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FOREWORD

The annual report of a very large laboratory
becomes ever more difficult to prepare as the
laboratory grows. To do justice in a reasonably
sized report to the innumerable separate pieces of
research at the Oak Ridge National Laboratory,
with its operating budget in 1965 of about $82
million, is impossible. On the other hand, a very
short report, of the sort published, say, by a

large corporation, hardly can convey a feeling for
the scientific and technological achievements

of the Laboratory.

Faced with this dilemma we decided to try a
new approach, and this Annual Report for 1965
represents our first attempt at a new style. In the
first place, it was decided that the annual report
should be kept relatively short — about 100
pages. Secondly, it was to be aimed at a literate
though unspecialized scientific audience — such as
the readership of Scientific American or
International Science and Technology. Finally,
and perhaps most important, the report was to be
written by senior members of the technical staff,
each of whom was to cover a certain part of the
Laboratory’s activities. The report therefore
reflects, to some extent, the points of view and
the scientific attitudes of the scientists
responsible for each section.

I hope that the reader will find the report
interesting and informative. I believe that our
scientific editors have succeeded in conveying
admirably the “feel” of Oak Ridge National
Laboratory. All of us are grateful to them for
recording so well a most exciting scientific year
at ORNL.

Alvin M. Weinberg
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The MSRE is shown here in its 24-ft-diam containment cell.
The system through which the fuel salt circulates consists of
the reactor, the pump, the primary heat exchanger, and the
5-in. pipes that join the components. The reactor access nozzle
and control rod thimbles can be seen protruding from the
thermal shield. At top left is the pump, and the primary heat
exchanger can be seen in the center of the photograph.

The thermal shield is a double-walled stainless steel tank, with
an 18-in. annulus between the walls. The annulus is filled with
water and carbon-steel balls for primary shielding. The water
circulates through the anmnulus at 100 gpm, removing heat
generated in the shield. Thermal insulation and heaters line
the inner wall and supply heat prior to reactor startup.

The 5-in. pipes, covered by heaters, that penetrate the cell
walls above the thermal shield are a portion of the coolant-
salt system; they carry reactor heat to the radiator in a cell
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outside the reactor cell. The coolant-salt pump is also outside
the reactor cell. Reflective insulation-heater units, which can
be replaced by remote manipulation, surround the pipes.
Freeze flanges, connecting the components and pipes, are
shown with clamps installed, which hold the flanges tight to
form a gas seal.

All the equipment shown here was designed and installed so
that the major components can be removed and replaced or
maintained by well-developed remote-maintenance procedures.
For example, the rotary assembly of the pump, the pipe heat-
ers, control rods and drives, and graphite or metal test sam-
ples can be removed most easily. The pump bowl, the reactor
vessel, the heat exchanger, and piping sections, in all of which
the probability of failure is least, can also be replaced, but
with some difficulty. (See Flow Diagram on Page 59.)




INTRODUCTION

Oak Ridge National Laboratory had its
beginning as the historic Clinton
Laboratories, organized and constructed
with great urgency in 1943 to attack

the problem of plutonium production. This
mission was essentially accomplished

by mid-1945; and, as national goals changed,
the Laboratory undertook new tasks —
development of research and power
reactors, radioisotope production,
processing technology development, and
the setting up of strong basic research
programs.

Today, the Oak Ridge National Laboratory,
as one of the world’s largest research
and development centers, has a program
that is broad, but whose elements generally
pass one or more of the following tests:

the research bears on a problem of
immediate or long-range national importance;

it makes use of the unique facilities of
the Oak Ridge National Laboratory;

it utilizes specialized talents of the staff;

it contributes significantly to the store
of basic knowledge in fields relevant to
the release of nuclear energy or to other
areas in which the Laboratory has
responsibilities.

In 1965, several clearly defined missions
occupied the attention of the Laboratory. To
pursue these mission-oriented programs, a
project, or horizontal, type of organization
is most effective. This facilitates the
mustering of skills, the construction of large
equipment and facilities, and the meeting
of deadlines. Project direction rests with a
single individual, while the personnel
comprising the projects are drawn from
the divisions.

At the Oak Ridge National Laboratory,
the divisions, which are vertical
organizational entities, fall into two
categories — research and operating.

The research divisions may be grouped
somewhat homogeneously under seven
disciplines. Five divisions are primarily

chemically oriented ; six divisions are

mainly concerned with the field of physics;
and five divisions are concerned — one each —
with biology, health physics, mathematics,
metallurgy and ceramics, and reactor
engineering. At the close of 1965, the staff of
the 16 research divisions numbered about
2700 people.

