and experiments are
being designed to demonstrate the sensitivity that these
measurements of energy transfer will exhibit for the
determination of gaseous pollutants. Although some
energy pathways of gases of environmental interest have
been studied,18 there is a need for energy pathway
studies of He or Ar in the presence of a wider variety of
contaminant gases of environmental interest. The first
experimental studies will be with Ar-CH3I mixtures.
Also of rather immediate interest are contaminant

vapors of I2 , T2, S02, etc. An evaluation of competi
tion and other complications caused by the presence of
atmospheric gases —for example, 02, N2, H20 —will
be necessary for practical applications. Some of these
competing processes will not be a problem, however,
for the possible application of energy transfer methods
for a determination of T2 in the helium gas stream of
gas-cooled reactors.

LASER APPLICATIONS

Introduction

During the past year, a portion of our work has been
supported by the Laser Division of the Los Alamos
Scientific Laboratory (LASL). Our original connection
with laser development was related to our facilities for
studying the kinetic processes which effect the decay of
excited species in a gas excited by fast charged particles
(under relatively simple conditions where nonlinear
processes such as recombination and collisions between
excited species are relatively unimportant). This year,
we have also developed and built some facilities for the

study of discrete-discrete energy transfer processes.
Several high-power lasers work because of inverted
populations achieved in this way. These experiments
have been discussed above; see the section entitled
"Energy Transfer."

Since the initiation of the resonance ionization

spectroscopy (RIS) effort, our interest in lasers has
increased considerably. With RIS, we want to saturate
the ionization of a selected species by tuning a pulsed
dye laser between the state of the population of interest
and an excited state and achieving ionization due to the
absorption of a second photon either from the same
laser or from another laser pulse which is coincident
with the first. This technique is very powerful if a
sufficiently energetic laser in the wavelength region of
interest can be found. At present, dye lasers which are
sufficient for the first step are available at most of the
wavelengths from 3900 A to 7400 A. It is reasonable to
believe that lasers may exist within the next few years
which extend this range to 2400 A < X < 7400 A.
Presently, to get photons below 3400 A, frequency
doubling is usually required. In this region, then, the
second photon generally must come from a second
laser. Sometimes the undoubled portion of the pulse
from the first laser can be used, but it is often so far
above the ionization threshold in energy that saturation
of the ionization is not achieved. In the latter situation,
the second laser need not be tunable, but it must deliver
about 1 J per pulse with a pulse length comparable with
that of the first laser and a photon energy not too far
above threshold. Because of the requirement of coin
cidence of the pulses, it may be better if the pulse
lengths are fairly long. With the latter technique for
RIS, the lasers required are somewhat different from
those required for laser isotope separation. For isotope
separation, the laser line width must be very small, but
the energy per pulse requirements can be more modest.
With this RIS method, the line width can be several
angstroms, but the length of pulse should be long and
the energy per pulse large. Tunability is required in
both cases. Because our laser requirements are some
what different from those for other ERDA programs,
the involvement in laser development with LASL
presents an important opportunity to stay familiar with
the laser technology. Lasers which may not be impor
tant in the laser fusion or isotope separation programs
may be useful for RIS.

Energy Pathways in Metal Vapors

High-power gas lasers producing photons in the range
from 2000 to 4000 A are needed for laser isotope
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separation and for laser fusion. One approach to
meeting the laser requirements is the use of metal
vapors at high temperature and pressure, when excited
atomic states are converted to molecular emission.

These so-called excimer lasers which involve bound

upper states and repulsive ground states have been
considered for some time; yet much of the necessary
energy pathways information is lacking.54

For several years we have studied excimers of the
noble gases created by proton excitation of the gases at
high pressure. By using time-resolved spectroscopic
techniques, one obtains the kinetics, the excimer
lifetimes, and the emission spectra. For the metal vapor
experiments, we are incorporating two important new
techniques into our time-resolved spectroscopy. First,
the heat pipe technology55 is employed to provide a
uniform vapor temperature, and with the inert-gas
buffer technique,56 the heat pipe can be used to
protect cell windows from the metal vapors. Second, a
tunable dye laser will be used to excite just one state at
a time, thus permitting a more definitive precursor-
excimer assignment than is possible with proton excita
tion.

A heat pipe designed primarily for mercury vapor
experiments is shown in Fig. 19.19. Considerable
experience5 7 with mercury asa heat pipe fluid can then
be utilized. In the figure, we illustrate excitation with a
tunable pulsed dye laser. We visualize a scheme in which
atomic states of mercury are selectively excited as a
uniform line source by detuning the laser to the wings
of the absorption line. Following the ideal initial
excitation (a uniform line source at t = 0), the time
behavior of both resonance and Franck-Condon

photons resulting from excimer decay will be followed.
By controlling the temperature up to 260°C, mercury
gas pressures can be selected up to 100 torr.

ANALYTICAL APPLICATIONS

Introduction

In our initial experiment utilizing resonance ioniza
tion spectroscopy (RIS), we measured quantitatively
the number of He(2x S) atoms remaining at different
times after excitation. Depending on the pressure and
time after excitation, the number of these atoms ranged
from 106 to 107, while the number of ground-state
atoms present was typically about 1018. This extreme
sensitivity was attained while using a relatively insensi
tive device (an ionization chamber and associated
electronics) to detect the resulting ion pairs. It is not
unreasonable to believe that as few as 100 (or possibly
less if background effects are small) He(2!5) atoms

could have been detected and their number measured if

we had used a more sensitive ion or electron detection
system.

The RIS technique could also be used to detect small
numbers of atoms or molecules in their ground state.
The only requirement is that a tunable laser be available
which is capable of saturating a transition between the
ground state and an excited state and that the laser (or
another one fired simultaneously) be able to saturate
the yield of ion pairs. In the latter situation, essentially
all atoms (or a fixed fraction of the molecules)
resonating with the laser light and lying in the beam are
converted to ion pairs, which can be detected with great
sensitivity. (Even one ion can be detected under ideal
conditions.) Thus, we see the possibility of unprece
dented sensitivity for gas-phase analytical chemistry.
Further, flash evaporation techniques may eventually
be developed to the point where the technique could be
applied to liquids as well.

One can list several promising applications for the RIS
technique whose principal advantage is that it enables
one to determine with great sensitivity the number of
atoms or molecules present in a particular state at a
particular time and in a particular region of space. A
few types of studies where the technique should be
useful are (1) the study of transport processes involving
minute concentrations of compounds that could change
either slowly or quickly with time, (2) the determina
tion of reaction rates in cases where one of the products
is in the gas phase and the rate of production of this
product is very small (either because the reaction rate
constant is extremely small or because one or more
participants in the reaction is present in very small
concentrations), (3) the study of the electronic struc
ture of an extremely small number of atoms of a rare
element (say a transuranic element). The RIS technique
might also be used as a selective pump in high-vacuum

54. This work is performed for the Laser Division of Los
Alamos Scientific Laboratory under the direction of K. Boyer.
We are considerably indebted to Robert Carbone for his
guidance on specific laser requirements and for important
contacts with other laboratories.

55. Modern heat pipe technology has been highly developed
at Los Alamos Scientific Laboratory, starting with the work of
G. M. Grover, T. P. Cotter, and G. F. Erickson,/. Appl. Phys.
35, 1990 (1964). We are indebted to the LASL Heat Pipe
Group for much information privately communicated. The
cooperation of W. A. Ranken, J. E. Deverall, and J. E. Kemme
is gladly acknowledged.

56. C. R. Vidal and F. B. Haller, .Rev. Set Instrum. 42, 1779
(1971).

57. J. E. Deverall,Mercury as a Heat Pipe Fluid, LA-4300-MS
(1969).
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Fig. 19.19. Schematic of heat pipe experiment. (1) Typical heat pipe section, (2) water cooling coils, (3) thermocouples, (4)
noble-gas inlet, (5) electric heater, (6) window, (7) gasket, (8) window O-ring seal.

work or for the purpose of removing selected impurities
in the preparation of small amounts of very pure
compounds. This list is not exhaustive, but it should
serve to show the potential for future development.

We will describe two projects of analytical importance
that are now under way.

Atom Vapor Ionization
Resonance Ionization Spectroscopy

In addition to the RIS studies described above,

studies of laser-excited ionization of atomic vapors are
under way. Apparatus has been designed and is being
assembled to study two-step photoionization using a

pulsed laser beam. The apparatus is composed of a
cylindrically shaped vacuum-tight optical cell fabricated
of fused silicon. The cell contains a four-electrode

ion-detecting system described previously for the heli
um studies. It will be loaded with pellets of potassium
metal; the vapor pressure of the metal will be controlled
from 10"11 to 10~8 torr by controlling the tempera
ture of a cold finger appendage on the cell from 273° to
300°K. The RIS effect in potassium vapor will be
demonstrated by using pulsed 4014-A laser light derived
from a flash-lamp tunable dye laser. This apparatus will
be useful for RIS studies of other amenable atomic

vapor species, as it is designed so that the material to be
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studied can be in an inert-gas environment and the
pressure of either component can be varied and
controlled. The apparatus will serve as the cell to be
used, or as a prototype cell to be used, in intercavity,
laser-excited single-energy, two-step RIS studies and in
studies involving RIS effects derived from excitation by
two laser beams of different wavelengths. This latter
excitation mode can lead directly to photoionization of
electrons to Rydberg levels where field ionization can
be applied to ultimately yield an ionization product.
Obviously, in all these studies, lifetimes, kinetics, and
pathways can be investigated.

Background Studies for One-Atom Detection

We are working on an experimental system with the
goal of detecting very small amounts of an elemental
substance. Ultimately, we may be able to detect one
atom of a given element in a sample.

The basis for this method is to photoionize the
sample with a tunable dye laser which is tuned between
the ground state and an excited state lying more than
halfway to the continuum. Under these conditions, the
ionization has a resonance structure, and to a good
approximation only atoms of a selected type will be
photoionized. With sufficiently high laser energy (e.g., 1
J per pulse), nearly all of the selected atoms are ionized.
The ultimate sensitivity of the method may be limited
by various background problems. Nonresonant multi-
photon processes can yield appreciable numbers of ion
pairs if the number of background atoms is too large.
Other background sources, such as stray photoelectrons
ejected from the cell walls and windows, will also be
investigated in the preliminary experiment described
below.

If the background turns out to be extremely low, one
can simply work with electron detectors. However, if
one detects many electrons per laser pulse, positive-ion
detection may be necessary. Therefore, single-ion meas
urements and methods of mass discrimination using a
quadrupole mass analyzer, or time-of-flight discrimina
tors, are viewed as possible extensions of this work.

The experimental apparatus, shown in Fig. 19.20,
includes a chamber which can be pumped by a
high-vacuum pumping station. A window is placed on
the side of the chamber to allow entry of the laser
beam. The chamber contains ionization electrode

plates, a preaccelerator electron lens, and a nude
electron multiplier.

When the laser is fired after having been tuned to
produce photoionization of a given substance in the
chamber, the following sequence should take place. The
electrons produced by photoionization should move
toward the upper electrode plate due to the negative
potential on the lower plate. Electrons in the central
region of the chamber should go through the grid and
then, by means of the electron lens, be directed into the
electron multiplier.

The first experiments will be a study of background
when the chamber is evacuated to the best possible
vacuum. Then, studies will be carried out introducing
selected samples into the chamber. The low vapor
pressures of the chosen samples will not change
appreciably the vacuum conditions in the chamber.
Finally, studies will be made to determine the effect of
other substances present with the sample being ana
lyzed. The apparatus discussed above has been con
structed and is currently being installed in the labora
tory.



DISCRIMINATOR

PRE-AMP

LASER
BEAM

WINDOW

OUTPUT

196

ORNL-DWG 75-6423

MULTI-CHANNEL
ANALYZER RECORDER

SCALER

SIGNAL

<? 1 I

HIGH-VOLTAGE
SUPPLY

H.V. FOR MULTIPLIER
AND ELECTRON LENS

NUDE
ELECTRON

MULTIPLIER

-PRE-ACCELERATOR
ELECTRON LENS WITH
GRADED POSITIVE
POTENTIAL

CONIZATION
ELECTRODE

•GRID WITH SMALL l ASFR
POSITIVE BIAS S1NK

PLATES

."X

' TO HIGH
VACUUM

PUMPING

STATION

Fig. 19.20. Experimental apparatus, background studies for one-atom detection.



Part V. Medical Physics and Internal Dosimetry
J. W. Poston

20. Metabolic Models for Estimation of Internal Radiation

Exposure Received by Human Subjects from
the Inhalation of Noble Gases

S. R. Bernard W. S. Snyder1

The purpose of this chapter is to present and develop
metabolic models needed for estimation of dose equiv
alent from exposure to noble gases. Human subjects
may inhale low levels of radioactive noble gases released
to the atmosphere by nuclear reactors or fuel reprocess
ing plants either on a regular basis or after an accidental
release. Also, medical studies using radioactive noble
gases are employed to obtain data on ventilation and
perfusion of the lungs.2 Estimates of radiation dose to
human tissue are sometimes based on the equilibrium
levels predicted from the Ostwald absorption coef
ficient [ratio of concentration (mass per unit volume)
of gas in the tissue or fluid to the concentration in
air] .3 This amounts to assuming an equilibrium be
tween the gas present in the atmosphere and that
present in tissue. Such an estimate may be valid for
long-lived radioactive gases but does not appear ade
quate for short-lived radioactive gases. It is for this
reason that a metabolic model is needed.

In 1950, Harley, Jetter, and Nelson4 published data
on the exhalation of 222Rn by a human subject
(actually more than one subject, but adequate data are
available on only one) who inhaled 222Rn at a
concentration of 7 X 10"1 ° Ci/liter for 8V2 hr. Data on

1. Consultant.

2. R. Knisely and B. Tauxe (Eds.), Dynamic Clinical Studies
with Radioisotopes, TID-7678, 1964.

3. R. Hober, Physical Chemistry of Cells and Tissues,
Blakiston, Philadelphia, 1950.

4. J. H. Harley, E. Jetter, and N. Nelson, USAEC report

HASL-32, 1958.

the rate of exhalation, in picocuries per minute, were
measured out to 76 hr after the exposure ceased (see
Fig. 20.1). We then fit a five-term exponential equation
to these data:

Rate of exhalation = 3210<?"1818f

+ 328e-°-lssr + 71e-°-0168/+ 25e-°-00342'

+ 4.8e-°-00063fpCi/min, (1)

with t in minutes. This equation is not corrected for
radioactive decay, but the value of the decay constant is
Xr = 0.00013 min"1.

Equation (1) has been converted to the equation for a
single intake via inhalation by the following procedure.
Let Rs(t) denote the fractional retention in the body at
time t (in minutes) following a single intake by
inhalation and assume

Rs(ty
i=i

bte -mt >

where

2>,- =
i

i,

M/ = \ + \- min
-l .

(2)

that is, the /ir is the ?th effective elimination constant,
and the X- is the constant for removal or transfer from
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Fig. 20.1. Radon elimination rate by ahuman volunteer who had inhaled radon for 8 l2 hr. Data from Harley, Jetter, and Nelson
(ref. 4).

the compartment. For an intake rate of/ pCi/min, the
intake in a period di is Idr pCi. In the case of
continuous exposure at a constant level, the retention is

/
t 5 b-
dTlRJt-T) = I V -1

> «=i "«•
1-<?-"<*) pCi. (3)

If exposure of the tissue to the gas continues for a
period of E (in minutes) and then ceases, the retention
at a time t (in minutes) following the cessation of
exposure is given by

R(t)
s b-

•iZ- I1
/=1 "«•

"'*) e-"»-r(pCi),f>0. (4)

The derivative with respect to t, assuming t > 0, is

/ f fcf(X' +X,-) (l - e-"'-£) <?-"'' (pCi/min) . (5)£ ',vv f/ (1
«=l "/

The term involving Xr corresponds to radioactive decay.
Thus the biological elimination which is here assumed
equal to the exhalation is given by

Rate of exhalation

5

<z
;=1

bfr

Hi
1 - e-»tE ""'' (pCi/min). (6)

This equation can be compared to the experimental
equation of Harley, Jetter, and Nelson,4 and the values
of each X(- can be identified by inspection. The
expression (1 — e~^> ) can be computed, and the

values of each fe- can then be obtained. The retention

equation for the total body for the case of a single
intake via inhalation is found to be

Rs(t) =0.874e~l '81 st +0.0913e~0155f

+ 0.0198e-°-01686' + 0.00863e-°00342r

+ 0.00612e
-0.00063?

(7)

(f in minutes), without correction for radiological decay
(Xr = 0.00013 min"1 for222Rn).

Equation (7), corrected for radioactive decay, was
then analyzed with the MAMX code described by
Bernard5 to obtain rate transfer constants X,y for a
five-compartment mammillary model taken to represent
the distribution of radon in the body. In ref. 5 the
following equations were solved for X;-- and X.-,- using the
MAMX code:

r(X \~ Y ' ' ~ 0 (8)
i=\ *!/ A'

& \lXliZTn-Jj-=\i-\'
i=ixi/-x« }

= 1,.

= 2,.

..5,

. .5.

(9)

\-i(*A)/(?*/\-)
Cn = (10)

5. S. R. Bernard, Bull. Math. Biol. 35, 129 (1973).



199

The biological elimination constants (X;), in units of
reciprocal minutes, are obtained from Eq. (7). The
mammillary model, together with the symbol for the
rate transfer constants between compartments, appears
in Fig. 20.2. The values of bj, X;-, Xj.-, and C;- are listed
in Tables 20.1 and 20.2. The time integrals of the
activities in the various compartments, rt, appear in
Table 20.3.

Equation (7), when converted back to the case of
continuous intake of 7 X 10"1 ° Ci/literfor a periodof
8% hr exposure and for an inhalation rate of 5
liters/min, will recover the equation of Harley, Jetter,
and Nelson within ~4% for exhalation after cessation of

exposure.

For dosimetry, the compartments must be identified
with the tissues of the body. Nussbaum's data6 on the
distribution of activity in rats are used here. The rats
were permitted to inhale 222Rn for periods ranging
from 30 min up to 48 hr. Samples of tissues and organs

ORNL-DWG 75-4615

6. E. Nussbaum, USAEC report UR-503, 1957. Fig. 20.2. Mammillary model for radon.

Table 20.1. Constants for the mammillary model of human retention
of radon following a single inhalation by man"

6.12 X 10"
b2

8.63 X 10"

5.00 X 10 4 3.29 X 10 3 1.67 X 10 2

1.98 X 10

*3

1.80

1.80

^12 ^13
5.03 X 10 4 3.32 X 10 3

^•21 *-31 _
9.82 X 10 3 1.39 X 10 2

3Units on \'s are reciprocal minutes.

9.13 X 10"

\4
1.55 X 10"

A-14

1.71 X 10"

\41

3.22 X 10"

Table 20.2. C•• matrix for radon retention in man

8.74 X 10

^5
1.82

*15
1.70 X 10

*S1
1.43 X 10

i

J
1 2 3 4 5

1

2

3

4

5

1.91 X 10"6

6.10 X 10"3

9.43 X 10"6

3.70 X 10"6

1.62 X 10"6

1.77 X 10"s
-6.24 X 10"s

8.62 X 10"3

4.13 X 10"5

1.52 X 10"5

2.06 X 10"4

-1.25 X 10"4

-2.14 X 10"4

1.97 X 10~2

1.93 X 10~4

8.83 X 10"3

-5.61 X 10"4

-8.10 X 10"4

-2.06 X 10"3

8.59 X 10"2

9.91 X 10"1

-5.36 X 10"3

-7.60 X 10"3

-1.77 X 10"2

-8.61 X 10"2

0.622

Table 20.3. Time integrals (r •)of retention
in the ;'th compartment out to 50 years

9.65 r,= 2.51 r4= 1.16 0.523
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were obtained and analyzed for radon concentrations.
(We defer discussion of the loss of radon from the tissue
sample by diffusion and escape to the atmosphere until
later in this chapter.) In general, it was found that fats
(such as omental fat) contained ~5 /iCi/cm3 if the
inhaled air was at a level of 1 /iCi/cm3 of air, while for
other nonfatty tissues the Ostwald coefficient con
centrated 222Rn at values down to ~V30 of this value.
Nussbaum lists the data for rats and also some in vitro

data on fat and blood and extrapolates these to organs
and total body on the basis of the percentages of organs
and tissues which are fat and nonfat. These data are

shown in Tables 20.4 and 20.5.

By the single intake model for retention of 222Rn,
one obtains by integration the time integrals of activity
for each compartment. These are indicated by rt for
compartment i and are listed in Table 20.3. These
values indicate the equilibrium levels that would be
reached if a person were continuously breathing atmos
pheric 222Rn at a level of 1 ;uCi/cm3. It will be recalled
that the basic data on which Eq. (7) is based are for an
individual breathing 5 liters of air per minute, and thus
the levels would be in terms of picocuries per kilogram,
taking the density of the total body as essentially 1.

To make a dose calculation possible, the activity in
the compartments must now be assigned to various
tissues and organs of the body. The data on distribution
of activity at equilibrium are taken from Nussbaum6
and, ignoring minor differences, may be grouped into
three groups: separable fat, comprising ~12.5 kg; bone,
heart, muscle, skin, testes, and urinary bladder, which
together comprise ~40 kg; and the other organs, which
comprise the remaining 17.5 kg of reference man. On
the basis of Nussbaum's data,6 Ostwald coefficients of
~5 for fat, ~0.15 for the group containing bone,
muscle, etc., and ~0.4 for the remaining organs are
suggested.

On this basis, the assignments to the compartments of
these three groups of tissues are

5 Z rihj =Lj*Wj /= 1.2,3, (11)

where L- is 5, ~0.4, and ~0.15 for the three groups of
tissues. It will quickly become apparent that the
equations cannot be rigorously solved since

£ /y=l i= 1,2,3,4,5,
i=i

Table 20.4. Calculation of the whole-body solubility

coefficient of radon in the rat

Tissue
% of whole-

body wt.

Radon solubility

coefficient

L

Product of

L X % body wt.

Depot fat 7.08 4.83 34.20

Muscle 45.50 0.154 7.01

Liver 4.15 0.306 1.27

Heart 0.289 0.221 0.064

Kidney 0.76 0.285 0.22

Testis 0.94 0.184 0.17

Brain 0.550 0.309 0.18

Blood 4.95 0.405 2.01

Skin

Nonfat 16.88 0.15a 2.53

Fat 1.22 4.83 5.41

Supportive

Nonfat 7.38 0.15° 1.11

Fat 0.30 4.83 1.45

Balance 10.1 0.306 3.03

100 58.65

Whole-body solubility coefficient: 0.59

"Solubility estimated to be approximately equivalent to that in physiological
saline.

Solubility estimated to be equal to or lower than the weighted mean value in
heart, kidney, brain, and liver, that is, 0.303.

(12)
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Table 20.5. Nussbaum's calculation of the whole-body solubility
coefficient of radon in man

Tissue
% of whole-

body wt.

Radon solubility

coefficient

L

Product of

L X % body wt.

Muscle 43 0.154 6.62

Skin (2000g) and 8.7 0.154 1.30

subcutaneous tissue

Fat 14 4.83 67.62

Skeleton (less marrow) 10 0.154 1.50

Red marrow 2.1 0.43 0.90

Yellow marrow 2.1 4.83 10.14

Blood 7.7 0.43 3.31

GI tract 2.9 0.303° 0.88

Liver 2.4 0.306 0.73

Brain 2.1 0.309 0.65

Lungs (2) 1.4 0.303" 0.42

Lymphoid tissue 1.0 0.303" 0.30

Kidneys (2) 0.43 0.285 0.12

Heart 0.43 0.221 0.10

Spleen 0.21 0.303" 0.06

Urinary bladder 0.21 0.154 0.03

Testes (2) 0.057 0.184 0.01

Balance 1.263 0.303" 0.38

Total body 100.0 95.07

aSolubility is assumed to be approximately equal to the weighted mean of the values in
heart, kidney, and brain.

and this requires, by addition of all the equations, that

S3 3

5X Z Z nix =72.275 s £ LjWj =75.5 . (13)
/= l /= l /= i

The discrepancy is only of the order of 4%, and this
seems acceptable in view of the widely different sources
of the data. To avoid accumulation of errors, we reduce
the right members by a factor of 1/1.044. Thus the
equations to be solved are the following:

0.622/,, +9.65/12 + 2.5/, 3

+ 1.16/14 + 0.523/, s= 12, (14)

One cannot hope for a unique solution since there are
far too many unknowns. However, there is some
guidance in the choice of values that reflect some facts
concerning the distribution. For example, fat is known
to have a high Ostwald coefficient, and it is apparent
from inspection that /, 2 must be fairly close to 1. This
suggests that

12
1, /-- /

'32
0. Similarly, a few

trials suggest that /, 3 is fairly large,and consequently a
suggested set of values, /13 = 0.6, 0.2, seem

23 33

acceptable. The remaining values are found by trial and
error but are by no means unique. The completed set of
values for the ly are given in Table 20.6.

The /;.• values presented above represent only one
choice. There are probably others that can be obtained
by iteratively seeking other sets of values. In this
chapter, use will be made of the values derived above.
How closely does this model determine the activity in
the body at equilibrium?

For the case of equilibrium for inhalation of 1
;uCi/cm3 of air, the total activity isgiven by

0.622/, 2 +9.65/22 +2.5/23

+ 1.16/24+0.523/25 = 1.34. (15)

If the equations can be solved, Eq. (13) is automatically
met, since

Zlu=i
/=i

/,
1/iCi 2X 107cm3/day Rs(r)dT

o cm3 1440min/day 7X 104 g

:2.8MCi/g. (16)
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Table 20.6. Fractions of compartments assigned
to the tissue groups

1 2 3 4 5

1 0.225 1 0.6 0.5 0.25

2 0.225 0 0.2 0.5 0.25

3 0.55 0 0.2 0 0.5

In Eq. (9), we are assuming 1 /iCi/cm3 as the
concentration in air, 2 X 107 cm3 of air breathed per
day, and 7 X 104 g in the total mass of the body. The
value obtained from Eq. (16) is approximately three
times higher than Nussbaum predicts for man (Table
20.5). Reasons for the overestimates were sought, and it
is believed that the minute volume of air breathed by

reference man

2X 107 cm3
-= 14 X 103 cm3/min

1.44X 103 min

and used in obtaining Eq. (9) may be partly responsible
for the increase. The breathing rate of the human
subject in the experiment of Harley, Jetter, and Nelson
was 5 X 103 cm3/min. In addition, there may be some
individual variation and possibly some species dif
ferences between the Ostwald coefficients of a tissue in

a rat and in man. This discrepancy by a factor of 2.8 is
well within the range of variation usually found in
biological experiments. This possible overestimate of
uptake and retention is accepted here because no
biological data are known to the authors which might
resolve the question and also because the model will be
used principally to estimate retention of short-lived
radionuclides. Such use may introduce another uncer
tainty in that, not only the activities in the various

tissues, but also the time scale for their rate of buildup
and removal are involved. This model, using the
breathing rate for reference man, will now be extended
to other inert gases, namely, xenon, krypton, and
argon.

In the case of xenon, there are human data on

concentration in fat and blood and plasma, but experi
mental data on tissue distribution have not been found

(Snyder et al.7). The same is true of data on krypton;
Ostwald coefficients for blood and oils and fats are

available (Snyder et al.7). In the case of argon, the only
data seem to be those obtained in laboratory studies by
the chemists on uptake by water and olive oil

7. W. S. Snyder et al., in Symposium on Noble Gases, Las
Vegas, Nevada, Sept. 24-28, 1973, CONF-730915.

(Lawrence et al.8). Lawrence8 has chosen values of the
Ostwald coefficients and has plotted them vs the
molecular weight of the gas atoms; a version of this
graph is seen in Fig. 20.3. As can be noted, the Ostwald
coefficient for fat decreases more steeply with decrease
in atomic weight than do the values for water or
plasma. This has been known by chemists for many
years, and they have expressed it in terms of the ratio
of Ostwald coefficients in oil to that in water, which

they called the oil-to-water partition coefficients
(Lawrence et al.8). How should the mammillary model
be modified to incorporate this effect?

Integration of Eq. (6) indicates that the equilibrium
level of the gas in the total compartment system will
decrease (in that the equilibrium level is given by the
time integral out to 50 years) in inverse proportion to
the elimination rate constants. Thus, if all the elimina

tion constants are increased by a factor of 10, the
concentration in the total body will decrease by a
factor of 10. Actually, the elimination rate constants of
all exponentials will be multiplied by the factor

8. J. H. Lawrence et al., /. Physiol. (London) 105, 197
(1940).
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the noble gas.
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(^Xe/^Rn)nonfat> which is necessary to account for
the value for nonfat tissues. The coefficients of the two
longer-termed exponentials (which largely represent fat)
are multiplied by the factor

"Xe
NF

'Rn

The differences between these old and new coefficients

are added to the coefficient of the shortest-term

exponential. This is necessary in order that the sum of
the coefficients adds to unity. For example, the ratio of
L for xenon in nonfat tissue to that for radon in nonfat

tissue is ~ 0.15/0.08 = 2. So, the elimination rate
constants for radon are multiplied by a factor of 2. For
the fatty tissue, the value of L for radon is ~5, while
for xenon it is ~2 or a decrease by a factor of ~2.5 =
%. Thus, to decrease the coefficients of the two
long-term exponentials in the radon retention equation,
the factor is 2/2.5 = 0.8. So, the two coefficients of the
long-term exponentials of 0.005 and 0.009 are mul
tiplied by 0.8 to obtain 0.004 and 0.0072 and the
difference (0.005 - 0.004 and 0.009 - 0.0072), and
these are added to the coefficient of the shortest-term

exponential, whose value is 0.874, thus producing
~0.877. The general procedure is to obtain the ratio of
the Ostwald coefficient for the fatty tissues, divide that
ratio by the ratio of the Ostwald coefficient for the
nonfatty tissues, decrease the coefficients of the two
long-term exponentials by this latter factor, and place
the difference in the coefficient of the shortest-term

exponential. The above procedure is used to obtain
retention equations for the other noble gases, xenon,
krypton, and argon.

Tables 20.7 to 20.9 present the parameters of the
total-body retention equations and the A;y for the
mammillary model for xenon, krypton, and argon,
respectively, as obtained from the radon equation for
total-body retention. Tables 20.10 to 20.12 present the
coefficients of the exponential terms C-j for the

compartments of the mammillary model for xenon,
krypton, and argon, as obtained from the MAMX code.
The values of /,y in the three groups of tissues
mentioned previously are shown for radon in Table
20.6. The equations for xenon, krypton, and argon in
the three groups of tissues are not given but may be
estimated similarly to the procedure that can be used to
obtain the equations for radon in the three tissue
groups. Thus a metabolic model is now available for
internal dose estimation for a single intake, via inhala
tion of the radionuclides of radon, xenon, krypton, and
argon. Needless to say, it must be remembered that
only a limited amount of data have been found to
generate these models. They need to be tested against
the experimental data on man. No use of the diffusion
coefficient for each of the noble gases has been made,
and this might be a drawback for the above models.
Further theoretical studies need to be carried out,
coupled with an experimental program to provide
better metabolic models for internal dose estimation.

The errors in Nussbaum's experimental data and the
effect of the breathing rate on clearance of inert gas
from the body need to be discussed. As regards the
radon data on rats, Nussbaum did perform an experi
ment to estimate the loss of radon from the tissues. He

estimated that on standing in the atmosphere for a
period of 4'/2 hr, not more than ~3% of the radon was
lost from the dissected tissues. He is careful to point
out that his estimates of L are probably underestimates
rather than overestimates, for various reasons (Nuss
baum6). As regards the effect of breathing rate on
radon clearance and buildup in the human body, the
equilibrium level is probably not affected. However, the
rate of attainment of equilibrium and loss probably is
slower for a slow breathing rate and higher for a high
breathing rate. How the exhalation rate curve given by
Harley, Jetter, and Nelson4 for a breathing rate of 5
liters/min would be shifted to a different rate needs to
be tested on man, and the effect on the deconvolution
process also needs to be checked.

3.00 X 10

Table 20.7. Mammillary model for retention of xenon following
a single inhalationby man"

b2 63 64
5.40 X 10"3 2.00 X 10 i 9.20 X 10 l 8.80 X 10

X3 -22.53 X 10 2
\4

2.33 X 10 1
*5

2.70

^13
4.97 X 10 3

\l4

2.58 X 10 2
*15

2.55 X 10

^•31
1.29 X 10 2

\41

4.79 X 10 2
*S1

2.13 X 10

xi X2
7.50 X 10 4 4.94 X 10 3

2.68

2.68

M2

7.52 X 10"

X2l
7.18 X 10"

2Units on \'s aie reciprocal minutes.
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Table 20.8. Mammillary model for retention of krypton following
a single inhalation by man

bi
1.50 X 10

-3 62 -3
2.70 X 10

'3 -22.00 X 10 l
64 -29.20 X 10 2

65 -18.63 X 10 '

M
1.50 X 10"

-3 "2 -3
9.87 X 10

^ -25.06 X 10 2
A4 -,4.65 X 10 '

M
5.46

Mi
5.41

M2
1.50 X 10

M3
9.90 X 10

M4
5.16 X 10 z 5.09 X 10 '

Mi
5.41

Mi
7.29 X 10 3

Mil
1.30 X 10 2

Mi
9.64 X 10 2 4.29 X 10 J

"Units on Ms are reciprocal minutes.

Table 20.9. Mammillary model for retention of argon following
a single inhalation by man

bl -48.00 x 10 4
62 -31.50 X 10 3

b3
2.05 X 10 2

b4
9.20 X 10 2

bs
8.86 X 10 '

M
2.50 X 10"3 k2 -21.65 X 10 2

*3 -28.43 X 10 2
x4

7.75 X 10 '
M

9.10

1.81 X 10 '
M2

5.00 X 10 3
M3

3.29 X 10 2
M4

1.72 X 10 :
Ms

1.70

Mi
1.81 x 10 1

Mi
1.38 X 10 2

M11
2.40 X 10 2

Mi
3.28 X 10 1

Mi
1.43

"Units on \'s are reciprocal minutes.

Table 20.10. C( matrix for xenon retention in man

9.31 X 10"7 1.11 X 10"s 2.11 X 10"4 8.92 X 10"3 9.91 X 10"1

2.96 X 10"3 -1.91 X 10"s -6.18 X 10"5 -2.77 X 10"4 -2.64 X 10~3

2.87 X 10"6 5.37 X 10~3 -1.34 X 10"4 -5.05 X 10"4 -4.74 X 10"4

1.79 X 10"6 2.56 x 10"5 1.98 x 10~2 -2.07 X 10"3 -1.77 X 10"2

7.88 X 10"7 9.48 X 10~6 1.96 X 10"2 8.59 X 10"2 -8.61 X 10"2

Table 20.11. C- matrix for krypton retention in man

4.62 X 10~7 5.47 X 10-6 2.08 X 10""4 8.79 x 10~3 9.91 X 10"1

1.50 X 10"3 -4.76 X 10"6 -3.09 X 10"s -1.38 X 10"4 -1.33 x 10"3

7.16 X 10"7 2.88 X 10""3 -6.64 X 10-5 -2.51 X 10"4 -2.37 X 10"3

8.89 X 10"7 1.26 X 10"5 1.99 X 10"2 -2.05 X 10"3 -1.77 X 10"3

3.91 X 10"7 4.70 X 10"6 1.94 X 10"4 8.56 X 10"2 -8.59 X 10"2

Table 20.12. C-r matrix for argon retention in man

2.46 X 10"7 3.03 X 10"6 2.12 X 10"4 8.77 X 10-3 9.91 X 10"1

7.98 X 10"4 -1.41 X 10"6 -1.68 X 10"5 -7.36 X 10"5 -7.07 X 10"4

2.12 X 10-7 1.49 X 10"3 -3.77 X 10"5 -1.39 X 10"4 -1.31 X 10"3

4.83 X 10"7 7.16 X 10-6 2.01 X 10"2 -2.09 X 10~3 -1.81 X 10"2

2.07 X 10"7 2.60 X 10"6 1.98 X 10"4 8.55 X 10"2 -8.57 X 10"2



21. Tabulations of Average Dose Equivalent Due
to Residence of Radionuclides in Body Organs of an Adult

W.S.Snyder1 M.R.Ford G.G.Warner2 S.B.Watson2

The report ORNL-50003 was published to make the
dosimetric data on internal emitters, which had been
compiled by the authors over a period of some five
years, more readily available for use in calculations of
dose by health physicists. Users of the report will still
need a retention model which will enable them to

compute the microcurie-days, U, accumulated in the
various organs. However, when such a model is given,
the dose equivalent from source organ Y to target organ
X is obtained as

DE(Ar<- Y) = U X S(X<- Y) rems ,

where S(X+- Y) is tabulated in the report. The target
and source organs include most of the organs used by
the National Council on Radiation Protection and

Measurements (NCRP) and the International Commis
sion on Radiological Protection (ICRP) in specifying
the annual dose limits. Generally, one will require a sum
of such terms over all the source organs contributing
significantly to dose. In principle, the new report
replaces MIRD Pamphlet No. 5 (ref. 4) but spares the
user the necessity of making detailed calculations for
the many particles occurring in most decay schemes.
The present report contains a complete text on the
methodology and, in addition, has data on 60 radio
nuclides. A second volume is in the final stage of

1. Consultant.

2. Computer Sciences Division.
3. W. S. Snyder, Mary R. Ford, G. G. Warner, and Sarah B.

Watson, A Tabulation of Dose Equivalent per Microcurie-Day
for Source and Target Organs of an Adult for Various
Radionuclides, ORNL-5000 (1974).

4. W. S. Snyder, M. R. Ford, G. G. Warner, and H. L. Fisher,

Jr., "Estimates of Absorbed Fractions for Monoenergetic
Photon Sources Uniformly Distributed in Various Organs of a
Heterogeneous Phantom," MIRD Pamphlet No. 5, /. Nucl.
Med., Suppl. No. 3, 10 (August 1969).

publication which will have data on 100 radionuclides,
and further volumes in the ORNL-5000 series are

planned. Also, the Medical Internal Radiation Dose
(MIRD) Pamphlet No. 11, in publication, contains
similar data for about 100 radionuclides of interest in

nuclear medicine. The text of the pamphlet conforms
to the MIRD formulism, and it contains much less
detail than the ORNL-5000 text.

The dosimetric data on photons are the results of a
Monte Carlo-type calculation based on a nonhomoge-
neous phantom having the general form of the human
body but omitting many details, for example, fingers,
ears, nose, etc. The phantom is composed of three
tissue types — lungs, skeletal tissue, and general soft
tissue. These have densities of approximately 0.3, 1.5,
and 1 g/cm3, respectively. The skeletal tissues include
the bone marrow and cartilage as well as bone per se,
and these are homogenized and thus have a density less
than that of bone. It is assumed the skeletal tissues

absorb energy in proportion to their masses. Each
absorbed fraction which is accepted is the result of a
computation with a sample size of 60,000 photons and
has a coefficient of variation of not more than 50%.

When the absorbed fractions fail to meet the above

criterion, they are replaced by an absorbed fraction
calculated by use of the buildup factor for an infinite
medium. Evidence is presented in the report that these
are seldom, if ever, in error by more than a factor of 2
and are usually accurate to approximately 30%.

The design of the phantom has been changed since
the publication of MIRD Pamphlet No. 5. The legs have
been separated, thus providing for a more exposed
position of the testes. The top of the head has been
rounded, thus removing some excess of soft tissue.
These changes are of more importance for estimation of
dose from external sources than from internal sources.

In addition, distributions of red and of yellow marrow
are included, and calculated results are available for
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these as source and as target tissues. The skeleton has
been changed to include clavicles and scapulae, since
these bones contain a fair amount of red marrow. All

the Monte Carlo values for photons are based on the use
of this new phantom.

In addition to organs specifically designed in the
phantom, results are given for a number of other
tissues, for example, muscle and fat; neither is specifi
cally designed as a portion of the phantom. However,
both are of rather general distribution in the "other
tissues" compartment, which consists of what is left of
the phantom when all designated organs are removed.
Results on this "other tissue" compartment are scaled
to obtain results approximately valid for muscle and
fat. The limitations of this and other procedures used
for extrapolation of the direct results are discussed in a
section of the report.

For most organs the dosimetry of beta particles, or
electrons, amounts to complete absorption of energy in
the source organ. However, there are a number of cases
where source and target tissues are close enough that
irradiation by electrons outside the target tissue is
considered. These include the walled organs (sections of
the gastrointestinal tract and bladder) with the source
in the contents, as well as red and yellow marrow and
bone, which are so closely intermixed that dose from
electrons must be considered. For the walled organs, a
surface dose is calculated. However, for the source in
bone and with red marrow or endosteal cells near bone

surfaces as the target, the dosimetry of Spiers5 is used.
When red or yellow marrow is the source tissue, an
approximate absorbed fraction is obtained by consider
ation of the Spiers dosimetry. The formulas, while not
highly accurate, are not expected to lead to serious
difficulties for radionuclides if their decay constants are
sufficiently long that the uniform distribution assumed
by Spiers is valid.

For alpha particles, complete absorption of energy is
assumed. However, an exception occurs when the
emitter is in the contents of the gastrointestinal tract, in

5. F. W. Spiers, Radioisotopes in the Human Body, Physical
and Biological Aspects, Academic Press, New York, 1968.

which case only 1% of the energy is assumed to apply
to the crypt cells. This follows ICRP practice. When the
alpha emitter is in bone, a factor of n = 5 is used, in
addition to the quality factor Q = 10. This use is not
entirely that of ICRP, although the only exception is
for the isotopes of radium. Here, ICRP recommenda
tions indicate that, if the radium isotope is the parent, n
= 1 should be used; while, if the radium isotope is a
daughter, n = 5 should be used for its alpha radiation.
Since only one table of S values is given, one must
choose which prescription will be followed; and, in this
report, n = 5 is used for all alpha emitters in bone. The
user can easily make the proper correction for his case,
since the S values for photons, for electrons, for alpha
radiation, and for recoil nuclei are listed separately; and
the total also is given.

From the listed values of S, one can, by addition or
subtraction, derive many more which represent dose to
various portions of the body. It is pointed out that
since the value of S is always subject to some
uncertainty, for example, use of the buildup factor,
results obtained in this way may sometimes give absurd
results. One such example has been found and is being
remedied in the volumes now in publication. In
estimating the dose with red marrow as source and
target organ, the term representing the dose from
cortical bone to red marrow is included, although by
itself it makes a small contribution to the dose.

However, in some cases the other terms cancel out, and
thus one needs this term to prevent acceptance of a
spurious result. Such cases have only been found when
the values of S are subtracted to correspond to
restricted portions of the body, for example, total body
minus the skeleton. Also included in the volumes in

press are several radionuclides where the parent has a
daughter radionuclide of physical half-life less than 5
min. In such cases, not only are S tables given for the
parent and for the daughter, but also a composite table
listing the S values for parent plus daughter is given.
The composite table is included for convenience in
these cases and should be used only when the micro-
curie-days of the parent and daughter are assumed to be
those indicated in the table.



22. Variation of the Absorbed Fraction with Shape
and Size of the Thyroid

M.R.Ford W.S.Snyder1 G.G.Warner2

The estimation of dose from internal emitters requires
knowledge of the fraction of energy absorbed in the
organ of interest. The authors3 have published absorbed
fractions of photon energy for a variety of body organs,
including the thyroid. These estimates were all based on
organs of typical size and shape, however, and it is
known that the thyroid, in particular, is quite variable
in size as well as in shape. In fact, in some cases the
thyroid seems best described as occupying whatever
space it can find.

Figure 22.1 is a plot of data from the ICRP Report on
a Reference Man4 showing the weight of the normal
thyroid as a function of age and sex. The dashed lines
indicate plus or minus one standard deviation of the
values for the different ages. Based on these and other
data, the Reference Man report gives 20 g as the weight
of the thyroid for males and 17 g for females, although
there are indications that these values are perhaps a
little high for the U.S. population.

Some of the various shapes of the normal gland are
shown in Fig. 22.2. Generally, it consists of two lateral
lobes located on either side of the upper trachea and
lower larynx, connected by an isthmus lying ventral to
the upper trachea. The isthmus may vary in size and
outline from rather voluminous, with an extension
known as a pyramidal lobe that occurs in about
one-third of the population,5 to a thin band in some

1. Consultant.

2. Computer Sciences Division.
3. W. S. Snyder, Mary R. Ford, G. G. Warner, and H. L.

Fisher, Jr., "Estimates of Absorbed Fractions for Monoener-

getic Photon Sources Uniformly Distributed in Various Organs
of a Heterogeneous Phantom," MIRD Pamphlet No. 5,/. Nucl.
Med. Suppl. No. 3, 5 (1969).

4. W. S. Snyder, chairman, Report of the Task Group on
Reference Man, ICRP Report No. 23, PergamonPress,1975.

5. B. J. Anson, ed., Human Anatomy, 12th ed., 1966, p.
1547.
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individuals; or it may be completely absent in others.
The lobes may be of different lengths, or one or both
may be absent.

Because of the great importance of iodine when used
therapeutically and because of its importance in reactor
siting, it is of interest to explore the variation of dose
(or, alternately, the absorbed fraction) from the thyroid
to itself in various cases.

To get an idea of the influence that the shape as well
as the size might have on the absorbed fraction, we
designed the models shown in Fig. 22.3. In general,
each lobe is represented by halfan ellipsoid of a circular
cross section topped by a right circular cone, and we
have used three basic shapes for each of three weights,
namely, for 10, 20, and 30 g. In one of the configura
tions, the lobes are symmetrical; in another, the upper
portion of one lobe is missing; and in the third design,
one lobe is shrunken while the other is enlarged. Of
course, the relative dimensions change to keep the
masses constant for the three cases.

Estimates of the specific absorbed fraction (i.e., the
absorbed fraction divided by the mass) were made by
the buildup factor method described in previous

ASYMMETRICAL LOBES

20 g

ORNL-DWG 74-6019R

10g 20g 30 9

Fig. 22.3. Model thyroids of various sizes andshapes.
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studies.6 The estimates were made at 11 photon
energies for each of the three shapes and sizes, that is,
for the nine different models, and the results are
displayed in Fig. 22.4. The values are distinct for the
three sizes, but the shape seems to make little dif
ference. The greatest difference to be noted, in any
case, between the three shapes is 9.3%; and, generally,
the difference is much less. The coefficient of variation
is not shown, but it is typically about 2% and in no case
exceeds 5%.

The specific absorbed fractions as a function of organ
mass are presented in Fig. 22.5. It will be noted that the
same general relationship reported in a previous study7
for different age phantoms seems to hold also for organs
of various size - the specific absorbed fraction (SAF)
for a given energy decreases as organ size increases, the
SAF for a particular size decreases as energy increases,
and the ratios of SAF for a smaller to a larger organ
decrease as the size increases. For example, at 0.02 MeV
the ratios of the 10- and 20-g thyroids to the 30-g
thyroid are, respectively, 2.5 and 1.5.

Also, as seen in Fig. 22.6, these data for the thyroid
support the principle noted in previous studies7 that for
uniform deposition in an organ the absorbed fraction,
except at low energies, varies with the cube root of the
mass. Here the ratio of AF to Mab^1/3 is plotted as a

6. W. S. Snyder, M. R. Ford, and G. G. Warner, "Estimates of
Absorbed Fractions for Photon Emitters within the Body,"
Health Phys. Div. Annu. Progr. Rep. July 31, 1972, ORNL-
4811, p. 86.