Research Divisions

Chemistry Solid State |
Chemical Technology  Thermonuclear |
Reactor Chemistry Instrumentation

Isotopes and Controls

Analytical Chemistry

Biology
Physics Health Physics
Electronuclear Mathematics
Neutron Physics Metals and Ceramics
Reactor

Operating Divisions

General Engineering
and Construction

Plant and Equipment

Operations

Health

Personnel

Laboratory Protection
Technical Information

The research divisions receive invaluable
support from the seven operating divisions,
which perform craft work, operate reactors,
look after personnel matters, and do a
multitude of other tasks, thereby leaving
the scientific staff free to pursue its goals.

The Oak Ridge National Laboratory’s
research program is highly diversified, yet
it has a coherence which stems, in large
measure, from the existence of a central
mission — the utilization of nuclear energy.

If the 1965 fiscal budget were used as an
indication of how the Laboratory expends
its effort, about 90 % would be found
occupied with programs of the Atomic
Energy Commission itself: about 44 % of
this portion devoted to reactor development
and technology, 38 % to physical research,
13 % to the life sciences, 3.8 % to isotopes
development, 0.8 % to nuclear education
and training, and 0.3 % to the peaceful use
of nuclear explosives.




Although atomic-energy-related matters
dominate the Laboratory’s activities, the
non-Atomic Energy Commission segment of
the program is now about 10% of the total.
These programs are carried out for such
agencies as the National Institutes of Health,
Department of Defense, Department of the
Interior, and the National Aeronautics and
Space Administration.

Two great strengths have evolved with
the maturing of the Oak Ridge National
Laboratory: a capability for dealing with
the problems of difficult technology and a
staff of distinctly interdisciplinary
character. The former is perhaps best
demonstrated by the Laboratory’s having
pursued — concurrently and without
serious interference with one another —
eight rather major projects in 1965.
Development and construction of two nuclear
reactors proceeded simultaneously. This
was possible only because of the scientific
and technical depth which the Laboratory
has attained. The Laboratory’s
interdisciplinarity contributes greatly to
its ability to solve complex problems
by assembling teams of diverse scientific
and engineering disciplines. For example,
one such team of biologists, chemists,
and chemical engineers set out to solve the
difficult problem of separating ribonucleic
acids on a large scale. From their combined
experience came the idea of using chemical
separations procedures similar to those
employed in uranium processing. The
problem is now well on the way to solution.
Such cases of scientific interplay in complex
problem solving are expected to become

increasingly numerous in the future.

While the Laboratory’s main purpose
is the conduct of research and development,
it feels strongly other obligations, two of
which are deserving of mention. The first
is a responsibility to participate in
educational affairs. This is natural and
desirable because the staff and facilities of
the Laboratory constitute a significant
fraction of the scientific resources of the
region. The obligation is satisified in a
number of ways: by staff members lecturing
on Laboratory research at colleges and
universities, by part-time teaching,
by students performing thesis research
at the Laboratory, and by the Laboratory’s
entering into cooperative undertakings
with the universities. The Laboratory
derives many benefits from its involvement
in education: contact with the academic
community and with bright young people,
and stimulation of the staff members
who combine teaching with research.

Secondly, the Laboratory has a strong
obligation to assure that information
developed at government expense is made
available to the public freely and equitably.
To fulfill this, it has devised special
administrative procedures to supplement
the established modes of communicating

. scientific information. Through its Office of

Industrial Cooperation, as well as its
regular information channels, the
Laboratory tries to identify and disseminate
information of possible commercial value.
Just as in the case of education, there

is a debt to be paid: this one to the

taxpayer, who supports the institution.



Physical
Sciences




Man’s ever-increasing desire for control over his
physical universe, to achieve his economic, socio-
logical, and political goals, is reflected in the ever-
increasing complexity of the technological mis-
sions of the Laboratory. In support of these mis-
sions, and in anticipation of the needs of the fu-
ture, the Laboratory maintains a broad program
of basic research covering the fields of physical
science: physics, chemistry, engineering, metal-
lurgy, instrumentation, and applied mathematics.
New knowledge of the fundamental structure of
matter, of the interaction of radiation with mat-
ter, and of the properties of materials; the syn-
thesis of new compounds having improved prop-
erties; and the prediction of the effects of time,
use, and radiation upon these properties — such
items are the concern of basic research in the
physical sciences.