7. M. J. C. Hilyer, W. S. Snyder, and G. G. Warner,
"Estimates of Dose to Infants and Children from a Photon
Emitter in the Lungs," Health Phys. Div. Annu. Progr. Rep.
July 31, 1972, ORNL-4811, p. 91.
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function of energy for the various-size thyroids. Points
are plotted only for the thyroids of one shape for the
three weights, but values for the other shapesare within
8% of those shown. In all cases, the ratios are
approximately constant for photon energies above 0.2
MeV; and at lowerenergies the rule cannot be expected
to hold, since the AF is approaching 1 and thus cannot
continue to increase substantially. On the other hand,

ORNL-DWG 74-6603R
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Fig. 22.5. Specific absorbed fractions as a function of photon
energy and size of the thyroid. Source in thyroid.
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Mab increases rapidly as the energy decreases below 100
keV.

The absorbed fractions discussed thus far pertain to
photon emitters only. However, if one makes the usual
assumption of complete absorption of electron energy
in the organ containing the source, our estimates
indicate that from 70 to 95% of the dose from iodine in

the thyroid is due to beta radiation. We asked ourselves,
How valid is the practice of assuming complete absorp
tion of electron radiation, that is, of taking the
absorbed fraction equal to 1?

To explore this question, we have made use of a
Monte Carlo technique for estimating absorbed frac
tions of electrons by use of Berger's point-source
formula given in MIRD Pamphlet No. 7 (ref. 8). The
method is developed in the Appendix to this section.
Integrating this formula over the source and target
organs yields statistically reliable absorbed fractions for
those organs. Thus, computations were made for the
adult thyroids of various sizes and shapes, described
earlier, at nine electron energies ranging from 0.025 to
4 MeV; and, as shown in Fig. 22.7, the results indicate
practically complete absorption, that is, above 95% for
energies below 0.2 MeV. The data shown here are the
three estimates of absorbed fractions for thyroids of
different shapes having a mass of 10 g, and only the

8. M. J. Berger, "Distribution of Absorbed Dose around Point
Sources of Electron and Beta Particles in Water and Other

Media," MIRD Pamphlet No. 7, /. Nucl. Med. Suppl. No. 5
(1971).
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maximum standard deviations are shown. Corre
sponding data for the 20- and 30-g thyroids are almost
identical to these data. Above 0.2 MeV, absorption
decreases as energy increases, so that the absorbed
fraction at 1 MeV is about 82% and at 4 MeV about
40%. Most of the iodine isotopes, however, do not emit
significant electron energy in this range.

We have computed the electron absorbed fraction in
the typicaladult thyroid of our reference-man phantom
for the beta spectra of five iodine isotopes, namely,
123I, l24I, 125I, 126I, and 13,I, and find practically
complete absorption of electron energies in all cases
except for 124I. This is not surprising, since a signifi
cant fraction of the energy of the electrons emitted by
1241 is in excess of 1 MeV. In the case of '2 41, electron
absorption was found to be about 86%, which decreases
the total dose by only about 10% since beta decay is a
rather small fraction of the total. For all other isotopes
the total dose computed, assuming complete absorption
of electrons, was accurate to within 5%.

These studies are being extended to include absorbed
fractions of photon andelectron energies in thyroids of
children. So far, taking the worst cases, we find from 70
to 80% of the total electron energies emitted by 124I
are absorbed in thyroids of 1 to 3 g, and absorption of
the other isotopes is even greater. In the case of
photons, absorbed fractions have been estimated at 12

monoenergetic photon energies with the source in the
thyroids of anthropomorphic phantoms described in
previous studies,9'10 corresponding to children of
various ages. The results, together with the coefficients
of variation (lOOcfy/0) and the masses of the phantom
thyroids, are displayed in Table 22.1. For comparison,
absorbed fractions for the adult phantom thyroid are
also shown. It can be seen that the absorbed fractions
from the smallest to the largest thyroid at any energy
differ by only a factor of 2 at most. However, the
thyroid masses in the child phantoms seem somewhat
high compared with values noted in the literature4 As
discussed in previous studies,9,10 the phantoms repre
senting the younger ages were obtained by transforming
the adult phantom by scale factors selected separately
for the head, trunk, and leg section of the phantom,
with all internal organs being reduced by the scale
factors for the section in which they lie. This procedure
is only approximate, and, in fact, calculations for

9. M. J. C. Hilyer, G. S. Hill, and G. G. Warner, "Dose from
Photon Emitters Distributed Uniformly in the Total Body as a
Function of Age," Health Phys. Div. Annu. Progr. Rep. July 31,
1973, ORNL-4903,p. 119.

10. G. G. Warner, J. W. Poston, and W. S. Snyder, "Absorbed
Dose in Male Humanoid Phantoms from External Sources of
Photons as a Function of Age," Health Phys. Div. Annu. Progr.
Rep. July 31, 1974, ORNL-4979, p. 40.

Table 22.1. Absorbed fractions in the thyroid as a function of age for
various monoenergetic photon sources present in the thyroid

Phantom

age

Thyroid

mass

(g)

3.4

Absorbed fraction (AF) f<3i photon energy of-

0.01 MeV 0.015 MeV

AF CV

0.42 0.4

0.02 MeV 0.03 MeV 0.05 MeV 0.1 MeV

(years) AF

0.74

CVa

0.2

AF CV AF CV AF CV AF CV

Newborn 0.23 0.6 0.079 0.9 0.024 1.2 0.015 1.5

1 8.5 0.80 0.2 0.51 0.4 0.29 0.5 0.11 0.8 0.034 1.0 0.020 1.3

5 11 0.81 0.2 0.53 0.4 0.31 0.5 0.12 0.8 0.037 1.0 0.022 1.3

10 13 0.82 0.2 0.54 0.4 0.32 0.5 0.12 0.7 0.040 1.0 0.023 1.2

15 17 0.83 0.2 0.56 0.3 0.34 0.5 0.14 0.7 0.044 0.9 0.026 1.1

Adult 20 0.84 0.2 0.58 0.3 0.36 0.5 0.15 0.7 0.047 0.9 0.028 1.1

Abso rbed fractioia (AF) for photon energy of-
Phantom Thyroid

massage 0.2 MeV 0.5 MeV 1.0 MeV 1.5 MeV 2.0 MeV 4.0 MeV

(years) (g) AF CV AF CV AF CV AF CV AF CV AF CV

Newborn 3.4 0.017 1.7 0.018 2.1 0.017 2.4 0.015 2.7 0.014 2.8 0.012 3.2

1 8.5 0.023 1.5 0.025 1.8 0.023 2.0 0.021 2.2 0.019 2.4 0.016 2.7

5 11 0.025 1.4 0.027 1.7 0.026 1.9 0.022 2.2 0.020 2.3 0.017 2.6

10 13 0.026 1.4 0.028 1.6 0.026 1.9 0.023 2.1 0.020 2.3 0.018 2.6

15 17 0.029 1.3 0.031 1.6 0.028 1.8 0.026 2.0 0.023 2.2 0.020 2.5

Adult 20 0.030 1.3 0.033 1.5 0.030 1.8 0.029 1.9 0.026 2.1 0.021 2.4

"Coefficient ofvariation (CV =lOOo0/0).
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Table 22.2. Specific absorbed fractions of various monoenergetic photons
in the thyroid and total body of a one-year-old child

Specific absorbed fraction

Photon energy

(MeV)
Thyroid -• total body

or

total body -> thyroid

0.01 1.1 X 10"4
0.015 1.1 X 10"4
0.02 9.9 X 10~5
0.03 7.5 X 10 5
0.5 4.3 X 10"5

0.1 2.6 X 10"s
0.2 2.4 X 10~5
0.5 2.5 X 10"s
1.0 2.3 X 10"5
1.5 2.1 X 10~s

2.0 2.0 X 10"5
4.0 1.7 X 10~5

infants are often based on a one-year-old child with a
2-g thyroid. Therefore, it may be of some interest to
give a more precise value for a thyroid of this mass (see,
for example, ref. 11, p. 23). Iodine taken into the body
enters the blood pool, and the subsequent metabolism
is virtually independent of the original form of the
compound in most instances.12-14 However, the usual
models for metabolism15'16 all agree in assigning the
iodine atoms to the thyroid or to tissues which are
relatively uniformly distributed in the body. This is not
to be taken to imply that the chemical form is the
same, and there do exist some tissues which appear to
store iodine at higher levels; but for the most part the
above simplified model of a fraction of the activity in
the thyroid and the remainder generally distributed
throughout the body suffices.12

Thus, to supply the needs of dosimetry, one needs the
dose for the activity in the thyroid and the dose from
activity distributed throughout the total body. In both
cases we neglect the microdistribution of the iodine —
for example, in the follicles of the thyroid, which are

11. "Estimates and Evaluation of Fallout in the United States

from Nuclear Weapons Testing Conducted through 1962,"
Report No. 4 of the Federal Radiation Council, U.S. Govern
ment Printing Office.

12. L. Van Middelsworth, Health Phys. 9, 1197 (1963).
13. E. W. Bretthauer, A. L. Mullen, and A. A. Moghissi,

Health Phys. 22, 257 (1972).
14. A. Morgan, D. J. Morgan, J. C. Evans, and B. A. J. Lister,

Health Phys. 13,1067 (1967).
15. D. S. Riggs, J. Clin. Endocrinol. Metab. 11, 1095 (1951).
16. M. Berman and R. Schoenfeld, /. Appl. Phys. 21(11),

1361 (1956).

Total body -> total body

9.2 X 10

8.8 X 10"

8.1 X

6.4 X

3.7 X

10"

10"

10

10"

10"

10"

10"

10"

10"

10"

2.1 X

2.0 X

2.1 X

2.0 X

1.8 X

1.7 X

1.4 X

Thyroid -»• thyroid

2.6 X 10"1
1.4 X 10"1
8.0 X 10"2
2.9 X 10"2
9.0 X 10"3

5.2 X 10"3
5.6 X 10"3
6.2 X 10"3
5.8 X 10"3
5.4 X 10"3

4.9 X 10"3
3.9 X 10"3

important if microdosimetry is attempted —and only
consider the average dose due to each of the two source
distributions in the thyroid and in the total body. This
average dose to an organ is the dose used in the
recommendations of NCRP and ICRP.

To meet these needs of dosimetry, the specific
absorbed fraction is given in Table 22.2 for a photon
emitter uniformly distributed in a 2-g thyroid, and for
the same emitter uniformly distributed in the total
body of mass 9.1 kg. These values were obtained by
Monte Calo calculations for all the data in the table

except that with total body as source and thyroid as
target. In this instance, the data were statistically erratic
due to the small size of the thyroid; and, consequently,
the specific absorbed fractions from thyroid to total
body were used by reciprocity. These values are also
reasonably close to what would be obtained by use of
the buildup factor.17 For the various isotopes of
iodine, the dose due to each photon emitted in the
decay scheme can be obtained by an interpolation.

Appendix

ABSORBED FRACTION OF ELECTRON

AND BETA ENERGIES

The absorbed fraction, 4>, of electron energy for a
target region R2, with a distributed source in a region

17. W. S. Snyder, M. R. Ford, G. G. Warner, and Sarah B.
Watson, "A Tabulation of Dose Equivalent per Microcurie-Day
for Source and Target Organs of an Adult for Various
Radionuclides," ORNL-5000 (November 1974).
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Ri, can be estimated by use of Berger's kernel for a
point source of monoenergetic electrons.8 Although the
primary source of the data is L. V. Spencer,18 it is
Berger's formulation and tabulation we use. Equation
(14a) of MIRD Pamphlet No. 7 (ref. 8) expresses the
specific absorbed fraction (absorbed fraction of energy
per gram) in terms of a tabulated quantity F(%,E0),
specifically

F(H,E0) = 4npX2X90<i>(X,E0), (1)

where p is the density (g/cm3), X is the distance from
the point source (cm), X90 is the 90-percentile of the
energy distribution, E0 is the initial energy, <fr(X, E0) is
the fraction of energy absorbed per gram at distance X
from the point source, and £=X/X90.The procedure
for estimating 0, or alternatively $, for a distributed
source Rt and for a target region R2 will be described
in terms of <I>, but for calculation one will express the
results in terms of F(%, E0).

Assuming the electron of energy E0 originates at the
origin of the coordinate system, the fraction of energy
absorbed in a volume element dX about X is given by

d<p(X) = pdX<S>(X,E0) (2)

Integrating this over the target region R2, one obtains
an absorbed fraction for a point source at the origin,

0(*2<-O) =p/„ dX*(X,£,0) (3)

To obtain the absorbed fraction ${R2 ^R\) for the
source uniformly distributed throughout R\, say at 1
(uCi/g, we need to integrate formula (3) over/?i. Using
the vector Y to designate the position of an infinites
imal source volume dY,

<P(R2^R1)-
p\Ri\

XIRlpdYfR2dX*(\X-Y\,E0), (4)
where |X —Y| denotes the length of the position vector
X— Y and p\Ri_\ is the mass of region R{, which is
proportional to the energy emitted. Since <&(|X —Y\,E)
= 0 when |X —Y| > R = the range of the electron, one
may avoid specifying complicated limits of integration
by use of the characteristic function of region R2,
XR (X), which equals 1 or 0 according as X is inR2 or
not.

18. L. V. Spencer, "Energy Dissipation by Fast Electrons,"
National Bureau of Standards Monograph No. 1, 1959.

Thus,

(P(R2 <-/?,) =
I*i I

X /i?idY/x-Y|<^dX$dX-Yl'i?o)X^ (X). (5)

In practice, data on <I>, or equivalently on.F(£, E0), are
available for water, although attenuation factors for
some other materials are given. For example, for muscle
these amount to 98.4% or more of the values for water,

and this correction was made to the value computed for
water. In what follows, p = 1 will be used, so that data
given by the formulas are for water without correction
to values for muscle.

The integral is evaluated by Monte Carlo techniques.
It is well known that if N sample points are selected
from a region K and if f(Xf) is computed for each
sample point X;-, then

N <

N l r£/(x;)-^4dx/(X).
\K\

(6)

In our case the region being sampled is R i X S, where S
is a sphere of radius equal to the range of the electron,
and a point of this cross-product space is given as a pair
of points (X, Y), Y being in Ri and X in the sphere
\X-Y\<R. Thus,

l£ <P(\Xi-Yi\,E0)xR2(Xi)
TV

i= l

\Ri\4nRV3
Jr , dY/|X-Y|«« dX <J»(|X - Y|, E0)

4>(R2^Ri)
XXj,,(X)=-

4ttR3/3
(7)

Similarly, one may, for each point Y;- chosen in Ri,
select a fixed number k of points X;1, Xi2, . . . , X!/t in
|Y(- - X;y| < R and evaluate

N N
1ml. L <mij-YliE0)xR2(xlJ)

i=i /=i

0(/?2<-/?i)
4rr*3/3

(8)

as an alternative.

One difficulty with this approach is that the integrand
is singular, although it is an integrable singularity. Still,



213

it is possible that a single choice of the points X;- and
Y;-, if the distance |X;- —Y,| is close to zero, may
contribute a large amount to the value of 0. Of course,
this can happen only when R^ and R2 have some
common portion; but it is expected that the procedure
should apply even when *i coincides with R2. To
avoid this difficulty, the value of 4>(|X;- —Yz|, £"0) is
replaced by its average value over a small sphere of
radius r, which is yet to be specified. Thus, if |X;- —Y,-|
<r, <J>(|X,- - Y,-|, E0) will be replaced by

$(|X, - Y,.|, E0) =-lr/|X_y.,<r dX *(|X - Y,-|)
4-nr*

/;dx/r(^:.^) =_24irr3X90
X

X9o

3F

4nr'Xgo
(9)

where F is the average value of F(£,E0) over the
interval 0 < | <r/X90. One notes that F(X/X90,E0)is

a slowly varying function of X/X90. The use of this
replacement involves some falsification of the boundary
of R2, since the entire sphere may not be contained in
R2. Therefore it is desirable to keep r small. However,
values of r = 0.1X90, 0.05X9O, and 0.2X90 have not
revealed any large discrepancies in the results. In the
calculation, r = 0.1X90 has been used.

A similar formula using Berger's kernel for beta
emitters can be developed. Alternatively, one can use
the results for monoenergetic electrons and integrate
over the beta spectrum of energies emitted. It is this last
alternative which is used here. The beta spectra are
obtained by use of Dillman's computer code for
analysis of decay schemes.19

19. L. T. Dillman, "Radionuclide Decay Schemes and
Nuclear Parameters for Use in Radiation-Dose Estimation,"

MIRD Pamphlet No. 4, J. Nucl. Med. Suppl. No. 2 (1969).



23. Dose to the Bladder

Walter S. Snyder1 Mary R. Ford

INTRODUCTION

The size of the bladder varies greatly during a filling,
and this has a marked effect on the dose per photon the
bladder receives. The situation is even more compli
cated for electrons and beta particles, many of which
often fail to penetrate the entire thickness of the
bladder wall. Thus the average dose may differ greatly
from the dose the surface receives. Other parameters
that may affect the dose or dose rate are: (1) the rate at
which radioactivity enters the bladder, (2) the rate of
entry of urine into the bladder, (3) the voiding
schedule, (4) the radiological half-life of the radio
nuclide, (5) the amount of urine in the bladder when
the radionuclide is administered, and (6) the fraction of
the radioactivity excreted in the urine. The dose
commitment is estimated here corresponding to a
model involving considerable idealizations of the param
eters mentioned above.

THE BLADDER MODEL

The bladder is considered to be an oblate spheroid,

x-x0\2 +(y-yp^2 +^z-zq ^2 =l

where (x0, y0, z0) = (0, —4.5, 8) are the coordinates of
the center in a Cartesian system of coordinates as
chosen in MIRD Phamplet No. 5 (ref. 2), that is,
positive x axis to the left, positive y axis pointing
toward the back, and positive z axis directed upward
along the centerline of the trunk, with the origin at the

1. Consultant.

2. W. S. Snyder, M. R. Ford, G. G. Warner, and H. L. Fisher,
Jr., "Estimates of Absorbed Fractions for Monoenergetic
Photon Sources Uniformly Distributed in Various Organs of a
Heterogeneous Phantom," MIRD Pamphlet No. 5, J. Nucl.
Med., Suppl. No. 3 10,7 (1969).

base of the trunk. The semiaxes of the ellipsoid have
the ratio a.b.c = 4:3:3, and this ratio is assumed to
remain fixed as the bladder fills. The above equation

may be considered to represent the inner wall of the
bladder,

Xq y-yo

wb

zo

wc

1, (1)

where, assuming unit density, w is chosen so that

—TTubc(w3 —1) : 45 g

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
typical.3 Schematic diagrams of the bladder with
contents of 0 ml (empty), 100 ml, and 400 ml are
shown in Fig. 23.1.

Define now a function Dr(V) to be the average dose
per photon to the bladder wall (in rads per photon)

3. Report of the Task Group on Reference Man, ICRP
Publication 23, Pergamon Press, Oxford, May 1975.

4.028 « 5.368 cm 5.930x7.908 cm

CONTENT 0 ml CONTENT KWrnl

ORNL-DWG 70-7484

152

8.6(0 x (1.48 cm

CONTENT 400 ml

.Fig. 23.1. Section of bladder for several volumes. Mass of
bladder, 45 g.
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when the bladder content (urine content) is I/ml. No
mathematical formula for Dr(V) is available; rather, its
values may be obtained by use of the Monte Carlo
method described in MIRD Pamphlet No. 5, the only
change being that the bladder content here is V m\ and
the dose is estimated to the wall rather than averaged
over the wall and the contents.

The function Dr{V) has been computed for V= 0, 50,
100, 200, 300, 400, and 500 ml and for the same 12
monoenergetic sources of photons given in MIRD
Pamphlet No 5, namely, 0.01, 0.015,0.02,0.03,0.05,
0.1,0.2,0.5, 1, 1.5, 2, and 4 MeV. The dose per photon
at V = 0 is for a point source and corresponds to an
infinitesimal volume of urine in the bladder. The results

are displayed in Fig. 23.2(a) for the four lowest energies
and in Fig. 23.2(b) for the other energies. As will be
noted, the curves cross, and they are separated here to
facilitate their use. This complex behavior seems to be
due to the interplay of a number of factors: (1) the
amount of energy released, (2) the changes in the mass
absorption and mass attenuation coefficients with
energy, and (3) the thickness of the wall. Where the
mass absorption coefficient varies slowly (e.g., 0.1 to 4

<
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MeV), Dr(V) decreases as photon energy decreases;but
at still lower energies, the increase in the mass absorp
tion coefficient causes Dr(V) to increase for small
values of V. For large V, attenuation predominates, and
Dr(V) continues to decrease, although not regularly, as
energy decreases.

The data in Figs. 23.2(a) and (b) suggest a multi-
exponential form for Dr(V). A two-exponential for
mula,

A-(v) • -"V+ be-W , (2)

has been found to fit the data with sufficient accuracy
for practical purposes. The values of the parameters do
change with photon energy to the extent 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 Eq. (2). The values of
a, b, a, and (5 and the maximum percent deviation of
the formula from the estimated value ofDr(V) are given
in Table 23.1. An average percent deviation is also given
for each energy. P. Brindza, ORAU summer student
from Marquette University on assignment to the Health

ORNL-DWG 70-87I3R

(00 200 300 400 500

BLADDER CONTENTS (ml)

Fig. 23.2. Variation of dose to bladder wall of a photon emitter in urine as a function of photon energy and volume of bladder
contents.
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Table 23.1. Parameter values for dose to bladder wall:

D (V) =ae~aV+ie~^K(rads/photon)

Deviation of function

E (MeV)
a

(X 10"12)
a

b

(X 10~12) a
and data (%)

Average Maximum

0.01 0.126 0.00168 3.47 0.0953 2.51 4.8

0.015 0.479 0.00252 4.81 0.0631 4.28 8.9

0.02 0.872 0.00292 5.30 0.0507 4.44 8.7

0.03 0.977 0.00248 4.16 0.0388 3.83 10.7

0.05 0.807 0.00218 2.17 0.0390 3.65 8.6

0.1 0.766 0.00195 2.02 0.0378 2.30 -5.4

0.2 1.31 0.00187 4.12 0.0344 4.04 9.0

0.5 3.28 0.00192 10.5 0.0342 3.66 -7.8

1.0 6.14 0.00213 19.9 0.0349 2.56 -4.6

1.5 8.27 0.00199 28.3 0.0377 3.03 -6.0

2.0 10.6 0.00198 34.7 0.0414 2.04 -4.6

4.0 19.1 0.00235 53.2 0.0380 5.08 -10.9

Physics Division in 1969, is responsible for the develop
ment of Eq. (2).

ACTIVITY IN THE BLADDER

The rate W at which urine enters the bladder (in
milliliters per day) probably varies somewhat during the
day, and one may consider Was a function of time. If
voiding occurs at times Tt, T2, T3,. . ., days after the
time 0 when the radionuclide is administered, one can

consider R' as a constant during the time intervals
between voids, say Wu W2, W3,. . .; and this is the only
case considered here. Moreover, it will be supposed that
a void occurs at time 1 day and that the pattern of
voidings during the first day is unchanged during the
succeeding days.

Suppose now that retention of the radionuclide is
described by

where / is the activity entering the blood at time 0, Ft is
the fraction of activity in compartment i excreted in
the urine, and exp [-\(t - t)] represents decay
(during the interval from r to t) of the activity entering
the bladder in time dr.

DOSE FROM PHOTONS

To calculate dose from photons, we need only carry
out an integration, namely,

Dp(Tl)=IX 3.2 X 10'

T,

fQdt £ yl^-e-Ml -e-^0X

X£ yf (aje-oiVit +bje-eiW) rad , (5)
/-I

where the first bracket, with the constant factor,
represents the number of disintegrations occurring in
the time interval dt, yj is the yield of the /th photon,
and a-, a-, b.-, and (3- are appropriate constants in the
formula for dose for a photon of this energy. In
practice, the values of these parameters can be obtained
by interpolation from Table 23.1. Alternatively, one
may compute the sum for the two neighboringenergies
and interpolate on the energy. It is this last alternative
that is coded here since it permits ready extrapolation
for photons of energy less than 0.01 MeV. The present
code does not provide for extrapolation for energies
above 4 MeV. The doses for the succeeding intervals are

R(t)=I £ ^.e-tti +M' (MCi)
i=i

(3)

where t is in days following administration, which is
assumed to be at time t = 0, and / is the intake in
microcuries. We consider here only the case where Fj,
the fraction of the total excretion entering the bladder,
does not vary with time. Then the activity in the
bladder at time t < 7\ is given by

' i

Ai(0 =7/odj £ AFfa e~(Xi +Xr)T e~Kit ~T
i=i

n

=1 £ ^fFyg-VO-e-^O/iCi, (4>
i=i
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similarly calculated, merely replacing Wx and 7\ by W2
and T2 - Tlt W3 and T3 - T2, etc., successively, and
the appropriate sum provides the dose during the first
day. Since the pattern of voids is unchanged on
succeeding days, the dose commitment is the sum of a
geometric series corresponding to each exponential
term of the retention function. Thus, if Dp'(\) is the
dose from photons during the first day corresponding
to the term At exp -[\{ + Xr)t] in Eq. (3), the dose
commitment corresponding to these terms is

Dp= £ zy'(l)/[l-e-(*/+M] rad.
j=l

(6)

A summation on i thus provides the required dose
commitment. If the time intervals between voids are

equal, alternatively one may compute

DP= t V(ri)/[1-e"(X,' +Mri] •
i'=l

RESULTS FOR PHOTON DOSE

Essentially the code as described above has been run
for hundreds of cases with biological half-times and
radiological half-times both ranging from 1 hr to ten
days, with formations of urine of 1000, 1400, and 2000
ml/day, and with voiding schedules of four, seven, and
ten voids per day in each case. In addition, a further
provision for incomplete emptying of the bladder, that
is, the bladder retaining 10, 20, and 30% of its
maximum volume at voiding, has been explored, as well
as administering the radionuclide when the bladder is
partly full. It appears that incomplete emptying of the
bladder does not have a major effect on the dose from
photons. Likewise, a change from four to ten voids per
day is not a major effect, although the dose will always
decrease as the number of voids increases. Major effects
on the dose from photons appear to be: (1) if the urine
output can be increased, the dose is diminished, a
change from 1000 ml/day to 2000 ml/day, decreasing
the dose from photons by 25 to 50%; (2) if the
radionuclide is adminstered while the bladder is one-

third to two-thirds of its capacity, there is a reduction
of dose by 25 to 50% if the effective half-time, that is,
X;- + Xr = 0.693/Teff, is less than one day. At long
effective half-times, much of this effect disappears, as
might be expected.

SURFACE DOSE FROM ELECTRONS

AND BETA PARTICLES

A "surface dose" from electrons and beta rays, as well
as the more usual "average dose" in the wall, will be
described because there are difficulties in interpreting
either dose; and the doses frequently differ by an order
of magnitude. The difficulties arise because one can
assign only an infinitesimal layer of tissue which
receives the surface dose, while if the dose is averaged
over the wall, it may happen that a considerable portion
of the wall does not receive any dose. If the movements
of cells as the bladder wall expands were known in
detail, a dose to a cell might be produced; however a
description of this movement has not been found.

The activity in the bladder at time t is given by Eq.
(4) above, and hence the concentration at time t during
the first filling is given by

C1(t)=Al(t)/tWl

I "
=^7 E A^e-^r'd-e-^)(MCi/ml). (7)

In an infinite homogeneous medium contaminated at
this level, each gram of mass must absorb the energy
emitted from a gram mass, and thus the dose rate in
such a medium is given by

51.15C,(0 £ YmEmlP (rad/day) ,
m=l

(8)

where Ym is the yieldof the electrons or beta particles,
Em is the unique or average energy emitted, p denotes
the number of such particles emitted per disintegration,
and p is the density of the medium, which is urine in
this case. Assuming the presence of a tissue wall and
assuming that the activity extends a distance of the

range of the electron or beta particle on only one side
of the wall, the surface dose rate is just half of the
estimate given in Eq. (8). This estimate is conservative
in that, for very energetic electrons, the range may be a
centimeter or more; and during this early period, the
dose will be somewhat less. Also, one should bear in
mind that usually the dose rate falls off steeply within
the wall, and thus the average dose rate in the wall is
generally much less than that at the surface. Neverthe
less, the NCRP and ICRP have used this surface dose
rate extensively in the past to estimate the dose to the
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walls of the gastrointestinal tract and to the skin when
the radionuclide is in the air. The surface dose rate is
given by Eq. (8), and an integration over time provides
an estimate of dose during the first filling. This dose is
given by

2pWi m=1 /=1

ri e-M(l -e^^'O
X ( dt

K t

51.15/

2pW
Lt YmEm L AFi

l m=l i=l

ta,W

- El(\,T1) +Ex [(\ + \)TX] (rad) . (9)

Dose during succeeding periods between voidings is
calculated similarly, but if all these periods are equal,
the dose from the ith term for successive periods forms
a geometrical series with the ratio exp - [(X,- + \)T1 ] ;

4. W. S. Snyder, J. W. Poston, G. G. Warner, and L. W. Owen,
Health Phys. Div. Ann. Progr. Rep. July31, 1974, ORNL4979,
p. 13. [Erratum: In the headings of Tables4.1 and 4.2, "In rads
per microcurie per cubic centimeter" should read "In rads per
microcurie injected."]

hence the total dose from electrons and betas is given

by

'xf +V51 15/ P "
*>e~L ymEm LAft

w*l m=l ,=1

•E1(krTl) +Elfri + \)T1

XI- e-(Xi + Xr)Tl

In

(rad). (10)

This dose must be added to the dose from photons as

given by Eq. (5).
A method of estimating the average dose to the wall

from electrons or betas hasbeen given in ORNL-49794
Generally, the average dose is far less than the surface
dose, as has been indicated. The results for electrons or
betas largely parallel the results for photons, as stated
above, in that if the amount of urine excreted per day
can be substantially increased (e.g., doubled), the dose
will be reduced by 25 to 50%; and if the radionuclide
can be administered at a time when the bladder is from
one-third to two-thirds full, there is again a substantial
reduction of the dose. Of course, other clinical require
ments may not permit the realization of this objective,
but in many cases where there is no such conflict, this
dose reduction may be worthy of consideration.



24. Practical Consideration for Computing the
Dose to the Bladder

E. M. Smith1 G. G. Warner2

Work has recently been initiated to evaluate the

various factors that will affect the dose to the wall of

the bladder from representative administrations of
radiopharmaceuticals to humans. These studies are
basedon the bladdermodel developed by Snyderet al.3
(see also Chap. 23 of this report).

The factors to be studied include: (1) total daily urine
output, (2) voiding schedule (frequency and volume
voided at each voiding throughout the day), (3) volume
of urine in bladder at time radioactivity is administered
(initial conditions), and (4) stimulation of urine produc
tion. The effect on dose from urine retained in the

bladder after urination will not be studied at this time

since any volume of retained urine greater than 5 to 10
ml presents an abnormal condition.

The initial study was to determine the effect the
voiding schedule has on the total dose to the bladder
wall for a specified daily urine output of 1500 ml. Since
urinary excretion data for 197Hg- and 203Hg-labeled
chlormerodrin were available from the MIRD Commit

tee, Society of Nuclear Medicine,4 these data were
used. Table 24.1 gives the data for this initial study.
Four cases were studied, each for four voiding sched
ules. The two cases marked "blocked" were for patients
who were preadministered a mercurial diuretic to
stimulate urinary excretion of the labeled compound.
The bladder was assumed empty at the time the
radioactivity was administered, and the bladder was
assumed completely emptied at each voiding. The
radioactivity was administered immediately preceding
the first voiding listed under the voiding schedule for
each sequence enumerated. The first number in the
parentheses is the number of hours between voidings,
and the second number is the volume of urine (in

1. Consultant.

2. Computer Sciences Division.
3. W. S. Snyder, J. W. Poston, G. G. Warner, and L. W. Owen,

Health Phys. Div. Annu. Progr. Rep. July 31, 1974, ORNL-
4979, p. 13.

4. MIRD Pamphlet No. 6, to be published in /. Nucl. Med.

Table 24.1. Dose to bladder wall from radioactivity present
in the urine administered as 197Hg or Hg chlormerodrin

Rads/juCi administered

Voiding schedule3 197
Hg

203
Hg

Blocked Unblocked Blocked Unblocked

(4.8;300) (4.8;300) (4.8;300) 1.29 X 10"4 1.65 X 10"4 1.82 X 10"3 3.40 X 10"3
(4.8;300) (4.8;300)

(2;200) (5;350) (6;350) 1.39 X 10"4 1.56 X 10"4 2.01 X 10"3 3.76 X 10~3
(8;400) (3;200)

(3;250)(4;250)(3;200) 1.25 X 10-4 1.61 X 10-4 1.83 X 10~3 3.42 X 10"3
(4;250)(8;400)(2;150)

(6;350) (6;400) (8;400) 1.46 X 10"4 1.85 X 10"4 2.05 X 10-3 3.82 X 10"3
(4;350)

aThe first number in the parentheses is the number of hours between voidings, and the second
number is the volume of urine (in milliliters) produced during that period.
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milliliters) produced during that period. The original
bladder model was designed for a repetitive voiding
schedule and was modified to accept a variable voiding
schedule.

The results of this study are given in Table 24.2. This
very limited study indicates that the voiding schedule

has a minimal effect on the total dose to the bladder

wall. This study is currently being expanded to evaluate
six representative voiding schedules for seven clinically
used radionuclides, each evaluated for ten effective
biological excretion half-times ranging in binary multi
ples from 0.5 to 256 hr.

Table 24.2. Effect that various voiding schedules have on
the dose to the bladder wall

197
HgVariation in dose for

four voiding schedules Blocked Unblocked

Mean dose, 1.35 X 10~4 1.67 X 10~4
lad/fiCi administered

Maximum variation, 17% 19%

•v'max ~ xmin

xmin

Mean variation, 1x - x >max 8% 11%

3Hg

Blocked Unblocked

7.71 X 10 3 3.60 X 10 3

13% 11%

6% 6%



25. Metabolic Model for Whole-Body and
Gastrointestinal-Tract Retention of 4 Ce in a Human Infant

S. R. Bernard

Inaba and Lengemann1 administered single oral doses
of 141Ce(N03)3 via a stomach tube to nonfasted rats
of ages 0, 7, 14, and 25 (weaned) days. They measured
total-body retention in all pups and gastrointestinal
(Gl)-tract retention in the pups dosed at birth. Over an
interval of one month, when there is negligible loss of
14' Ce from organs in the total body minus the GI tract
and contents, the fractional retention in the total body
is given approximately by the complement of a 20-
term, cumulative,Poisson function, plus a constant. For
fractional retention in the gut and contents, the
formula is taken as

20

fg(A)+ I
1=0

(V)' -\At

which assumes permanent fixation ofa fraction fg(A) in
the gut walls. The parameters fg(A) and X^ depend on
the age at the time of administration of the

141 Ce(N03)3. In the formula, (X^ tf for t =0 is taken
as unity. The model has been extrapolated to human
retention. Dose has been estimated for a single intake of
1 /uCi of 141Ce(N03)3, assuming uniform deposition
throughout the whole infant GI tract minus the
contents and assuming complete absorption of beta
energy in the walls. The dose was ~6 rads if ingestion
occurred at birth. The retention in the gut wall was

taken as constant after 180 days, but the dose due to
this retention was about 0.03 rad. The model, the dose
estimate, and its uncertainties are discussed in ref. 2.

1. J. Inaba and F. W. Lengemann, "Intestinal Uptake and
Whole-Body Retention of 141Ce by Suckling Rats," Health
Phys. 22(2), 169 (February 1972).

2. Symposium on Population Exposures, Proceedings of the
8th Midyear Topical Symposium of the Health PhysicsSociety,
CONF-741018, October 1974.
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26. The Dosimetry of 241Pu Reconsidered

J. W.Poston W.S.Snyder1 L.W.Owen2

Plutonium-241 is a pure beta emitter having a
radioactive half-life of 13.2 years, a maximum energy of
20.8 keV, and an average energy of 5.2 keV.3 Its range
in tissue is about 8.2 /xm, which is far shorter than the
range of most alpha particles. This has prompted us to
consider carefully whether the dosimetry generally used
for the alpha particles from 238Pu or 239Pu is
appropriate for this beta emitter.

The retention model used for alpha-emitting radio
nuclides of plutonium in shown in Table 26.1. The lung
model is the standard ICRP lung model, although some
of the clearance constants may not be entirely familiar.
A particle size of 1 p.m average median aerodynamic
diameter (AMAD) is used as being fairly typical,
although we have means of adjusting the dose for this
parameter. The model is essentially the same for
24 •Am, the decay product of 241Pu, except that we
used/t = 10"3 for absorption from GI tract to blood.
It was agreed to assess dose from alpha particles by
using a lung mass of 570 g, which omits the blood
present in the large arteries and veins, which would not
absorb much energy. For beta radiation, however, the
lung mass was taken as 1000 g. This model was the
consensus arrived at in assessing the reactor accident
situation by radiobiologists representing major ERDA
laboratories that work with transuranics.

In our calculations, we have considered an inhalation
exposure to a class Y aerosol of pure 241Pu. In
addition, we shall consider the dose over 50 years post
exposure for a single intake of this radionuclide.

The microcurie-days of 241Pu accumulated in the
lungs and respiratory lymph nodes are shown in Table
26.2. Values for 241Am produced in the body are

1. Consultant.

2. Computer Sciences Division.

3. C. M. Lederer, J. M. Hollander, and I. Perlman, Table of
Isotopes, Sixth Edition, John Wiley and Sons, Inc., New York
1967.

Table 26.1. Retention model for inhalation of plutonium

1. Particle size AMAD = 1 Mm; lung clearance classes W and Y.

2. For absorption to bloodfrom GI tract, fx = 3 X 10~5.

3. Retention in bone is given by 0.45 exp (-0.693f/100 X 365).

4. Retention in liver is given by 0.45 exp (-0.693f/40 X 365).

5. Retention in kidney is given by 0.01 exp (-0.693f/40 X 365).

6. Retention in testes is given by 0.0005 exp (-0.693f/T ).

7. Retention in ovaries is given by 0.0001 exp (-0.693/77V)-

shown also. The ICRP intends to estimate an average
dose to the lung tissue, and this dose will include all the
energy absorbed in lung tissue from alpha, beta, and
gamma radiation released in the lung tissue. From this
table, it is clear that there is a considerable accumula
tion, in terms of microcurie-days, in the lymph nodes -
58 /xCi-days vs 98 juCi-days in the lungs. Alpha energy
produced in the lymph nodes is assumed to be
completely absorbed there, but most of the beta and
gamma energy released is assumed to escape and to be
absorbed in lung and surrounding tissue. For a beta
particle with a range of only ~8/Ltm, it seems reasonable
to assume that this energy is completely absorbed in the
lymph nodes. Thus, energy releasedby this beta particle
in the lymph nodes should not be averaged in with the
lung tissue, and one might argue that our dose estimate
for lung should be reduced. On the other hand, if it is
appropriate to omit blood in the large arteries and veins
for alpha radiation, it is also appropriate to omit the
energy for such a weak beta. These two adjustments
offset each other; so the dose from 241Pu hardly
changes. However, the total dose is essentially un
changed, being mostly due to 24! Am.

A summary for the dose to the GI tract for the
supposed intake of 1 p£\ of 24lPu is given in Table
26.3. The third column gives the dose as calculated
under the assumptions of the ICRP. It is our belief that
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Table 26.2. Dosimetry of the lung - Pu

/jCi-days Lung dose

Lung
Respiratory

lymph nodes
Dose

(ICRP-rem)

New doses

(rem)

'Pu

Am
241

98

0.174

Table 26.3. Dosimetry of the GI tract - 24 Pu

58

0.91

Organ
Dose New doses

(ICRP-rem) (rem)

Stomach 24•Pu
241 Am

1.3 X

8.4 X

10 5
10 "5

1.3 X 10~7
8.4 X 10"5

Total 9.6 X io-5 8.4 X 10"5

Small

intestine

(SI)

241Pu
241Am

Total

3.2 X

6.9 X

1.0 X

10 ~5
10 ~5
io-*

3.2 X 10"7
6.9 X 10~5
6.9 X 10"5

Upper large
intestine

(ULI)

241Pu
241Am

Total

1.9 X

1.1 X

3.0 X

10 ^
IO"*
10^

1.9 X 10"6
1.1 X 10"4
1.1 X 10^*

Lower

large
intestine

241Pu
24 •Am

Total

5.6 X

7.5 X

6.4 X

10^*
10 5
10^

5.6 X 10"6
7.5 X 10~5
8.1 X 10~5

(LLI)

the dose from 241Pu to the radiosensitive cells of the
GI tract should be drastically reduced. Many years ago,
Sullivan and Thompson4 demonstrated a complete
absence of effect on the GI tract using 239Pu and
producing surface doses that were fantastically high.
The average depth to the critical cells is ~140 p.m or
more, and the cells close to the surface are replaced
rather rapidly. The ICRP conservatively uses a factor of
0.01 for dose to these cells from alpha particles. It
should be emphasized that this factor is not used
because the data indicate a 1% probability of damage,
but only to allow something for unforeseen side effects,
perhaps some condition of the tract which would
expose these cells more than usual. This same factor is
proposed for the beta dose from 241Pu, which has a
range much smaller than the range of the alpha particle.
Thus, GI tract doses from plutonium might be reuuced
to 1% of the values shown, but again, the dose from
241 Am predominates, and curiously, the upper large
intestine (ULI)is the sectionwith the highest dose. This

4. M. F. Sullivan and R. C. Thompson, "Absence of Lethal
Radiation Effects Following Massive Oral Administrations of
Plutonium," Nature 180,651-652 (1957).

0.042

0.89

0.046

0.89

Table 26.4. Dosimetry of bone

241
Pu

'Am

Average dose to bone
(ICRP-rem)

5.7 X 10"

14

'Pu

New dose

(rem)

1.2 X 10"

14

due to the cross-irradiation by the gamma rays emitted
in liver and in bone.

Doses to the liver and to the gonads would be
unaffected since no microdosimetry is used by the
ICRP for these organs. However, the distribution of
plutonium in the Kupffer cells might offer a fruitful
topic for further exploration, but the ICRP has not
indicated a dose limit for these cells.

Finally, we consider the dose to bone (Table 26.4),
and here we encounter several difficulties. The ICRP

has designated the endosteal cells as the radiosensitive
tissues in bone.5 They are indicated as lying from 5 to
10 /im from the bone surface. The extent of bone
surface estimated by Lloyd and Hodges6 is 11.2 m2. If
1 /aCi of 24! Pu enters blood, 0.45 jnCi deposits on bone
surfaces; thus the surface deposition would be 1 X
0.45/(11.2 X 104) = 4 X 10"6 luCi/cm2. Using the
point kernel given by Berger,7 we computed the dose
rate, averaged over 5 to 10 /im from such a plane
distribution, and found it to be 5 X 10~7 rad/day. The
plutonium has also been distributed in slabs of thick
ness 0.1, 0.2, ... 1 p.m fronting on the bone surface,
and over this range of thicknesses, the dose rate
(averaged over the distance from 5 to lOjum) decreases
by about a factor of 2. We accept the value of 5 X 10"7
rad/day as the initial dose rate due to 1 j^Ci of 241Pu

5. A Review of the Radiosensitivity of the Tissues in Bone,
ICRP Publication 11, Pergamon Press, New York, 1968.

6. E. Lloyd and D. Hodges, Annual National Laboratory
Report, ANL-7760, Part II, U.S. Department of Commerce,
1970.

7. J. J. Berger, "Distribution of Absorbed Dose Around Point
Sources of Electrons and Beta Particles in Water and Other

Media,"/ Nucl. Med., Suppl. No. 5 12 (March 1971).
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entering the blood. Alternatively, merely averaging the
dose rate over the bone mass of 5000 g and assuming
that all the energy is absorbed, one obtains

51X0.45X0.0052 0.12

5000 5000
= 2.4X 10"5 rad/day ,

corresponding to 1 A<Ci entering the blood. There is
little biological evidence available on redistribution in
either case, and what is available tends to show that

redistribution is rather small, at least in the mature
animal. We will thus assume that the 241Pu remains

fixed until it decays; so the ratio of dose commitments
is just the ratio of these initial dose rates. This
assumption indicates a dose of about 1.2 X 10~4 from
24 1Pu in bone to endosteal cells. There is a clear factor

of ~50 involved in calculating the dose to bone or to
endosteal cells, and if the surface distribution broadens,

the discrepancy would be even greater. We know of no
data now available to indicate the thickness of this

surface deposition or how it might vary with time. Of
course, in ICRP Publication 2 (ref. 8), an additional
factor of 5 is brought in — the so-called n factor —and

this would make the dose (in rem) averaged over bone
larger by a factor of ~250 than the dose to endosteal
cells. However, the doses shown in Table 26.4 were

computed without the use of the n factor; so dose to
endosteal cells would be less by at least a factor of 50.

This might be considerably larger, depending on the
thickness of the surface layer over which the activity is
distributed at various times postexposure.

In short, one concludes that the doses from 241Pu
given in this presentation would be reduced consider
ably for lung, GI tract, and bone. We have not found
any plausible basis for sizable reductions of dose for the
liver or for the gonads, and these are undoubtedly the
critical organs for 241Pu. Practically, the dose from
24'Am is always dominant, and thus there is little
change in the appropriate maximum permissible con
centrations. One finds that the results are much the

same if the aerosol is of inhalation class W or if the

241Pu is taken orally.

8. Report of Committee II on Permissible Dose for Internal
Radiation, ICRP Publication 2, Pergamon Press, New York,
1959.



27. A Computer Program for Estimating Microcurie-Days
of a Radionuclide in the Organs of the Human Body

W.S.Snyder1 M.R.Ford Sarah B. Watson2

Average dose equivalent in an organ of the body from
an internally deposited emitter is given by

de(d= E ^)xs(r^y,o, (i)

where {/. represents the microcurie-days accumulated in
the various source organs, Yt, and S(T+- Yj) represents
the dose to a target organ T due to one microcurie-day
(=3.2 X 109 disintegrations) of the emitter in the
source organ. The summation extends over all the
source organs Yt; and S has been tabulated for about 60
radionuclides, assuming these are distributed uniformly
in the source organ3 for many of the organs usually
considered. A second volume containing data on about
100 additional radionuclides is in preparation. In this
paper we discuss a possible basis for estimating the
microcurie-days per microcurie of intake when a reten
tion model has been indicated. In principle, this is
simple in that if/(r) represents the fraction of activity
entering the body (p.Ci) that is present in an organ at
time t, the microcurie-days accumulated in that organ
from time tt to t2 (days) is given by

U -rJti
dtf(t) (AiCi-days) , (2)

where / is the intake in yuCi.

The complexity of the problem is due partly to the
fact that generally retention is described in terms of
transfer rates between organs or subsystems of the body
(lungs, gastrointestinal tract, blood, etc.), so that there
is delay in the transfer of some of the activity, and to

1. Consultant.

2. Computer Sciences Division.
3. W. S. Snyder, Mary R. Ford, G. G. Warner, and Sarah B.

Watson, A Tabulation of Dose Equivalentper Micro-curie Day
for Source and Target Organs of an Adult for Various
Radionuclides, ORNL-5000 (November 1974).

the presence of daughter radionuclides. A computer
code has been developed that embodies a system of
differential equations to represent the transfer of
activity in the body, but does assume that retention can
be adequately represented by a system of compart
ments with constant rates of transfer to other organs or
out of the body.

Lungs. The differential equations, representing the
lung portion of retention, embody the lung model as
described in the report of the ICRP Task Group on
Lung Dynamics.4 The respiratory system consists of a
nasal-pharyngeal region (N-P), a tracheo-bronchial
region (T-B), a pulmonary region (P), and the lymph
nodes (L), and deposition is governed by the activity
median aerodynamic diameter (AMAD) of the aerosol
(see ref. 4 for a more detailed discussion). Some of the
deposition and transfer constants used in the computer
code are not identical with the published values, but are
those listed in Fig. 27.1. The appropriate pathways for
each transfer constant are shown also in Fig. 27.1,
which is a schematization of the model.

The differential equations appropriate for this model
are given below. Taking Xan, Xhn, Xcn, Xdn, Xe", Xfn,
Xgn, Xhn, Xj", Xjn, Xkn, X/1 as the activities of the
parent (n = 1) and daughters (n = 2, 3, . . .) in a
compartment moving by the pathway with the appro
priate subscript, and using Xio represent the derivative
with respect to time (each X or X is understood to be a
function of t in what follows), the equations for the
lung are the following [Eqs. (3)]:

Xan+1=-X/+1(X/+1+V+1)

nW n+lrp n+\
+W+V)V+1^

4. ICRP Task Group on Lung Dynamics, "Deposition and
Retention Models for Internal Dosimetry of the Human
Respiratory Tract," Health Phys. 12, 173 (1966).
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Fig. 27.1. Values for the removal half-times, Ta-Tj, and
compartmental fractions, Fa-Fi, for each of the threeclasses of
retained materials. The values given for DN.p, Dj.g, and Dp
(right column) are the regional depositions based on an aerosol
with an AMAD of 1 Mm. The schematic drawing identifies the
various clearance pathways in the model, a-i, in relation to the
initial depositions DN.P, DT.B, and DP and the three respira
tory regions, N-P, T-B, and P. The lymphatic clearance for class
Y compounds indicates that a 90% regional fraction follows a
1000-day biological half-time. The remaining 10% is presumed
to be permanently retained in the nodes and is subject only to
radioactive decay.

Xbn+1=-Xbn+l(\bn+l+\n+1)

Hxan*xbn)\rlFbn+i,

*c"+1=-X/!+1(Xc" +1+X/,+I)

+(Xcn+X/,)\rn+lFc"+1,

xdn+1 =-xdn+l(\in+i+\n+l)
+(XC"+X/)V+1F/+1,

Xen+i =-Xen+1(\en+l +\n+1)

+(Xen +Xfn +Xgn +Xhn)Xrn+1Fe"+1 .

Xfn+l=-Xfn+1(Xfn+1+Xrn+1)
+(Xen +Xf" +Xgn +Xhn)\n +1Ffn+1

^/+1=-X/+1(X/+1+X,"+1)

+(Xen +Xfn+ Xgn +Xnn)Xrn+1Fgn+1

Xhn+1=~Xhn+1(\h"+1+\n+1)

+(Xen +X/> +Xgn +Xhn)\n+1Fhn+1

xr^-xr'o^r'+v1)

+Xhn^\hn^FrX +(Xin +Xjn)\n+1Fin+1

Xjn+1=-xp+l\rn+l +Xhn+1\hn+1 (1 -F{n+l)
+ (Xtn +Xjn)\n +\\~Fin+l),,

Xkn^=-Xk"+l(\dn+l+\n+l)

+Xkn\n+l+Xf"+1Xfn+1 ,

Xr+1=-X,n+1(\l"+l+*rn +1)

+xin+1\"+1 +xgn+1V+1 •

It will be noted that the terms with a negative sign in
the right member correspond to elimination by biolog
ical transfer or by radioactive decay. The terms involv
ing a superscript n refer to the activity in pQ,\ of the
preceding radionuclide of the chain, which produces
X/!+1 juCi of the following radionuclide per unit time,
and these are redistributed according to the values of
the Fs for that radionuclide. Thus a radionuclide
following pathway a in the N-P region may produce a
daughter element which follows pathway b, and will do
this in the ratio ofFan+1 :Fbn+1. This redistribution of
the daughter radionuclide is rather essential, since the
daughter may have an entirely different clearance class
than does the parent. This applies also to the lymph
nodes, where, for an aerosol of class Y, a fraction of
90% is supposed to be subject to transport and decay;
but the remaining fraction of 10% is subject only to
radioactive decay. The daughter radionuclide may be of
a different class. These two pathways, symbolized by /
and /, are not shown separately in the table, since the
pathway / does not transfer activity to another path
way. However, both pathways / and; produce daughter
radionuclides, and these are redistributed according to
the clearance class of the daughter. At present, the
values used for F" +1 are either 0.9 or 1. according to
whether the assumed clearance model is of class Y or of
class Wor D. Likewise, the pathways / and g are in the
pulmonary region, but to reach the gastrointestinal
tract (GIT) must traverse the T-B region; here they are
represented as pathways k and/. In principle, X^ = X^ =
X/ for all radionuclides, since, in the present model, it is
the rate of ciliary clearance and hence is expected to be
relatively independent of the radionuclide. Equations
(3) are written for the (n + l)-st radionuclide of a chain
and suppose the functions X" are known. Thus the
integration proceeds serially. The equations are valid for
the case n = 0, that is, for the parent radionuclide, if
Xa° = 0 for all values of t and all subscripts a
representing the lungs.

These equations are valid whatever initial values are
used. Generally, the microcurie-days from inhalation of
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1 /xCi has been computed for an aerosol of AMAD = 1
juCi, but any starting values of D3, D4, Ds may be used.
For the above case the initial values are

Xal(Q)=D3Fal , Xe1(0) =DsFe1 ,

Xb1(0)=D3Fb1 , X/(0)=D5Ff1 ,

Xcl(0)=D,Fcl , Xg1(0)=DsFgi ,

Dd1(0)=D4Fdl , Xh1(0) =DsFh1 ,

Xil(0)=XJ1(0) =Xkl(0)=X,1(0) =0 ,

X"(0) = 0 for n > 1 and for all subscripts.

This last provision ensures that only the parent radio
nuclide is inhaled, although daughters produced in the
lung are taken into account. Of course, other initial
conditions could be used.

Although the equations are stated in terms of X, one
really is more interested in the microcurie-days accumu
lated in each region. If we set

Y " =1 rv dtX"I" (4)

where tx defines any desired initial period of time, one
has the microcurie-days accumulated by each of the
pathways. Other time periods may be obtained from
these. The microcurie-days for each subregion of the
respiratory system is then

UNpn=Yan + Yb»,

Utb^YS + YS + YS + YS,

UPn =Ye" + Yf + Ygn + Yhn ,

UL = Yt" +Yf ,

b" = Yan\n + Ycn\c" + Yen\e" +r/v ,

G" = YbnXb" + r/X/ +Ykn\T +Y, "X/

(5)

Here Ua" is the microcurie-days accumulated in region
a of the respiratory system, while B" and G" represent
the total microcuries going to blood and to the GIT,
respectively, during the period 0 < r < tx. While these
last two values are not directly used in the subsequent
models, it is convenient to have them available.

Gastrointestinal tract. The differential equations for
the GIT are similar for oral intake or for activity

entering from the lung, and it will be convenient to
combine them. Letting Xsn^ xs"> XVL", and XLL"

be the activities present at time t in the contents of the
stomach (S), of the small intestine (SI), of the upper
large intestine (UL), and of the lower large intestine
(LL), respectively, the equations are the following:

Xs«+i =_XS"+1(XS"+1 +Xr"+1) +Xb"+1Xbn+l

+ Xd Xrf + Xk Atf

+X," +1X/+1+XS"X/I+1 ,

SI ^SI lAsi + 'V + Aab )

+Xs"+1Xs"+l+Xsl"Xr"+l , (6)

X.

•ir n+l _ v n + l/\ n+l ,\ n + l\
^UL ^UL (AUL + A, )

v n+l
ALL

n\ n+l, Y n+ l-v n+i , y n\
+ asi asi +aul n-

-^ll"+1(Xll" +1+V"+1)

+^ul"+1Xul" +1+^ll"V+1

These equations provide for a constant percentage of
elimination of the activity present in each segment of
the GIT and are, perhaps, more physiological than the
model which considers a bolus of activity (food)
moving at a constant rate through each section.5
Likewise, they provide for a constant rate of absorption
to blood from the contents of the SI, XaD"- In practice,
if fi is the fraction of the material ingested which is
absorbed to blood, one has

X" JrXabe-(^b+xsi)? =+xSIv *ab
Xab + ^SI

=/. (7)

if the material is stable. If the material is radioactive,/!
is the amount absorbed to blood, corrected for radio
active decay to the time of entry into the SI. Since AsI
= 6 day-1, Eq. (7) is equivalent to

^•ab:
6/,

l-/i '
(8)

where XaD represents the fraction of the activity present
in the SI which is absorbed to blood per unit time, that
is, per day. If fx = 1, no solution exists; yet experi
menters occasionally report fx = 1. In this context we
usually set/i = 0.95, believing that the experimental
data are not highly accurate and that some small

5. R. L. Hayes, J. E. Carlton, and W. R. Butler, Jr.,
"Radiation Dose to the Human Intestinal Tract from Internal

Emitters," Health Phys. 9, 915 (1963).
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amount of material will be present in the GIT. It is
assumed that/i"+1 is not necessarily the same as ft",
although there is generally only scanty experimental
data available on this point. Clearly, the initial condi
tions for the GIT following an intake by inhalation are
that Xan(0) = 0 for all n and all subscripts a
representing a section of the tract. This is easily adapted
for oral intake.

The calculation of the microcurie-days in the contents
of the GIT is quite analogous to that in the lung, but is
even simpler here, since only one retention function
exists for a given section of the GIT for each radio
nuclide of the chain.

Blood and other organs. The activity transferred to
blood from the lungs or from the GIT will probably
deposit in some other organs. The computer code
provides for such other organs, each of which may have
a retention equation consisting of five exponential
terms. The form and the values of the constants in each

formula must be prescribed on the basis of experi
mental data. Thus for a simple intake of 1 /uCi to blood,

r" ajs" e-(xhn+xrn)t , ;=1,2,...*, (9)
s= 1

represents retention in the /th organ of the «th
radionuclide. The coefficients aj" and the exponential
constants X//' and X,- are supposedly known, and r
represents time in days following the intake to blood. It
is noted that

k <?/

E E
7=1 x=l

'js

which simply means that these functions are normalized
to a unit intake to blood for every value of n. By
allowing for nearly instantaneous excretion, we may
relax this condition and assume that the above sum is

<1.

Let XjP represent retention of the «th radionuclide in
the compartment which corresponds to the sth term in
the sum for the/th organ. Then

Xn+X = —y- n+1t\- n+i j. \ n+i

is+ ais \xa A<7

, v n+l\ n+l , v n+\\ n+l
+ Ac Ag + Ae Ag

j. vn + l\ n + l , v n+l\ n + l\+ Xi Xj + A si Aab )

, n

k 9,"
+a/s"+ E E ximn\n i\m

1=1 m=l

. n+l

i
m=l

E Xjm V (1 ~ Ijm '
"is

E "ip
P=i

(10)

In Eq. (10) the first term on the right side represents
elimination, and the second term, with the lengthy
parentheses, represents the various pathways by which
activity is transferred to blood from the lung or from
the GIT. The last two terms represent activity of the (n
+ l)-st daughter produced in the various organs. In the
first term (terms containing Iimn), the activity circu
lates to the blood pool and hence is redeposited, while
in the last sum (terms containing 1 — l\mn), the
radionuclide is assumed to remain in the organ where it
is produced subject to transfer, as would activity of the
(n + l)-st daughter which is freshly deposited. Of
course, the total activity produced must be preserved,
and consequently

ilmn +0 -//„")= i,

Ilmn being the fraction of activity of the (n + l)-st
daughter produced in compartment m which recircu
lates to blood, and 1 —7/m" the fraction of the activity
remaining fixed in the organ. It will be noticed that the
activity in the terms containing (1 —Iimn) is distrib
uted among the compartments represented in the
retention function for the organ in the same proportion

as is freshly deposited material, the renormalization
merely emphasizing that this organ is not competing
with other organs for this material. It will also be noted
that the terms involving //,„" are, except for the
constant fl/s"+1 which precedes them, independent of/
and s. This means that this activity is available to all the
organs in the same proportions as activity just entering
blood from the lungs or the GIT. Indeed, a similar term
will appear in every retention function if 7/m" are not
all equal to zero. Actually, there are very scanty
biological data available to indicate how the daughter
radionuclides are distributed; thus the code allows for

considerable flexibility in that for each problem the
values of Iim" are part of the input and must be
prescribed. The integration of the Xjsn to obtain
microcurie-days is straightforward. The computer code
contains a provision to handle a chain of radionuclides
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with various kinds of branching, but these are not
described here.

Integration of the equations. These equations gen
erally are what are termed "stiff equations, which
means, in this context, that the transfer constants vary
widely. For example, for 226Ra the biological and
radioactive decay constants will both be very small for
certain components. In the same problem, one has
222Rn for which the constants are many orders of
magnitude larger. Special methods have been developed
for integration of such equations, and these are pre
sented by Gear.6 The procedure used here is an
adaptation of the Gear method for stiff differential
equations. The computer code implementing Gear's

method was originally written by Hindmarch at Law
rence Livermore Laboratory and was modified for use
at ORNL by Arnurius.7

The 226Ra chain has been used as a test case.

Integration of the equations for the chain of eight
radionuclides for the time period 50 years after intake
required a computer execution time of only 9 sec.

6. C. William Gear, Numerical Initial Value Problems in
Ordinary Differential Equations, Prentice Hall, Englewood
Cliffs, N.J.,1971.

7. D. E. Arnurius, Computer Sciences Division, private
communication.



28. A Semitheoretical Approach to Excretion and
Retention of Various Ions

L. C. Henley1

The properties of ions to form complexes and to be
absorbed on or in a solid medium are related to the

ionic charge and radius of the ion. Hydrolysis can be
considered a special case of complex-ion formation; one
may use either the hydrolytic properties or the ionic
potential as a basis for comparison of the retention and
excretion of different ions, assuming that the medium
in which the ions exist is exactly the same. Reference
man is assumed to be such a medium.

With the possible exception of certain large, singly
charged ions such as Rb+ and Cs+, positively charged
ions in aqueous solutions tend to be associated with
water or other coordinating groups. This tendency is
proportional to the charge and inversely proportional to
the radius of the ion. This principle, which may be
expressed in terms of the ionic potential, Z/r, where Z
is the net charge on the ion and r is its radius in
angstrom units, provides a useful basis for comparison
of the complex-forming tendencies of ions.2

The difficulties in applying this concept directly to
such mechanisms as absorption or migration of ions
within a medium arise mainly because of the un
certainty in evaluating the dielectric constant of the
medium. For this work, two assumptions have been
made: (1) that the dielectric constant of the extra
cellular fluid in man and the absorption properties of
his cellular tissue are constant, and (2) that plutonium
in man exists in only the tetrapositive state. These
assumptions were combined with Langham's plutonium
excretion equation,3

------ =0.002r0-74
do

1. Radiation Monitoring Section.
2. The Actinide Elements, ed. by Glenn T. Seaborg and

Joseph J. Katz, McGraw-Hill, New York, 1954.
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Fig. 28.1. Variation in urinary excretion of ions relative to
ionic potential.

and Spiers' radium excretion equation,4

Yu(f)

Qo
= o.28r1-52,

to obtain the series of curves shown in Fig. 28.1.
The top curve is for r = 2 days after intake of ionized

material. The fraction of q0 excreted on the second day
was calculated for radium using Spiers' equation and for

3. Wright H. Langham, "The Application of Excretion
Analyses to the Determination of Body Burden of Radioactive
Isotopes," The Measurement of Body Radioactivity, British
Journal of Radiology, suppl. 7, p. 95, 1957.

4. F. W. Spiers and P. R. J. Burch, "Measurements of Body
Radioactivity in a Radium Worker," The Measurement ofBody
Radioactivity, British Journal of Radioactivity, suppl. 7, p. 81,
1957.
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plutonium using Langham's equation. The ratio of these
values, as shown on the ordinate, is plotted at the ionic
potential of radium, as shown on the abscissa, then
connected with a straight line on the semilog scale to
the point for a ratio value of 1 at the ionic potential of
plutonium. The curves for other times after exposure
were obtained similarly.

The fraction excreted for another material may be
predicted by use of these curves if the ionic potential of
the material is known.

Figure 28.2 shows a comparison between the esti
mated strontium excretion using this technique and
that obtained with the power function equation given
in ICRP Publication 2; 90Sr2+ has an ionic potential of
1.77.

Figure 28.3 shows an estimated americium excretion
curve compared with the experimental excretion values
reportedby Rosen, Cohen, and Wren.5

Values for 147Pm activity in the first postexposure
urine samples of three persons were used with this
technique to plot predicted excretion rates (Fig. 28.4);
the predicted and actual results are shown.

The equation for excretion in urine of an ion having
an ionic potential denoted by i is

5. J. C. Rosen, N. H. Cohen, and M. E. Wren, Health Phys.
22,621 (1972).
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Excrate = 5.54r-1-82 +0-182'e-1-429 day"1 ,

assuming the power function describes the excretion
from and retention in the body. When hydrolysis is
assumed as the basis, then the equation is

Excrate= l.l?-0-09S-0.047pKft e-0.059pKft
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where pKf, is the negative log of the hydrolysis and because their chemical properties primarily are
constant. functions of charge and size. We have found, also, on

We anticipated and have found that the excretion the basis of actual excretion data, that the excretion
rates for elements of the rare-earth transition series are rates of several other materials may be predicted rather
predictable, because the electrons of the inner shell of well by use of this ionic potential technique,
this series are not involved in chemical bond formation,



29. Absorbed Dose During Breast X-Ray Therapy

G. G. Warner1 J. W. Poston

The computer code BRHGAM2 was modified to
obtain computations of absorbed doses to various
organs during radiotherapy for breast cancer. Four
exposure situations (Fig. 29.1) were suggested by R. J.
Cloutier of 0RAU, with 60Co as the source nuclide.3 A
new target region for each exposure was inserted in the
phantom (Fig. 29.1) to determine the absorbed dose in
the useful beam. Each region had a finite thickness with
beam dimensions and was placed at a specified depth.
Skin-to-source distance for all exposures was 70 cm.
Some results, expressed as rads relative to 1 rad in the
useful beam, for selected organs are found in Table
29.1.

r~\ f~\
ORNL-DWG 75-5828

1. Computer Sciences Division.
2. G. G. Warner, BRHGAM: A Medical X-Ray Dose Estima

tion Program, ORNL-TM-4393 (October 1973).
3. Letter to J. W. Poston, May 31, 1974.

Fig. 29.1. Four exposures for breast x-ray therapy.

Table 29.1. Absorbeddose during breast x-ray therapy

(1) (2) (3) (4)
Exposure A/P A/P LA/31.5° RA/31.5"

Beam size, cm 10 X 18 6 X 10 10 X 15 10 X 15

Depth, cm 4.0 3.0 2.9 2.9

Organs rads/rad

Adrenal glands a 0.0073 0.0016 a

Heart 0.010 0.50 0.0029 0.011
Left lung 0.21 0.021 0.035 0.022
Pancreas 0.0027 0.0036 0.0024 0.0031
Left arm bone 0.13 0.0013 0.073 0.11
Clavicles 0.25 0.0017 a 0.0018
Ribs 0.14 0.037 0.10 0.058
Scapula 0.18 0.0048 0.0039 0.0013
Spine 0.095 0.088 0.0010 0.0014
Skin 0.057 0.016 0.059 0.044

Spleen 0.0034 0.0025 0.0040 0.0017

Thymus 0.16 0.076 a 0.0058
Thyroid 0.012 0.0017 a 0.0022
Total body 0.041 0.016 0.012 0.0099

Less than 0.001 rad/rad.
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30. Effect of Source Organ Size on Absorbed Fraction Distribution

N. H. Mei1 G.G.Warner2 P. S. Stansbury3 J.W. Poston

A program of measurements was performed to deter
mine if the size of a source organ affected the absorbed
fraction in various target organs. Measurements were
made in the MR. ADAM phantom4 in a manner similar
to that of Garry et al.5 for a set of five bladders filled
with 137Cs, a set of five bladders filled with 60Co, and
a set of five stomachs filled with 137Cs (see Figs. 30.1
and 30.2 and Tables 30.1 and 30.2).

Estimates of absorbed fraction based on the measure

ments were compared with Monte Carlo estimates for
similar source organ—target organ configurations.

Many of the techniques of measurement were similar
to those reported by Garry et al. Absorbed dose
measurements were made with the Phil detector at

representative locations within the target organs. All of
the 20 target organs studied were within the soft-tissue

equivalent parts of the phantom. Source organs were
filled with aqueous solutions containing the radio
nuclides. In order to ensure a uniform distribution of

source material by preventing precipitation, sodium
hydroxide was added to the 137Cs solutions (0.25 N)
and hydrochloric acid was added to the 60Co solutions
(IN).

1. Foreign guest, Republic of China.
2. Computer Sciences Division.
3. ORAU Laboratory Graduate Participation Grant, School

of Nuclear Engineering, Georgia Institute of Technology.
4. P. S. Stansbury and J. W. Poston, Health Phys. Div. Annu.

Progr. Rep. July 31, 1974, ORNL4979, p. 73.
5. S. M. Garry, P. S. Stansbury, and J. W. Poston, Health

Phys. Div. Annu. Progr. Rep. July 31, 1974, ORNL4979, p. 33.
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Fig. 30.1. Molded polystyrene stomach source organs of varying size.
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Fig. 30.2. Molded polystyrene bladder source organs of varying size.

Table 30.1. Comparison of physical stomach contents (cm )
with mathematical stomach contents (cm )

Physical Mathematical
Percent

difference

Percent difference

Stomach stomach

contents

stomach

contents

(compared with
normal stomach)

1 568.9 573.1 -0.73 +127.38

11 371.2 381.1 -2.60 +48.36

III 236.0 250.2 -5.68 -5.68

IV 117.2 156.8 -6.12 -41.17

V 59.9 68.1 -12.04 -76.06

Table 30.2. Comparison of physical bladder contents (cm )
with mathematical bladder contents (cm )

Physical Mathematical
Percent

difference

Percent difference

Bladder bladder

contents

bladder

contents

(compared with
normal bladder)

I 454.0 463.7 -2.09 + 124.08

11 316.4 308.1 +2.69 +56.17

III 206.4 202.6 +1.88 +1.88

IV 121.3 127.3 -4.71 -40.13

V 53.3 55.1 -3.27 -73.69
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Several improvements over previous techniques were
made. The source organs were molded of polystyrene,
mechanically a much stronger plastic than Lucite.
Instead of immobilizing the radioactive contents with a
jelling material, the organs were coated with an approxi
mately 1-mm-thick layer of latex. Testing, by dropping
a coated water-filled organ a height of 2 m, showed that
the latex maintained its own mechanical integrity, while
the polystyrene beneath shattered from the impact.
Personnel of the Isotopes Division performed the organ
loading, sealing, and coating with latex. The coating
procedure saved time and personnel exposure during
loading.

A further safety technique was the use of phenol-
phthalein. One gram of this indicator was added per
liter of tissue-equivalent fluid. The acid-base nature of
the tissue-equivalent fluid was adjusted slightly to be
the opposite of the contents of each source organ.
Because of the sensitivity of this system, it was felt that
very small leaks could be detected easily. However, no
leaks were detected; as previously, no traces of contami
nation due to these experiments were found.

Other improvements included a better detector posi
tioning device and better source organ mounting ap
paratus. The detector positioning device shown in Fig.
30.3 allowed greater flexibility in choosing measure
ment locations and provided an optically determined
repeatability of better than 1 mm. The organ mounting
apparatus, some of the male ends of which are shown in
Figs. 30.1 and 30.2, provided easy-to-use, stable organ
mounts.

The experimentally determined absorbed fractions
compare favorably with the Monte Carlo estimates. A
tabulation of the results along with a more complete
description of the methods and data analysis is given by

Meiet al.6 The overallexperimental error was estimated
to be 12%. The error estimates for the calculated
absorbed fractions are based on the calculated coef
ficients of variation. If the sum of both errors is used as

the criterion for judgment, both estimates of absorbed
fractions agree for all target organs except those in the
gastrointestinal tract. In these cases, it is believed that
the measured absorbed fractions are in error due to the

difficulty in measuring the absorbed fraction in target
organs of complicated geometry in close proximity to
the source organs.

The data from experiment and from calculations were
analyzed to assess the effect of source organ size on
absorbed fraction in a few selected target organs. Over
the range of source organ sizes chosen, the absorbed
fractions did not change significantly for either 60Co or
13 7Cs. The measured absorbed fractions tended to vary
less than the calculated absorbed fractions. In fact, for
the target organs analyzed, all variations of absorbed
fraction with source organ size were less than 5%.
Figures 30.4 and 30.5 show results which are typical of
the data.

Similar experiments need to be done at other en
ergies, particularly lower energies, before it can be said
that a symmetric distribution can be accurately ap
proximated by a point source. An improvement sug
gested by this work is the development of a smaller
dosimeter in order that better assessments of absorbed

fraction may be made in organs of complicated geom
etry close to a source organ.

6. N. H. Mei, G. G. Warner, P. S. Stansbury, and J. W. Poston,
Measurements of Absorbed Fractions as a Function of Source
Organ Size for Selected Source Organs in a Heterogeneous
Phantom, ORNL-TM-4916 (June 1975).
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Fig. 30.3. Detector position device holding Phil detector inside the MR. ADAM phantom.
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31. Nuclear-Powered Cardiac Pacemakers
R. L.Shoup

The cardiac pacemaker is the first prosthetic device
powered by nuclear energy to achieve practical applica
tion in man. Several manufacturers have developed
238Pu-powered pacemakers. Since plutonium is, by
definition, "special nuclear material," pacemakers con
taining 238Pu are subject to Nuclear Regulatory Com
mission (NRC) regulations in Title 10, Code ofFederal
Regulations, Part 70 (10 CFR 70). Prior to licensing
plutonium-powered pacemakers for routine use, the
NRC is required to write an environmental statement
discussing aspects of their impact on the environment.
This program in the Health Physics Division ofORNL is
to provide NRC with technical assistance in completing
this environmental assessment. This assistance primarily
includes performing an environmental risk assessment
and a benefit analysis.

BACKGROUND

Several tens of thousands of cardiac patients in the
United States have been restored to normal and useful
lives with the implantation of cardiac pacemakers.
Pacemaker implantations are indicated for patients
suffering from certain forms of cardiac arrhythmias. In
most cases, these disturbances are associated with a lack
of effective, coordinated contraction of the heart's
lower chamber in synchrony with its upper chambers.

Conventional pacemakers are powered by mercury
batteries (mercuric oxide-zinc) and require periodic
surgical replacement of the entire pacemaker upon the
loss, or impending loss, of battery output. The present
expected service lifetime of conventional pacemakers
including new improved batteries ranges from 1V2 to 6
years (service lifetimes based on the period oftime the
manufacturer will grarantee the unit). A rechargeable
pacemaker using anickel-cadmium battery has recently
been developed with a lifetime of 10 years. The
expected lifetimes of plutonium-powered cardiac pace
makers range from 10 to 20 years.

The NRC is currently licensing the implantation of
plutonium-powered pacemakers under a limited investi
gational program until it can be established that (1)
nuclear-powered pacemakers are safe and reliable, (2)
routine use will not subject the public to any undue
risk, and (3) the benefits derived from the use of
nuclear-powered units will outweigh the risk to the
public.

Pursuant to NRC's responsibilities under the National
Environmental Policy Act of 1969 (Public Law
91-190), the Council of Environmental Quality's guide
lines of August 1, 1973 (38 F.R. 20550), and 10 CFR
51 of the Commission's regulations, environmental
statements are required to be prepared prior to taking
major Federal actions that may affect the quality of the
human environment. Authorizing the routine use of
nuclear-powered pacemakers (beyond the present in
vestigational use) is considered to be a major Federal
action. Therefore, an environmental statement has been
written which describes and evaluates the environ
mental consequences of use of plutonium fuel in
cardiac pacemakers.

Three major subjects are identified from the 10 CFR
51 guidelines as being pertinent to this environmental
statement. These are (1) potential impacts on the
environment, (2) a cost-benefit and benefit-risk balance,
and (3) available alternatives to such use. With respect
to environmental impacts, three are identified: (1)
radiation exposure to the patients from implanted
pacemakers, (2) exposure to the public from normal
use, and (3) release of plutonium from accidental or
abnormal events.

ENVIRONMENTAL ASSESSMENT

The radiation doses from a Medtronics model 9000
pulse generator containing 173.2 mg of plutonium of
90% by weight 238Pu and 0.26 ppm 236Pu were
determined by Battelle Pacific Northwest Labora-
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tories.1 Integrated total dose equivalents to various
organs for 5-, 10-, 15-, and 20-year periods are shown
in Table 31.1 for a subcutaneous pacemaker implant
above the left pectoral muscle (implant location shown
in Fig. 31.1).

The radiation level at the skin surface of a patient
with an implanted pacemaker is 1 to 2 millirems/hr, and
at a distance of 20 cm from a patient's body the
radiation from a pacemaker is less than the ambient
background radiation.

Spouses of pacemaker patients will receive the largest
radiation exposure. This is because their contact with
the patients is more frequent and at closer distances
than contacts by other persons. The average annual
exposure to a spouse from a patient was calculated by
Battelle Pacific Northwest Laboratories to be 5 to 15

millirems/year,2 and most of this exposure is received
during the sleeping hours, when the spouse is usually
within a few feet of the patient.

All other individuals associating with pacemaker
patients will be exposed to much lower levels of
radiation. Dose calculations for various categories of
people with whom pacemaker patients are likely to
come into contact during their daily activities are

ORNL-DWG-74-10505

STERNUM

UTERUS

Fig. 31.1. Location for normal implantation of a pacemaker
above left (or right) pectoral muscle.

shown in Table 31.2. With respect to the general public,
the radiation dose attributable to pacemaker patients
will be negligible.

Pacemakers are required to be designed to high
standards such that they can withstand hypothetical
credible accidents. Also, requirements are placed on the
fuel form to assure that its physical and chemical form
be such that it will be as nondispersible and nontrans-
portable as is practicable. Plutonium dioxide, a chemi
cally unreactive form of plutonium, is compressed and
fired into a hard, glossy ceramic pellet to reduce the
likelihood of wide-scale fuel dispersion in the event of
an accidental capsule breach. To provide a high degree
of assurance that the plutonium fuel will be contained
under any accident condition, the fuel pellets are clad
with two or three layers of refractory metals. Manufac
turers are required to demonstrate that their pacemaker
model will be able to maintain fuel capsule integrity
over a spectrum of mechanical, thermal, and environ
mental stresses.

The possibility that stresses may be sufficient to
breach the fuel capsule does exist. For this reason, a
risk assessment of credible events and their probability
of occurrence was performed. A probabilistic model
was developed to establish probabilities of and potential
hazards from a capsule breach. A block diagram of this
analysis is shown in Fig. 31.2.

Radiological consequences are calculated by com
bining accident statistics from mortality tables with
probabilities of capsule breach by different stresses and
source-term information in the event of a breach.

The cremation of a deceased patient's body with his
pacemaker still intact is deemed to be the most likely
incident to result in the dispersion of plutonium fines
into the environment. The probability of a pacemaker's
fuel capsule rupturing in a crematory furnace is
dependent upon a number of factors. These are the
probability of a patient death per year, the probability
of a body being cremated after death, the probability
that the pacemaker will not be removed prior to
cremation, and the probability that the cremation
furnace may exceed the prototype test temperature for
a sufficiently long time to rupture the fuel capsule.
These four probabilities combine to an overall expecta-

1. L, W. Brackenbush, G. W. R. Endres, and B. I. Griffin,
"Radiation Doses from the Medtronic Laurens-Alcatel Model

9000 Pulse Generator," Battelle Pacific Northwest Laboratories
Report 2211201653, Amendment 2 (October 1973).

2. R. W. McKee, L. C. Clark, B. M. Cole, and R. A. Libby,
"Dose to the Population: Estimates for Use of Radioisotope
Powered Cardiac Pacemakers," BNWL-1858 (draft) Battelle
Pacific Northwest Laboratories (September 1974).
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Table 31.1. Integrated dose equivalents to organs
for 5-, 10-, 15-, and 20-year periods

Pulse generator above left pectoral muscle

Integrated dose equivalent,
Organ

location
neutron and gamma (rems)

5 years 10 years 15 years 20 years

Thyroid 2.7 5.5 8.9 12

Left axillary 2.4 5.1 8.1 11

lymph nodes

Right axillary 0.33 0.88 1.2 1.7

lymph nodes

Sternum 2.3 4.7 7.8 10

Left pectoral muscle 0.76 1.8 2.7 3.6

(base of breast)

Right pectoral muscle 0.31 0.82 1.2 1.7

(base of breast)

Heart 0.70 1.7 2.5 3.2

Liver 0.23 0.64 0.97 1.4

Spleen 0.30 1.3 1.9 2.4

Stomach 0.29 0.80 1.2 1.6

Left kidney 0.20 0.52 0.81 1.2

Right kidney 0.19 0.48 0.75 1.1

Left ovary 0.11 0.25 0.41 0.60

Right ovary 0.11 0.24 0.40 0.58

Uterus 0.10 0.23 0.38 0.54

Testes 0.09 0.20 0.32 0.43

Spine (average) 0.70 1.6 2.4 3.3

Torso (average) 0.70 1.7 2.5 3.3

Whole body (average) 0.36 0.95 1.3 1.8

Table 31.2. Radiation doses to critical groups from cardiac pacemakers

Assuming 10,000 implanted cardiac pacemakers with plutonium batteries

Individual dose (millirems per person per year) Total d ose to group

Group
Average: dose (man -rems/year)

Critical group
population Dose from

pacemaker" Medical

X rays

Natural

background
radiation

Dose from

pacemaker*

Natural

background
radiation

Spouses 6,340 6-15 73 102 84 646

Household members 8,950 1-3 73 102 24 912

Work associatesc 72,000 0.1-0.3 73 102 21 7,344
Nonwork associates'7 218,000 0.05-0.15 73 102 29 22,378

Total in U.S. populace <0M 73 102 98 21,400,000
not included above

Totald 256

"Dose will vary depending upon the plutonium content and fuel characteristics of a particular pacemaker model.
Integrated dose using 8 Ci of plutonium, which is maximum plutonium used in any battery.

eA patient is predicted to associate with approximately 30 persons during his daily activities.
Total dose to U.S. population of 210,000,000 excluding dose to patients.
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Fig. 31.2. Plutonium-powered cardiac pacemaker risk logic model.

tion of one breach in 20 years from a pacemaker
population of 10,000 patients. Figure 31.3 shows the
risk-logic progression for a fuel-capsule breach during
cremation.

If a fuel capsule were to be breached in a crematory
furnace, most of any plutonium fines would remain in
the retort or entrainment system of the furnace. By
assuming that all of the respirable-size particles (<10
p.m from source-term information) leave the furance
stack, the maximum dose commitment to an individual
in the vicinity of a crematorium is calculated to be 420
millirems (50-year dose commitment). The average
50-year dose commitment to individuals exposed to
plutonium particles in the gaseous plume out to 2000 m
from a crematorium is 7.5 millirems.

These dose commitments are calculated from a

computer code given settling velocities and release rate
of plutonium fines. Near-neutral weather stability and a

4-m/sec wind velocity are used in the calculation, for
they are reasonably representative of average U.S.
meteorological conditions. The inhalation model em
ployed to calculate absorbed dose is a representa
tion of the lung model developed by the Inter
national Commission on Radiological Protection Task
Group on Lung Dynamics. The results of these cal
culations are shown in Fig. 31.4. Data from Fig. 31.4
on individual dose commitments are combined with

data on population densities to calculate the total
radiological impact within the area of the plume. An
average metropolitan population density (1760 per
sons/km2) is chosen as representative of population
densities of cities in which crematoria are located. The

total 50-year dose commitment to an average metro
politan population exposed in the downwind sector
from a crematorium out to a radius of 20,000 m is 410
man-rems per postulated breach. The population in
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Fig. 31.3. Risk logic for a postulated fuel capsule breach during cremation.

such a sector is 4500 persons, which is approximately
0.002% of the U.S. population. The dose commitment
over 50 years to this group of 4500 persons from a
breach would be approximately 2% of their ambient
background absorbed dose.

BENEFIT ASSESSMENT

The benefits that can be realized from the use of

plutonium-powered cardiac pacemakers are related to
the long lifetime of the plutonium-powered battery,
which results in the reduction or elimination of the

need for pacemakers to be replaced because of battery
depletion. The principal benefit derived from the use of
plutonium-powered pacemakers is the number of lives

saved by the decreased surgical mortality associated
with decreased need for replacement operations, the
attendant reduction in surgical and medical complica
tions, and the reduction of patient pain, suffering, and
anxiety.

Mortalities from surgical procedures including post
operative follow-up vary from 1 to 4%, with a mean
value of approximately 3%. A surgical mortality rate of
1% is used for reimplantation operations because they
involve a reduced risk due to simpler procedures. (More
recent statistics indicate that these mortalities are much

lower.)
These mortality rates were used in a computer

program which was developed to compare expected
patient mortalities for groups of patients using various



244

Table 31.3. Surgical deaths per 10,000 pacemaker patients (equilibrium patient population size)
wearing pacemakers with various replacement (service life) intervals

At end Deaths per 10,000 patients for pa :emaker replacement interval of -

of year - 1V2-3 years 5 years 6 years 8 years 10 years 20 years

5 665 528 500 489 489 489

10 1100 822 785 750 727 712

15 1545 1118 1066 1002 973 938

20 1980 1413 1342 1260 1218 1162

10 10" 10' 10"

DISTANCE FROM STACK (meter)

Fig. 31.4. Dose for 2 8Pu02 particle size <10 Ltm as a
function of distance.

ORNL-DWG 74-4498R

pacemaker replacement intervals. The results of these
calculations can be used to determine the lives saved by
pacemakers with one replacement interval as compared
with pacemakers with a different replacement period.
Results of these calculations are shown in Table 31.3.

For example, for an equilibrium population of 10,000
pacemaker patients, the use of plutonium-powered
pacemakers with an expected service life of 10 years
would save, in 10 years, an estimated 373 lives (1100 -
727) when compared with conventional pacemakers

with a l'/2- to 3-year service life. The lives saved for
other combinations of expected pacemaker service lives
may be obtained from Table 31.3.

Data for these computations were abstracted from
literature references. This literature represents experi
ence with approximately 20,000 patients with conven
tional-powered pacemakers. The input data for the
computation included (1) estimated mortality of pace
maker patients from causes not pacemaker-related, (2)
replacement of pacemakers due to battery depletion at
a distribution of times over 1V2 to 3 years as reported
in the literature and at the other designated replace
ment intervals, (3) pacemaker replacements because of
random failures at the rate of 2% annually for all types,
(4) a patient mortality rate due to pacemaker system
failures of 0.1% annually, (5) mortality rates due to
initial implantation surgery of 3% and due to reimplan
tation surgery of 1%, and (6) the addition of new
patients to the groups to replace patients lost from the
groups by death.

Pacemaker patient populations are not representative
of the U.S. populace with respect to age distribution.
The age distribution of patients submitted by Med-
tronics, Inc.,3 was used in this study since their data
cover the largest statistical population of patients (1989
patients) and are similar to other reported age distri
butions.

Each patient group was subdivided into five-year age
subgroups. The mortality rate from natural attrition for
each age subgroup was assumed to be the same as the
U.S. mortality rate for the subgroup. The patient age
distribution, U.S. populace mortality rates, and ex
pected patient deaths from natural attrition per age
subgroup are presented in Table 31.4.

3. Medtronics, Inc., "Benefits Resulting from the Use of the
Isotopic Pulse Generator," Dec. 17, 1973, with enclosure

"Long-Term Survival of the Bearers of Cardiac Stimulators,"
Marie-Francoise LeFebvre, Attachee au Centre Hospitalier
Regional de Lille, January 1963-July 1972.
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Table 31.4. Pacemaker patient mortality estimates

From naturalattrition. Does not include pacemaker-related mortality

Age
Percent of

patients in

Percent of

Patient deaths

Average

remaining
lifetime

Expected %
patient deaths

group0 age group6 per yearc
(years)

per year

0-5 0.16 2.44 71.0 0.004

6-10 0.16 0.21 67.2 0.0003

11-15 0.16 0.20 62.3 0.0003

16-20 0.17 0.56 57.5 0.0009

21-25 0.15 0.71 52.8 0.0011

26-30 0.15 0.69 48.1 0.0010

31-35 0.25 0.83 43.5 0.0021

36-40 0.25 1.19 38.8 0.0030

41-45 1.45 1.78 34.3 0.0258

46-50 1.45 2.62 29.9 0.0380

51-55 4.4 3.88 25.7 0.1707

56-60 4.4 5.61 21.8 0.2468

61-65 15.5 7.75 18.1 1.2013

66-70 15.5 10.19 14.8 1.5795

71-75 19.5 12.78 11.8 2.4921

76-80 19.5 13.80 9.3 2.6910

81-85 7.5 13.94 7.0 1.0455

86-90 7.5 35.32 5.0 2.6490

81-95 0.3 68.95 5.0 0.2069

96 up 0.3 100.00 0.3000

12.66

"Mean patient age, 66.8 years.
bBased on information from Medtronics, Inc., on age distribution of

pacemaker patients.
cBased onaverage U.S. mortality rate for each age group. This assumes the life

expectancy of pacemaker patients to be the same as the life expectancy ofother
persons of the same age.

The patient population within each subgroup was
adjusted yearly in this computer study for 20 years.
These adjustments included subtracting yearly the total
number of patient deaths in each group from the
patient population of that age group and then pro
moting an appropriate fraction of the remaining
patients into the next older subgroups. The total
number of patient mortalities per age subgroup is a sum
of patient deaths from natural attritions, deaths due to
risk of surgery, and deaths caused from pacemaker
failures.

The above procedures for adjusting the patient
populations yearly assume that pacemaker patient
mortality rates due to natural attrition are the same as
those of the U.S. populace of the same ages. This
appears to be valid, for physicians have reported that
many patients for whom pacemakers are implanted
return to a relatively normal life, that is, to activities
considered appropriate for their age; and they enjoy
normal longevity patterns.

SUMMARY

The medical benefits (reduction of patients' surgical
risk of death, complications, pain, suffering, and
anxiety) and the environmental risks (radiation ex
posure to the population and patients) of using
plutonium-powered cardiac pacemakers are difficult to
quantify on a basis that can be directly compared.

For a pacemaker population of 10,000 patients,
plutonium-powered pacemakers with a 10- to 20-year
service life would save six to nine lives annually when
compared with conventional pacemakers with a 6-year
service life. The total radiation exposure to the U.S.
population from 10,000 plutonium-powered pacemaker
implants would be 258 man-rems/year. Exposures to
others from pacemakers implanted in patients accounts
for 256 man-rems/year of this total, with approxi
mately 2 man-rems resulting from postulated breaches
of fuel capsules. The total-body exposure to 10,000
patients will exceed 1000 man-rems/year, but this is a
voluntary risk.
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The NRC has not yet issued its final position on the
use of plutonium-powered cardiac pacemakers. There
appears to be an alternative pacemaker, the recharge
able nickel—cadmium battery-powered pacemaker,
which offers a postulated service lifetime similar to that
of the plutonium-powered unit. However, rechargeable
pacemakers are not suitable for all patients requiring a
long-lived pacemaker. (Up to about 25% of patients
requiring pacemakers can fully use a unit's lifetime
of 10 to 20 years.)

There is a small population of pacemaker patients
which can benefit from the use of plutonium-powered
cardiac pacemakers, and the benefits to these patients
are substantially greater than the risks to the environ
ment, which are comparatively small. Future authorized
use of these units will most likely be selective with
respect to patients and subject to strict requirements on
accountability, recovery, and disposal.

•«"*%.



32. Variation of Calculated Organ Dose Rates from
a Pacemaker as a Function of Body Size

W.S.Snyder1 G.G.Warner2

Estimates of dose rate to individual cardiac patients
who might use anuclear-powered pacemaker are usually
based on an "average" individual. There is reason to
suppose the dose rate to some organs would be greater
if a smaller sized individual had been hypothecated.
This study was undertaken to provide estimates of the
amount of such variation within a reasonable range of
body sizes.

The ICRP Report on Reference Man3 provides
average values of mass of70 kg for the male and 58 kg
for the female. One standard deviation each way about
the mean suggests limits of 82 kg to 61 kg for the male
and 65 kg to 48 kg for the female. Similar data on
height or length ofthe total body would be ofthe order
of 175 cm as the mean for the male and 161 cm as the
mean for the female, and the corresponding range of
plus or minus one standard deviation about the mean is
168 cm to 180 cm for the male and 158 cmto 168 cm
for the female. These lengths of the total body are in
approximately the ratio required if the 70-kg phantom
is shrunk by a common factor to produce the required
mass. Thus the ratio of the mass of the total body (kg)
to 70 kg was used to produce phantoms by shrinking all
dimensions by a common factor

1/3/=(MTB/70) (1)

Calculated neutron dose rates are reported here for a
number of organs for MTB = 70 kg, MTB =58 kg, and
MTB =48 kg for a pacemaker implanted in the right
pectoral position.

The problem is being explored at present, and
possibly other positions of the pacemaker and other
body masses and sizes may be considered. No computer
estimate has been made for the 82-kg body size, as the
dose rate to thevarious organs would beexpected to be
less than those reported here. These values are of

interest principally because they indicate the ratios of
increase of the dose rates to organs which are localized
(thyroid, kidneys, etc.) and for those of more general
distribution (skeleton, red bone marrow, etc.).

The phantom used is that described in ORNL-5000
(ref. 4) and has a mass of 69.88 kg. To produce the
smaller sizes, all dimensions were shrunk by the factor/
indicated by Eq. (1). The phantom and organs will have
the same shapes as in the original phantom, and the
masses will be shrunk by the factor /3. A coordinate
system is used as described in ORNL-5000 with the
origin at the center of the base of the elliptical trunk,
the z axis extending upward, they axis toward the back
of the phantom, and the x axis to the left. The
pacemaker is positioned with center at (-10, -7.90,
64). This is equivalent to a subcutaneous implantation
of the pacemaker, which is fastened to the pectoral
muscle.

A kernel was used to represent the dose rate at
various distances within the body. The particular kernel
used here is that derived by Dillman,5 and it appeared
to fit several of the published neutron dose curves for
pacemaker. This kernel is given by

k(X) = 2.87e 0.07536XIX2 (2)

1. Consultant.

2. Computer Sciences Division.
3. W. S. Snyder, chairman, Report of the Task Group on

Reference Man, ICRP Report No. 23, Pergamon Press, 1975.
4. W. S. Snyder, Mary R. Ford, G. G. Warner, and S. B.

Watson, A Tabulation of Dose Equivalent per Microcurie-Day
for Source and Target Organs of an Adult for Various
Radionuclides, ORNL-5000 (November 1974).

5. L. T. Dillman and T. D. Jones, "Internal Dosimetry of
Spontaneously Fissioning Nuclides," Health Phys. Div. Annu.
Progr. Rep. July 31, 1974, ORNL4979, p. 17.
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Table 32.1. Variation of dose rates to various organs
as a function of body mass for a Pacemaker

Dose n ite(104millirads/hr)
Organ for body mass of -

70 kg 58 kg 48 kg

Thyroid 66.00 85.00 100.00
Lungs 51.00 56.00 66.00
Heart 26.00 30.00 36.00
Red bone marrow 28.00 42.00 41.00
Skeleton 21.00 24.00 41.00
Liver 5.00 6.00 7.60
Kidney, right 1.80 2.30 3.00
Kidney, left 1.20 1.50 2.00
GI, stomach 2.00 2.50 3.30
GI, upper large intestine 0.69 0.89 1.20
GI, small intestine 0.58 0.76 1.00
GI, lower large intestine 0.17 0.23 0.33
Ovaries 0.24 0.33 0.46
Testes 0.041 0.060 0.091

where the kernel gives the dose rate in millirads per
hour approximately for the LASL-1 source.6 The data
for a number of target organs are listed in Table 32.1.

Inspection of the dose rates in Table 32.1 reveals that
generally the variation is within a factor of 2. Ofcourse,
these are not the extremes of size variation in the
population. The increase is clearest for small organs
which are localized. For larger organs such as skeleton,
red bone marrow, and lungs, there are regions ofhigher
dose rates averaged with regions of lower dose rates;
and thus a trend for the average is not as clearly

evident. It should be remembered that in the large
phantom and in the smaller ones the higher dose rates
are very nearly equal, but these are not necessarily
composed of the same tissue. For example, some ofthe
red marrow will be located quite close to the pace
maker, and the dose rate to these portions of the red
bone marrow will be high both in the larger and in the
smaller phantom. However, the same fraction of the
active marrow may not be included in the region
between two isodose curves. The active marrow at
greater distances will have a smaller dose rate; but,
again, the fraction of the red bone marrow may be
different in the two cases. This study is of interest
principally to determine approximate bounds for the
doses usually considered in radiation protection. How
ever, these average doses may not be the only ones to
consider, since the doses received by tissues close to the
pacemaker over a ten-year period are fairly high; but,
when averaged over a distributed organ such as muscle
or red bone marrow, they do not greatly raise the
average. Thus, both points of view need to be con
sidered - the higher doses and dose rates received by
portions of tissue close to the pacemaker and, also, the
average doses and dose rates received by the various
organs of the body.

6. F. T. Cross and J. C. Sheppard, "In-Phantom Dosimetry of
Plutonium-238 Circulatory Support Heat Sources," Nucl.
Technol. 13, 83-94 (January 1972).



33. Age Factors for Dose Rates from an
Infinite Cloud of a Photon Emitter

J. W. Poston W.S.Snyder1 G.G.Warner2

Immersion in a cloud of radioactive gas is an
important pathway of exposure for the population
around nuclear reactors or fuel processing plants.
However, the estimates of the dose rate due to a cloud

source are based usually on the adult and, in many
cases, are only for a dosimeter exposed to the cloud,
that is, a dosimeter representing a small mass of tissue.
Recently, the authors3 discussed a more realistic model
for dose rate to body organs of an adult which gave
estimates of dose rate from 12 monoenergetic cloud
sources of photons for 21 body organs as well as an
estimate of the whole-body dose. In this paper, the dose
rates to children, or persons of smaller body size, are
considered to see whether the dose estimates for the

cloud are reasonably valid for the population as a
whole. It should be emphasized that the data given
below, and also those data published previously for the
adult, apply only for dose rates received from the
external cloud and not to the absorption of the gas
within the tissues of the body.

The phantoms used to represent the children are
those which have been studied for internal sources for a

number of years at the Oak Ridge National Labora
tory.4 They are obtained by shrinking the head, the
trunk, and the leg section of the adult phantom by
three independent linear transformations. This permits
the size of the head, trunk, and legs to be varied
independently. The dimensions chosen for the phan
toms are based on a study of data presented in the
Report on a Reference Man5 and are chosen to
represent possible median values of the distribution of
dimensions for the specified age groups, namely, the
newborn child and children of ages 1,5, 10, and 15
years. These dimensions together with the adult are
listed in Table 33.1, and an outline of the phantoms is
shown to scale in Fig. 33.1.

When the transformations are applied to the adult
phantom, a phantom having the dimensions of the
specified child phantom is obtained for the head, the
trunk, and the legs. However, other internal organs may
be somewhat distorted. No attempt has been made to
redesign the child phantoms to give them the approxi
mate size and shapes of organs as is desirable, and from
this point of view the results obtained here are
preliminary. Experience thus far has indicated that the
dose is reasonably insensitive to small changes in mass
and shape when the source is outside the target organ,6
as it is in this case since it is exterior to the body.

Each of the 12 monoenergetic sources has been
processed by the computer code of Dillman7 to
produce the energy spectrum of the scattered photons
incident on the surface of the phantom. In fact, the
spectrum used for each calculation was identical to that
used for the adult phantom, although the sample
selection was random, being 60,000 photons in each
case. These photons were allowed to impinge on the
exterior surface of the phantoms, and doses were
recorded as usual in the tissues where the interactions

take place.

1. Consultant.

2. Computer Sciences Division.

3. J. W. Poston and W. S. Snyder, Health Phys. 26, 287
(1974).

4. W. S. Snyder et al., "Internal Dosimetry," Health Phys.
Div. Annu. Progr. Rep. July 31, 1971, ORNL-4720, p. 116.

5. Report of the Task Group on Reference Man, ICRP-23,
Pergamon Press, 1975.

6. W. S. Snyder, "Estimation of Absorbed Fractionof Energy
from Photon Sources in Body Organs," in Medical Radio
nuclides: Radiation Dose andEffects, CONF-691212 (1970).

7. L. T. Dillman, Health Phys. 27, 571 (1974).
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Table 33.1. Phantom dimensions and dose regions

Age Weight H, H2 H3 A, B, A2

(yrl (kg) (cm) (cm) (cm) (cm) (cm) (cm)

0 3.148 23 13 16 5.5 5 4.5

1 9.112 33 16 28.8 8 7 6b

5 18.12 45 20 46 11 7.5 6.5

10 30.57 54 22 64 14 8 6.5

15 53.95 65 23 78 18 9 7

Adult 69.88 70 24 80 20 10 7

ORNL-DWG 74-9373

Results were adjusted for each phantom after con
sidering differences in the surface area of each smaller
phantom and the photon flux density incident on the
surface of the phantoms. Figures 33.2-33.4 show the
results for three parts of the body chosen to represent
typical results of the calculations. The ratio of absorbed
dose (in rads per day) to each phantom to that of the
adult is plotted as a function of age (body size) for
several monoenergetic photon clouds. Figure 33.2
shows the dose ratios for the skin for energies of 0.01,
0.1, and 1 MeV. The skin was chosen since it represents
essentially the surface dose to an individual exposed to
the cloud. Many dose estimates given today give only
this surface dose. For the lowest energy shown, the
dose ratio increases as the phantom age decreases;

however, for more energetic photons, little change in
the ratio is shown. For photons of about 0.01 MeV the
mean free path in tissue is about 0.2 cm; thus most of
the energy is deposited in the skin. For photons of
higher energy the mean free path is much greater (~6.5
cm for 0.1-MeV photons), and the dose to the skin
remains essentially constant.

The dose ratios for the red bone marrow are shown in

Fig. 33.3 for the same three energies. The red marrow
can be considered as a distributed organ since all parts
of the skeleton except the lower arms and the lower
legs contain red bone marrow. Here, the dose ratios for
low-energy photons increase dramatically as the age of
the phantom decreases (about a factor of 7 for the
newborn). As the photon energy increases, there is a

# i-IKia»a*»it^»*'3*Bia'**iWl*fie^*^* >S«
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Fig. 33.1. Relative sizes of phantoms for 0, 1, 5, 10, 15, and

20 years.
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Fig. 33.2. Ratio of dose to child to dose to adult. Mono
energetic photon cloud, skin.
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Fig. 33.3. Radio of dose to child to dose to adult. Mono
energetic photon cloud, red bone marrow.
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Fig. 33.4. Ratio of dose to child to dose to adult. Mono
energetic photon cloud, liver.
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leveling of the dose ratio curve. Note, however, that the
newborn is still about 20% higher than the adult at 1,0
MeV.

Figure 33.4 shows the dose ratio values for the liver, a
rather large organ (1809 g in the adult) occupying a
significant volume on the right side of the phantom.
Here again the results are quite similar to those for the
red bone marrow —that is, a large increase in the dose
ratio for the low-energy photon cloud with little change
in the dose ratio as the photon energy is increased.

Table 33.2 illustrates the manner in which these dose

ratios might be used. From our previous data on the
adult3 the absorbed doses to the skin, liver, red bone
marrow, and the total body due to immersion in a
cloud of 85Kr or 133Xe have been estimated by
interpolation. In addition, the dose ratios for these two
radionuclides for the younger phantoms are given.
Thus, by simple multiplication, the dose to these organs
can be estimated for the five smaller phantoms. Due to
space limitations a comprehensive set of dose ratios
cannot be published here. However, these data can serve
to illustrate their usefulness in the estimation of dose to

population groups.
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Table 33.2. Absorbed dose and dose ratios for selected organs in various sized phantoms
« r 133

when exposed to clouds of Kr and Xe

Radionuclide Organ
Absorbed dose

to adult

(rads/day)

Ratio to adult value

15 years 10 years 5 years 1 year Newborn

Kr-85 Skin 9.28 X 10"3 1.031 1.073 1.078 1.009 0.904

Liver 6.65 X 10~3 1.058 1.186 1.223 1.395 1.357

Red marrow 8.94 X 10"3 1.060 1.117 1.132 1.157 1.204

Total body 7.72 X 10 ~3 1.055 1.120 1.144 1.171 1.108

Xe-133 Skin 1.40 X 10"3 1.022 1.040 1.056 1.044 0.942

Liver 8.55 X lO"* 1.073 1.225 1.314 1.363 1.656

Red marrow 1.96 X 10 ~3 1.063 1.214 1.338 1.418 1.639

Total body 1.19 X 10 "3 1.060 1.172 1.232 1.289 1.293



34. Joint Research with the Comparative Animal
Research Laboratory

J. W. Poston

During the past year the Comparative Animal Re
search Laboratory (CARL), in concert with the Medical
Physics and Internal Dosimetry Section, proposed to
the Division of Biomedical and Environmental Research
a research program entitled "Metabolism of Internally
Deposited Emitters." This program was funded, and
initial experiments with 144Ce were begun at CARL,
while experiments involving 238Pu and 239Pu were
conducted in existing facilities of the Chemical Tech
nology Division at Oak Ridge National Laboratory. The
results of these experiments will be published in
forthcoming CARL progress reports.

In addition, much effort was devoted to the design of
a facility, to be established at CARL, for further

experiments involving the metabolism of selected
actinides in small animals. The design included modifi
cations of an existing laboratory space, the selection
and placement of glove-box units, and the preparation
of a document describing the proposed facility. This
document also contained extensive operating pro
cedures as well as general health physics, safety, and
emergency procedures for use in the laboratory. The
staff of the Section as well as other members of the

Health Physics Division made major contributions to
this work.
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35. Some Operating Characteristics of Tissue-Equivalent
Proportional Counters

J. J.Shonka1 C. M. Gritzinger2 J. W. Poston

In connection with an experimental program in
neutron dosimetry, the Medical Physics and Internal
Dosimetry Section has made some investigations of
operating characteristics of commercially available
tissue-equivalent proportional counters (TEPC).3 Our
initial investigations indicated that common miscon
ceptions exist in the literature which affect all methods
of neutron dosimetry employing tissue-equivalent
plastic. This material, available from the Physical
Sciences Laboratory,4 is known variously as A-150,
Shonka plastic, or muscle-equivalent conducting plas
tics.

One of these misconceptions arises from an error in
the assumed composition of the plastics. This material
was first developed by the late Dr. F. R. Shonka in the
1950's.5 A later refinement in plastic altered the
composition slightly while improving physical proper
ties, as well as simplifying the mixture. While this
refinement in the midsixties was never reported by
Shonka in the open literature, at least one publication
lists the composition of A-150. Table 35.1 compares
these two compositions. A-150 refers only to the newer
composition, and it has been the only muscle-equivalent
plastic available from the Physical Sciences Laboratory
since the midsixties.7 Fast neutrons deposit most of
their dose through recoil hydrogen nuclei. Although the
differences are slight, the choice of a wrong value of
hydrogen content in the plastic can result in an
underestimation of dose to tissue by a few percent.

1. Oak Ridge Associated Universities Participant, Georgia
Institute of Technology, School of Nuclear Engineering,
Atlanta, Georgia.

2. Great Lakes Colleges Association Participant, Wooster
College, Wooster, Ohio.

Table 35.1. Composition of muscle-equivalent plastic

Composition A-150 TE plastic

(% by weight) (Marshall et al.) (F. R. Shonka et al.)

H 9.94 10.25

c 77.14 76.08

N 4.36 3.49

0 4.98 5.16

Ca 1.84 2.05

F 1.74 1.95

Si 1.03
<l*^*%

..-*&

The paper by Marshall et al.6 which gave the
composition of A-150 concerned itself with quantifying
diffusion and absorption of various gases in the plastic.
Other authors have qualitatively noticed this. Bewley
has suggested that absorbed oxygen is present at times
and can be chemically bound to the plastic by
preirradiation to 50 kilorads.8 Our initial experiments
with the TEPC showed the following. After evacuating
the TEPC for long periods of time, then refilling with

3. Available from E. G. and G., Inc., Goleta, Claif.
4. Physical Sciences Laboratory, Illinois Benedictine College,

Lisle, 111. 60532.
5. F. R. Shonka, J. E. Rose, and G. Failla, "Conducting

Plastic Equivalent to Tissue, Air and Polystyrene," Proceedings
of the 2nd International Conference on the Peaceful Uses of
Atomic Energy, Geneva, 1958, p. 753.

6. J. H. Marshall, R. J. Lari, and J. Kastner, Health Phys. 10,
331 (1964).

7. Private communication, J. J. Spokas, director, PSL.
8. D. K. Bewley, F. C McCullough, B. C. Page, and S. Sakata,

"Determination of Absorbed Dose in a Fast Neutron Beam by

Ionization and Calorimetry Methods," First Symposium on
Neutron Dosimetry in Biology and Medicine, 1972, p. 159.
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tissue-equivalent gas, approximately a 10% drop in gas
pressure was found to occur over 24 hr. Moreover, the
gain and resolution of the counter appeared to vary
over the first several hours after refilling. We feel a
reasonable explanation for this behavior can be found
in considering the Marshall paper. The drop in pressure
is caused by the absorption of the gas by the wall of
A-150 plastic. The TE gas has three components, which
have differeing diffusion coefficients and solubilities in

the plastic. The changing resolution and gain are
probably the result of preferential absorption of gas
components and decreasing pressure. To avoid these
problems, we initiated a filling regime which evacuated
the chamber for short periods relative to diffusion times
of the gas, then refilled with fresh gas. This allowed the
wall to equilibrate with the gas mixture. Following this
procedure, no change in gain, resolution, or pressure
was observed.



36. Human Phantom Plotting Routine

J. L. Hwang1 R. L. Roswell2 R. L. Shoup

Phantoms, mathematical representations of human
bodies, have been developed to calculate absorbed doses
from internally deposited radionuclides and external
photon fields. Three phantoms, representing an adult,
an infant, and a five-year old child, are described by
geometrical shapes. Trunks are specified as a solid
elliptical cylinder which includes arms and hip bones
from the point where the separation of the legs begins.
Head sections are right elliptical cylinders topped by
half ellipsoids, and the legs consist of frustums of two
circular cones. Twenty-two geometrical organs and
skeletal systems are designed to fit within these
phantoms.

The maternal, fetal, and pediatric phantoms were
constructed recently. (The adult phantom was devel
oped by W. S. Snyder and H. Fisher.) In the construc
tion of the one-year- and five-year-old phantoms, it is
imperative that the internal organs and bones do not

SPINE.

LUNG

Z 49.5

HEART

ORNL DWG 74-11949

RIB

Fig. 36.1. Adult phantom. X- Y plot of chest.

intersect each other. To assure that this would not

happen, a computer plot routine was developed to
construct cross-sectional plots of the phantoms. Plots of
the X-Y, X-Z, and Y-Z planes can be geneiated.

The plot routine simply scans diagonally back and
forth in a specified plane of a phantom using the
mathematically encoded geometries of the organs.
When the routine locates an interface between two

different organs or media, it plots a point at that
position. Examples generated by this plot routine are
presented in Figs. 36.1-36.5. This program has been
instrumental in avoiding organ overlap and in develop
ing organ shapes, sizes, and orientations.

1. Physics Department, University of Tennessee, Knoxville,
Tenn.

2. Great Lakes Colleges Association Participant, Denison
University, Granville, Ohio.
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Fig. 36.2. Adult phantom. X-Y plot of abdomen.
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Fig. 36.3. One-year-old phantom. X- Y plots of chest.
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Z= 18.00

Fig. 36.4. Five-year-old phantom. X- Y plots of upper abdo
men.



258

B
n\

y I

•• \

Fig. 36.5. One-year-old phantom. X-Z plots.



37. Maternal, Fetal, and Pediatric Phantoms

J. L. Hwang1
R. L. Shoup

Estimates of the absorbed dose due to internally
deposited radionuclides published by the Section have
formed the basis for exposure guidelines in most
nuclear energy programs throughout the world. These
estimates are derived through the use of a standard
individual, or reference man. He is considered to be an
adult human weighing 70 kg and standing 170 cm tall.
However, estimates of dose to other population groups
are now required for reactor siting evaluations (includ
ing accidental releases) and in nuclear medicine. Of
special interest in many of these evaluations are
children. The child is not merely an adult shrunk
isotropically by a constant factor. The sizes and shapes
of many organs are not those of the adult reduced by
some factor, and this undoubtedly affects the dose to
the various organs from a source in any one of them.
Preliminary studies done in the Section indicate large
differences which apply for different ages. For example,
dose to the total body will be higher for the child by a
factor of 10 or more if the same source is present in the
body of the child and of an adult.

Mathematical representations of one-year-old and
five-year-old children have been developed. The ex
teriors of these phantoms have approximately the form
of human pediatric bodies. These phantoms are shown
in Figs. 37.1 and 37.2 with the gross dimensions as
indicated (see Table 37.1). Representations of internal
organs with approximate geometries, positions, and
densities were also determined using information from
the Reference Man report and other anatomical litera
ture. A summary of organ masses and weights is
presented in Table 37.2.

J. W. Poston

G. G. Warner2

The exteriors of the one-year- and five-year-old
phantoms are similar to the exterior of the adult
phantom. Trunks are specified as a solid elliptical
cylinder which includes arms and hip bones from the
point where the separation of the legs begins. Head
sections are right elliptical cylinders topped by half
ellipsoids, and the leg regions consist of frustums of two
circular cones. The gross dimensions of these exterior
geometries were derived by taking into consideration
heights, weights, and general exterior dimensions of
infants and small children.

The geometrical shapes of the internal organs resem
ble those of the adult phantom but are not merely the
adult organs scaled down to size. Twenty-two organs
and the skeletal systems were constructed to fit within
the phantoms, with the skeletons being developed first.
The major organs were added next, prior to fitting
other organs around them. Forexample, the lungs were
designed to fit inside the rib cage, and then the heart
was adjusted to fit into the cavity between the lungs.
Anatomical references were used to check sizes, orienta
tions, and configurations of various organs.

The pediatric phantoms will form the basis for
dosimetric studies as has been done for the adult. These
phantoms will be used to calculate absorbed dose due
to the internally deposited radionuclides that are most
common in children.

1. Physics Department, University of Tennessee.
2. Computer Sciences Division.
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ORNL-DWG 72-12864R) ORNL-DWG 72-I2864R2

Fig. 37.1. The one-year-old phantom. Fig. 37.2. The five-year-old phantom.

Table 37.1. Weights and volumes of one-year-
and five-year-old phantoms

One year Five year

Weight (g) 10,400 20,000
Specific gravity 1.017 1.019

Volume (cm3)
Total 10,226 19,627
Head 2608 3180

Arms and trunk 6033 11,933
Legs 1585 4514

•"^^
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Table 37.2. Summary of organs for one-year- and five-year-old phantoms

Mass (g) Volume (cm3)
Organ

One year Five year One year Five year

Adrenals 4.04 6.12 3.94 5.97

Bladder 8 14 12.04 17.96

Brain 1005.5 1179.3 977.2 1146.1

G.I. tract

Stomach 27.27 52.18 25.99 49.69

S.I.3 75.90 175.95 76.92 178.32

U.L.I. 26.35 46.46 25.26 44.55

L.L.I. 21.45 40.02 20.56 38.37

Heart 48.17 91.16 46.78 88.52

Kidneys

Lungs

Liver

68.00

128.82

115.51

255.10

64.95

429.40

110.22

850.32

303.64 608.14 289.54 . 575.89

Ovaries 0.65 1.90 0.62 1.81

Pancreas 8.99 18.93 8.58 18.07

Spleen
Skeleton

27.30 49.62 25.71 46.72

1612.50 2785.15 1151.79 1989.39

Red bone marrow 150.0 400.0

Yellow bone marrow 0 48.0

Thymus 21.88 30.61 21.32 29.84

Thyroid 2.38 4.85 2.26 4.62

Testes 1.47 1.60 1.41 1.53

Uterus 1.53 2.60 1.45 2.47

"Includes small intestine contents.



38. An Outline of Experimental Programs Using
the MR. ADAM Phantom

P. S. Stansbury1 J. W. Poston

In addition to the absorbed fraction measurements
described elsewhere,2'3 the MR. ADAM phantom is
being used currently in three other areas. One program
involves the whole-body counting of 239Pu in the
lungs. Another program pertains to the dosimetry of
99mTc in the liver and spleen. The third program area is
spectrometry in the phantom exposed to Xrays typical
of medical diagnostic radiology. These projects are in
varying stages of completion.

Aminor study of the whole-body counting of239Pu
in the lungs of the MR. ADAM phantom is in progress.
The major objectives of this study are: (1) to show the
limits of detection in acomplex but standard geometry
and (2) to assess the importance of theeffect of source
distribution on geometric efficiency and, hence, calibra
tion factors.

This program is being undertaken jointly with the
Internal Dose Group of the Radiation Monitoring
Section. Measurements will be made using the ORNL
whole-body counting facility, and the results will be
intercompared with Monte Carlo calculations.

Research concerning the dosimetry of the radio
pharmaceutical isotope 99mTc has been performed.
This research was done in support of a larger project
undertaken by researchers associated with Vanderbilt
University. One of the purposes of this study is to
determine the calibration factors by which an estimate
99mhe °rgan d°SeS t0 mindividual Patient administered
99mTc may be assessed from thermoluminescent do
simetry (TLD) measurements made on the exterior of
his thorax.

Both theoretical and experimental techniques have
been used in this study. Monte Carlo estimates of
calibration factors for 99mTc uniformly distributed ina
cubical phantom and in the liver and spleen of the
Snyder-Fisher phantom have been made. Hollow liver
and spleen models were constructed (see Fig. 38.1).

These were filled with 5 mCi and 10 mCi, respectively,
of Tc, and TLD measurements of exposure on the
anterior thoracic surface were made. The amounts of

mTc placed in the liver and spleen are typical of
particular radiopharmaceutical techniques. At the time
of preparation of this report, final analysis of the data
had not been completed.

The program of spectrometry and dosimetry of
medical diagnostic X rays, described previously,4 is in
progress; although major delays have been encountered
in the procurement of detectors, it is believed that the
detectors received after a process of rejection, cancella
tion, and reprocurement are suitable. Similarly, the
x-ray facility in Building 2008s has undergone delays in
construction. However, its construction is complete,
and the necessary extensive calibrations and check-out
are under way. It is hoped that useful data will be
realized shortly. Further, plans have been made for the
construction and use of one-year-old and five-year-old
children phantoms. These new phantoms will be built
according to the mathematical models developed by
Hwang et al.6

1. Oak Ridge Associated Universities, School of Nuclear
Engineering, Georgia Institute of Technology.
^ 2. N. H. Mei, G. G. Warner, P. S. Stansbury, and J. W. Poston,
"The Effect of Source Organ Size on the Absorbed Fraction
Distribution," this report.

3. N. H. Mei, G. G. Warner, P. S. Stansbury, and J. W. Poston,
Measurements of Absorbed Fractions as a Function of Source
Organ Size for Selected Source Organs in a Heterogeneous
Phantom, ORNL-4916 (June 1975).

4. P. S. Stansbury, J. W. Poston, and G. G. Warner, Health
Phys. Div. Annu. Progr. Rep. July 31, 1974, ORNL-4979 pp
70-72.

5. P. S. Stansbury and J. W. Poston, Health Phys. Div. Annu.
Progr. Rep. July 31, 1974, ORNL-4979, pp. 68-69.
^6. J. L. Hwang, R. L. Shoup, J. W. Poston, and G. G. Warner,
"Maternal, Fetal, and Pediatric Phantoms," this report.
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Fig. 38.1. Posterior-anterior view of liver model (right) and spleen model (left). Note the four-finned rods, which are part of the
mounting apparatus.





Part VI. Office of Education and Information
J. E. Turner

The Office of Education and Information plans and coordinates the Division's educational programs and
operates the Health Physics Information System, which assists the staff of the Division and parts of ERDA
and other organizations in obtaining, compiling, and analyzing information in fields of health physics.

39. Education and Vocational Training
M. F. Fair J. E. Turner

The Faculty Institute in Applied Health Physics
started in the summer of 1974 in response to the
nation's needs for persons trained at the bachelor's
level in health physics technology. Surveys, such as
WASH-1281,1 and our own forecasts (summarized in
last year's Annual Report2) indicate that between
3300 and 6000 new trained technologists will be
needed by 1985. They will be required for nuclear
power reactors, fuel-cycle operations, nuclear medi
cine, regulatory activities, and to replace currently
employed workers. The Faculty Institute program
provides support for contacting college officials,
making them aware of these forecasts, and interest
ing them in instituting undergraduate health physics
course work at their institutions. In addition, the
program provides support for ten faculty participants
from different universities to spend approximately
ten weeks during the summer in the Health Physics
Division. These participants have access to the staff
and the diverse research and field facilities of the
Division.

Instructors from nine different colleges participated
in the Institute during the summer of 1974. These
schools were Southwest Texas State University, Purdue
University, the University of Virginia, Vanderbilt Uni

versity, Carson-Newman College, the University of
Florida, Memphis State University, Appalachian State
University, and West Virginia Wesleyan College. These
schools have indicated an interest in having suitable
undergraduate courses for health physics technologists.
Several of these schools have already been involved
extensively in graduate training programs in health
physics. The first year's experience indicates that the
Faculty Institute was quite successful - seven of the
nine schools either now have or expect to have ongoing
courses by September 1975.

A staff member from this group spent three weeks
at the Instituto Nacional de Energia Nuclear in
Mexico City teaching a course in health physics
under the sponsorship of the Organization of Ameri
can States.

The Health Physics Division provided assistance to
the University of Tennessee, through the Ford
Foundation Program, whereby five staff members
taught courses in the Department of Physics. Also, a

1. The Nation's Energy Future, U.S. Government Printing
Office, Stock No. 5210-00363, Washington, D.C. (1973).

2. Health Phys. Div. Annu. Progr. Rep. July 31, 1974
ORNL-4979, p. 253.
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number of graduate students worked on their theses spent the summer of 1974 in the Division as re-
for advanced degrees under the supervision of Divi- search participants. One student trainee from the
sion staff members and using Division facilities. Southern Colleges Universities Union spent a semes-

Assistance was given to Oak Ridge Associated Uni- ter in the Division,
versifies in the presentation of ten-week courses in Tours were provided for various college groups
health physics. Three student trainees from ORAU visiting the Division facilities.
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40. Information Activities and Dissemination

K. Becker

C. M. Dixon

J. E. Turner

R. B. Gammage
C. F. Holoway

B. L. Houser

A. S. Loebl1

HEALTH PHYSICS INFORMATION SYSTEM

The Health Physics Information System (HPIS) was
established to serve as a focal point to which techni
cal questions may be directed to assist researchers in
the Division as well as persons outside the Division.
Ready access to the entire Division staff enables the
group to respond to a wide variety of needs within
the broad interdisciplinary areas associated with
health physics. The group also functions in a core
operation of gathering information, compiling bibli
ographies, and adding critical judgment on various
subjects to assist the Division's research programs.
This activity, which parallels responding to specific
questions, provides the opportunity to review various
problems and to synthesize and evaluate what is
known about them.

The group responded to a number of inquiries
throughout the past year. Examples of the subjects
addressed and the sources seeking information include:

1. radiation safety of accelerators (Health Physics
Division staff member),

2. contribution of tobacco radioactivity to cancer in
the human population (Division staff member),

3. metabolism and dosimetry for G.I. tract (Lowell
Technological Institute staff),

4. Title 10 CFR (Central Michigan University),

5. behavioral effects of radiation on animals (Univer
sity of Florida),

6. radiation waste handling at different stages in the
fuel cycle (Idaho Falls contractor),

7. packaging and transoortation of high-level waste
(ERDA staff),

8. nuclear safety and legal aspects of thermal pollu
tion (Rutgers University Law School).

The group answered numerous other requests from
inside and outside the Division for information on
plutonium. In many instances, the assembled mate
rial was abstracted and added to the HPIS data base.
These activities involved about 100 searches on
RECON and 150 on ORLOOK.

The Health Physics journal (1967 to date) has
been made accessible in the HPIS data base. This
file begins where the Public Health Service left off
with its index of the journal from 1958 to 1966.
Information appearing in the author, abstract, and
publication fields is retrievable; the key-word field
will be added early in FY 1976. A KWOC index
(key word out of context) by author and title is
available in the HPIS office.

This year's experience has shown that the group
can be most effective by limiting its efforts to rela
tively few studies, done in depth. The main subjects
emphasized this year were tritium (a working com
puter bibliography is available), environmental moni
toring (for both nuclear and nonnuclear pollutants),
radioactivity in water, waste management, uranium
mill tailings, and copper and selenium metabolism in
mammals. A card file on krypton is available in the
HPIS office.

The final structuring of data bases and formats for
the long-term needs of HPIS has been resolved dur-

1. Energy Division.
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ing this year's operation in conjunction with the
development of long-range cooperative plans with the
Energy and Information divisions. The system is gen
eral and tailored to the needs of the Division to

maintain and make available data files, some of
which may need to be documented and organized
properly before being abstracted for computerization
by the group.

SOLID-STATE DOSIMETRY

INFORMATION DISSEMINATION

As in previous years, a substantial percentage of
time was devoted to activities of a general nature,

such as training IAEA students from Bangladesh, Korea
and Egypt and giving lectures at ORNL and ORAU. In

the field of information collection and dissemination, a

pocket textbook version of our solid-state dosimetry
monograph has been prepared,2 and critical state-of-
the-art reviews on personnel and environmentaldosime
try are being published.3"5 We also participated
extensively in reviews of research proposals, manu
scripts, and other technical papers.

2. K. Becker and A. Scharmann, Introduction into Solid-
State Dosimetry, Thiemig, Munich, 1975.

3. K. Becker, "Quo Vadis, Personnel Monitoring?" Nucl.
Safety, in press.

4. K. Becker, "The Future of Personnel Monitoring in
Tropical Countries," Proceed. First Asian Reg. Congress
Radiat. Protect., Bombay, 1974.

5. K. Becker, "Integrating Dosimeter for Environmental
Radiation Assessment," ibid.



Theses, Papers, Publications, and Lectures

Theses

Q. A. Huynh

Photophysical Studies of Organic Molecules in Liquid Media (University of Tennessee) (in preparation)
J. P. Johnson

The Formation and Lifetimes of Negative Ions Resulting from the Impact of Low Energy Electrons with
Selected Organic Molecules (University of Tennessee) (in preparation)

S. I. Juan

Optical Properties of Nucleic Acid Bases in the Soft X-Ray Region, ORNL-TM-4773 (University ofTennessee)
(February 1975)

J. R. McNeely

Time Resolved Quenching ofArgon Resonance Radiation by Nitrogen Molecules, 0RNL-TM4697 (University of
Tennessee) (1974)

N. H. Mei

Measurements of Absorbed Fractions as a Function of Source Organ Size for Selected Source Organs in a
Heterogeneous Phantom (University of Tennessee) (June 1975)

V. N. Neelavathi

Theoretical Studies of Some Plasma Effects in Condensed Matter, ORNL-TM4833 (University of Tennessee)
(1974)

Man Tang

Optical Properties ofNucleic Acid Bases, ORNL-TM4559 (University ofTennessee) (September 1974)
C. J. Tung

Electron Transport Properties in Solids (University of Tennessee) (inpreparation)
R. J. Warmack

D.C. Conductivity and Optical Properties of TTF-Halides (University of Tennessee) (in preparation)
C. E. Wheeler, Jr.

Excitation ofSurface Plasmons in Grating Surfaces (University ofTennessee) (in preparation)
J. M. Younkin

tr-Electron Affinities ofConjugated Molecules (University ofTennessee) (in preparation)
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Papers

S A Abdullah, H. W. Dickson, F. F. Haywood,and G. D. Kerr
"Environmental Gamma Radiation Measurements," Health Physics Society Annual Meeting, Buffalo, N.Y., July
13-17,1975

E. T.Arakawa, A. J. Braundmeier, M. W. Williams, R.N. Hamm, and R. D. Birkoff
"Electron Attenuation Lengths in Carbon Films," IEEE Annual Conference on Nuclear and Space Radiation
Effects, Fort Collins,Colo., July 15-18, 1974

"Electron Attenuation Lengths in Carbon Films," Fourth International Conference on Vacuum-Ultraviolet
Radiation Physics, Hamburg, Germany, July 22-26, 1974

E. T. Arakawa and M. W. Williams
"Radiation Induced Changes in the Soft X-Ray Emission from LiF and NaCl," International Conference on
X-Ray Processes inMatter, Helsinki, Finland, July 29-Aug. 1, 1974

J. C. Ashley and L. C. Emerson
"Scattering of Electromagnetic Radiation from Cylinders," American Physical Society, Atlanta, Ga., Dec. 5-7,
1974

J. K. Baird
"Parabolic Lithium Mirror for a Laser Driven Pellet Fusion Reactor," Sixteenth Annual Meeting ofDivision of
Plasma Physics, American Physical Society, Albuquerque, N.M. Oct. 28-31, 1974
"Reflection and Transmission of a Traveling Unit Impulse Voltage at a Power Line-Power Transformer
Junction," 1975 Winter Meeting ofthe IEEE Power Engineering Society, New York, N.Y., Jan. 26-31, 1975

K. Becker
"Integrierende Dosimeter zur Umberwachung der Umwelt Strahlenbelastung," Annual Meeting, German-Swiss
Radiation Protection Association, Helgoland,Germany, Sept. 23-28, 1974

"Some Advances in Solid-State Fast Neutron Dosimetry," Second Symposium on Neutron Dosimetry,
Neuherberg,Germany, Sept. 30-Oct. 4, 1974

"Integrating Dosimeters for Environmental Radiation Assessment," First Asian Regional Congress on Radiation
Protection, Bombay, India, Dec. 15-20, 1974

"The Future of Personnel Monitoring in Areas with Hot and Humid Climates," First Asian IRPA Congress,
Bombay, India, Dec. 15-20, 1974

"Improved Track Etching and TSEE Detectors for Biomedical Dosimetry and Neutron Source Intercompari-
sons," IAEA Symposium on Advances in Biomedical Dosimetry, Vienna, Austria, Mar. 10-14, 1975
"Fast Neutron Dosimetry at ORNL - Progress and Problems," ERDA Workshop on Neutron Personnel
Monitoring, Washington, D.C., May 6-7, 1975

"Measurement of 239Pu in thePresence of Unat by NIAR," Radiation Research Society Annual Meeting, Miami,
Fla.,May 11-15, 1975

"Are There TLD Phosphors with Abnormal LET Responses?" Health Physics Society Annual Meeting, Buffalo,
N.Y.,July 13-17,1975

K. Becker and J. S. Jun
"Transfer Dosimeters for Fast Neutron Sources," Health Physics Society Annual Meeting, Buffalo, N.Y., July
13-17,1975

K. Becker and A. Moreno y Moreno
"Some Applications of Thermoluminescence Measurements in Ancient Ceramics," Fourth International
Conference on Luminescence Dosimetry, Krakow, Poland, August 27-31, 1974

S.R.Bernard 26
"A Metabolic Model for Aluminum and Estimates of Permissible Occupational Exposure Levels for Al,"
Health Physics Society Annual Meeting, Buffalo, N.Y., July 13-17, 1975
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"A Metabolic Model for Lead in Man Used in Internal Dose Estimation," Health Physics Society Annual
Meeting, Houston, Tex., July 7-11,1974

S. R. Bernard and L. C. Henley
"A Semi-Theoretical Approach to Excretion and Retention of Various Ions," 20th Annual Conference on
Bioassay, Environmental, and Analytical Chemistry, Cincinnati, Ohio, Sept. 24-25, 1974

S. R. Bernard and W. S. Snyder
"Metabolic Models for Estimation of Internal Radiation Dose Recieved by Human Subjects from the Inhalation
of Radioactive Noble Gases," Eleventh Symposium on Biomathematics and Computer Science in the Life
Sciences, Houston, Tex., Apr. 3-5, 1975

L. G. Christophorou
"Electrons in Very High Pressure Gases," Fifth International Congress of Radiation Research, Seattle, Wash.,
July 14-20, 1974

L. G. Christophorou, D. L. McCorkle, and J. G. Carter
"Electron Capture by Organic Molecules," Fifth International Congress of Radiation Research, Seattle, Wash.
July 14-20,1974

R. N.Compton, C. D.Cooper, andP. W. Reinhardt
"Collisional Ionization of Alkali Metal Atoms by Molecules: Electron Affinities of C02, COS, and CS2," 1974
Annual Meeting ofDivision ofElectron and Atomic Physics, Chicago, 111. Dec. 2-4, 1974

R. N. Compton and J. A. D. Stockdale
"Some Ionic Properties of Atmospheric Constituents," Radiological and Chemical Contractors' Meeting, Menlo
Park, Calif., Jan. 27-28,1975

C. D. Cooper, R. N.Compton, andP. W. Reinhardt
"Abnormally Large Electron Affinities for Some Hexafluoride Molecules," 9th International Conference on the
Physics ofElectronic and Atomic Collisions, Seattle, Wash., July 24-30, 1975

H. W. Dickson and W. D. Cottrell
"A Procedure for Evaluation of Personnel Exposures at Nuclear Facilities," Health Physics Society Annual
Meeting, Buffalo, N.Y., July 13-17, 1975

H. W. Dickson, G. D. Kerr, P. T. Perdue, and S. A. Abdullah
"Environmental Radiation Measurements Using In Situ and Core Sampling Techniques," Health Physics Society
Eighth Midyear Topical Symposium, Knoxville, Tenn., Oct. 21-24, 1974

L. C. Emerson and R. D. Birkoff
"Electron Slowing Down Spectrum in an Insulator," American Physical Society, Atlanta, Ga., Dec. 5-7, 1974

M. R. Ford and W. S. Snyder
"Variation of the Absorbed Fraction with Shape and Size of the Thyroid," Health Physics Society Annual
Meeting, Houston, Tex., July 7-11, 1974

M. R. Ford, W. S. Snyder, L. T. Dillman, and S. B. Watson
"Maximum Permissible Concentration (MPC) Values for Spontaneously Fissioning Radionuclides," Health
Physics Society Annual Meeting, Buffalo, N.Y., July 13-17, 1975

R. B. Gammage, J. S. Cheka,and N. P. Saheli
"Long-Term Testing ofTSEE Dosimeters for Pe-sonnel Dosimetry," Health Physics Society Midyear Symposium
onPopulation Exposures, Knoxville, Tenn., Oct. 21-24, 1974

R. B. Gammage and A. K. Garrison
"EPR, TLD, and TSEE with BeO Ceramic," Fourth International Conference on Luminescence Dosimetry,
Krakow, Poland, Aug. 27-31, 1974

R. B. Gammage and D. R. Glasson
"The Effect of Grinding on the Polymorphs of Calcium Carbonate," 49th National Colloid Symposium,
Clarkson College of Technology, Potsdam, N.Y., June 16-18, 1975
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R. B. Gammage and H. F. Holmes
"Blocking of the Alteration Reaction between Water and Lunar Fines," Sixth Lunar Science Conference,
NASA, Johnson Space Center, Houston, Tex., Mar. 17-21, 1975

"Alteration of Apollo 17 Orange Fines by AdsorbedWater Vapor," 49th National ColloidSymposium,Clarkson
College of Technology, Potsdam, N.Y., June 16-18, 1975

R. B. Gammage, G. D. Kerr, and Linda Huskey

"Exploratory Study of the Use of TSEE Dosimeters in Radon Monitoring," Health Physics Society Annual
Meeting, Buffalo, N.Y., July 13-17, 1975

K. Gant, L. G. Christophorou, and J. K. Baird

"Slowing-Down of Subexcitation Electrons in PolyatomicGases," RadiationResearch Society,Miami Beach, Fla.,
May 11-15,1975

W. R. Garrett

"Rotational Resonances in Molecular Scattering of Ultra-Low-Energy Electrons," 1974 Annual Meeting of the
Division of Electron and Atomic Physics, Chicago, 111., Dec. 2-4, 1974

"Rotational Resonance in Low Energy H2 Scattering," 9th International Conference on the Resonance of
Electronic and Atomic Collisions, Seattle, Wash.,July 24-30, 1975

T. F. Gesell, G. deP. Burke, and K. Becker

"An International Intercomparison of Environmental Dosimeters under Field and Laboratory Conditions,"
Health Physics Society Annual Meeting, Buffalo, N.Y., July 13-17, 1975

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

"Treatment of Multiple Coulomb Scattering in Monte Carlo Radiation Transport Calculations," American
Physical Society, Atlanta, Ga., Dec. 5-7, 1974

J. M. Heller, Jr., R. D. Birkoff, and L. R. Painter

"Experimental Evidence for Collective Oscillations in Molecular Liquids," American Physical Society, Atlanta,
Ga., Dec. 5-7, 1974

H. F. Holmes and R. B. Gammage
"Surface Properties of a North Ray Crater Soil (Apollo 16)," Sixth Lunar Science Conference,NASA, Johnson
Space Center, Houston, Tex., Mar. 17-21,1975

G. S. Hurst, J. P. Judish, M.H. Nayfeh, J. E. Parks, M. G. Payne, and E. B. Wagner
"Use of a 3-MV Proton Accelerator for Study of Noble Gases, Including Laser Ionization of Excited States,"
Third Conference on Application of Small Accelerators, Denton, Tex., Oct. 21, 1974

G. S. Hurst, M. G. Payne,M.H. Nayfeh, J. P. Judish, and E. B. Wagner
"Resonance Ionization Spectroscopy of He(2'S), American Physical Society, Knoxville, Tenn., June 16-18,
1975

T. Inagaki and E. T. Arakawa

"Optical Constants of Lithium and Sodium between 0.6 and 3.8 eV," American Physical Society, Denver, Col.,
Mar. 31-Apr. 3, 1975

T. Inagaki, R. N. Hamm, E. T. Arakawa, and L. R. Painter

"Optical and Dielectric Properties of Biomolecules in the Extreme Ultraviolet - Study on DNA, Polypeptides
and Carotene," Fourth International Conference on Vacuum-Ultraviolet Radiation Physics, Hamburg, Germany
July 22-26, 1974

J. P. Johnson, L. G. Christophorou, J. G. Carter, and D. L. McCorkle
"Long-Lived Parent Negative Ions of N02 -Containing Benzene Derivatives," American Physical Society,
Chicago, 111., Dec. 2-4, 1974

T. D. Jones

"Critical Human Organ Radiation Dosimetry - the CHORD Concept," Health Physics Society Annual Meeting
Buffalo, N.Y., July 13-17, 1975
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S. I. Juan, M. W. Williams, L. C. Emerson, and E. T. Arakawa
"Optical Properties of Adenine," American Physical Society, Atlanta, Ga., Dec. 5—7, 1974

G. D. Kerr and T. D. Jones

"Importance of In Vivo Dose Estimates in the Analysis of Epidemiological Data for Atomic Bomb Survivors of
Hiroshima and Nagasaki, Japan," Health Physics Society Annual Meeting, Buffalo, N.Y., July 13—17, 1975

C. E. Klots

"New Mechanisms for the Jesse Effect," 5th International Congress of Radiation Research, Seattle, Wash., July
14-20,1974

"Kinetic Energy Distributions from Unimolecular Dissociations," American Society for Mass Spectrometry,
Houston, Tex., May 25-30, 1975

M. G. Payne, G. S. Hurst, and C. E. Klots
"Rate Processes Related to the Jesse Effect in He," 27th Annual Gaseous Electronics Conference, Houston,

Tex., Oct. 22-25, 1974

J. W. Poston and W. S. Snyder
"The Dosimetry of 24 'Pu Reconsidered," 20th Annual Conference on Bioassay, Environmental and Analytical
Chemistry, Cincinnati, Ohio, Sept. 24-25, 1974

J. Rademacher, L. G. Christophorou, and R. P. Blaunstein
"Electron Attachment to S02 in High Pressure Gases," Sixth Annual Meeting of the Division of Electron and
Atomic Physics of the American Physical Society, Chicago, 111., Dec. 2-4, 1974

R. H. Ritchie, V. E. Anderson, and J. C. Ashley
"Electron Slowing-Down-Cascade Spectra in Solids," American Physical Society, Atlanta, Ga., Dec. 5—7, 1974

R. H. Ritchie, L. C. Emerson, R. D. Birkoff, J. C. Ashley, V. E. Anderson, and Dayashankar
"Electron Slowing-Down-Spectra in A1203," IEEE Annual Conference on Nuclear and Space Radiation Effects,
Fort Collins, Colo., July 15-18, 1974

H. C. Schweinler

"Interaction Potential Energy of Excited Noble Gas Atom and One or More Like Atoms," 9th International
Conference on the Physics of Electronic and Atomic Collisions, Seattle, Wash., July 24—30, 1975

J.J. Shonka

"The Stopping of Charged Particles in a Disk," American Nuclear Society Student Conference, Georgia Institute
of Technology, Atlanta, Ga., Apr. 11, 1975

W. S. Snyder and L. T. Dillman
"Dose to Endosteal Cells from a Surface Distribution of a Beta Emitter," Health Physics Society Annual
Meeting, Buffalo, N.Y., July 13-17,1975

W. S. Snyder and M. R. Ford
"Tables of Average Dose to an Organ per Microcurie-Day Accumulated by a Radionuclide in a Source Organ,"
First Asian Regional Congress on Radiation Protection, Bombay, India, Dec. 15-20, 1974

"Physical Principles of Photon Dosimetry," International Symposium on Radiation Physics, Bose Institute,
Calcutta, India, Nov. 30-Dec. 4, 1974

"Average Dose to an Organ Per Microcurie-Day Accumulated by a Radionuclide in a Source Organ," Third
European Congress of the International Radiation Protection Association,Amsterdam, May 13-16, 1975

P. S. Stansbury
"An In-Phantom Spectrometer for 10-130 keV Photons," Student Session, Health Physics Society Annual
Meeting, Houston, Tex., July 7—11, 1974

"MR. ADAM and His Environmental Implications," American Nuclear Society Student Conference, Georgia
Institute of Technology, Atlanta, Ga., Apr. 11, 1975
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J. A. Stockdale, V. E. Anderson, A. E. Carter, and Liliana Deleanu
"Dissociative Ionization of 02 by Electron Impact," 1974 Fall Meeting of the American Physical Society,
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"Current Developments in Solid-State Dosimetry," Oak Ridge Associated Universities, Mar. 27, 1975
"Fast Neutron Dosimetry at ORNL - Progress and Problems," ERDA Workshop on Neutron Personnel
Monitoring, Washington, D.C, May 6-7, 1975
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1974

C.V.Chester
"Nuclear Power and Post-Attack Recovery," Oak Ridge Civil Defense Society Meeting, Oak Ridge, Tenn., May
14,1975

**%,



283

"Nuclear Terrorism in Perspective," Civil Defense Research Section Review, Oak Ridge National Laboratory
Oct. 16, 1974

"Population Vulnerability," Civil Defense Research Section Review, Oak Ridge National Laboratory, Oct. 16
1974

R. O. Chester
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