The Laboratory would feel thoroughly justified
in its support of basic research if the information
itself were all that it received in return. But there
is another product of the basic research program
that is possibly as important as the generation of
basic knowledge: through their proximity to and
interaction with basic research, the mission-ori-
ented projects have available many trained sci-
entists who can, as consultants, focus their talents
temporarily on applied problems and bring their
knowledge of the fundamentals to bear so that
more efficient solutions can be obtained. If neces-
sary, they can also furnish more direct support
by performing basic research which is immedi-
ately relevant. Both singly and in interdisci-
plinary groups of various sizes, these people have
maintained a high level of productivity in re-
search. Some of the studies are described in the
following sections.

An essential ingredient of success in research is the
continued development of experimental apparatus.
The high-voltage terminal of the pulsed 3-MV

Van de Graaff is a good example. Approximately
one-fourth of the accelerator time is used for
development and improvement. The physicists are
shown testing an improved klystron bunching circuit.




PHYSICS

Research in physics at the Oak Ridge National
Laboratory ranges from studies of fundamental
particles to the structure of solids. Most of these
studies are accurately described as basic research,
and the remainder are identifiable as oriented
toward answering specific questions raised in the
Laboratory’s mission-oriented programs.

Nuclear structure physics is an area of pri-
mary concern. Various experimental and theoreti-
cal techniques are used to probe nuclei in order
to elucidate the rules which govern their sta-
bility and determine their properties. The probes
are neutrons, protons, and nuclei as heavy as
iodine at energies from thermal to about 100
MeV. Results of this work have strongly influ-
enced other disciplines such as astrophysics and
reactor design. An important component of this
research at Oak Ridge has been the development
of new techniques such as ion sources, pulsed
accelerators, solid-state radiation detectors, ultra-
pure single crystals, and special methods of the-
oretical analysis.

Radiation and radioactivity are not only sub-
jects of study; they are also utilized as tools to
understand atomie and solid strueture. Neutrons
at very low velocity are used to map out both the
atomic geometry of solids and the magnetic fields
inside solids. The Mossbauer effect is used as an
ultrasensitive tool to investigate the nature of
the radiation-emitting atom’s environment. A
rapidly developing area of interest has resulted
from the combination of skills of nuclear and
solid-state physics in the study of the structure of
nearly perfect crystals. All classes of solids are
studied: metals and alloys, semi- and supercon-
ductors, ionic and covalent crystals, ceramics, and
organic polymers. Plasma physics is a subject of
special concern at the Laboratory since knowledge
gained from such studies is fundamental in the
search for a controlled fusion reaction. Thus these
studies have concentrated on high-temperature,
high-density plasmas.

TRANSMISSION

Mossbauer Effect by Coulomb Excitation

Normally, when a radioactive nucleus emits a
gamma ray, the nucleus, like a rifle, recoils and
shares some of the total energy released. How-
ever, several years ago Mossbauer discovered that
under certain conditions an excited nucleus in a
crystal lattice can emit a low-energy gamma ray
with the whole lattice of atoms collectively
recoiling, making the effective weight of the emit-
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In the Mossbauer experiment o gamma radiation
source is viewed by a detector placed on the far side
of a slowly moving absorber. The transmission
through the absorber is a strong function of the
relative motion between it and the emitter.

The radiation source, previously restricted to
radioisotopes, has been greatly extended by
using Coulomb excitation.



Coulomb excitation results from a “near miss” between an energetic charged particle
and a nucleus. An actual collision does not occur, but enough energy and angular
momentum are transferred through the electric field to “kick” the nucleus into an
excited state. The nucleus then de-excites by gamma-ray emission, and these
gammas are used in Mossbauer studies.

ting nucleus immensely greater (by a factor of
about 1019). Under these conditions the gamma
ray carries all the energy, and if it encounters an
unexcited nucleus of the same type, it has pre-
cisely the right energy to excite it. This is called
“resonance absorption.” The remarkable thing
about this process is the almost fantastically
small “width” in energy of the resonance. For
example, if the relative velocity between the gam-
ma source and the absorber is as much as a frac-
tion of an inch per second, the small amount of
energy added or subtracted by this motion shifts
the gamma energy enough to no longer be in
resonance. It turns out that the shape of the trans-
mitted intensity as a function of relative velocity
between emitter and absorber can disclose some
intimate details of the emitting nucleus itself
and also of the physical environment (such as
local magnetic fields) nearby. Thus by including
such nuclei in different materials one can study
the internal properties of the materials in a very
detailed way.
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In the past, radioactive nuclei were used exclu-
sively as gamma-ray sources in Mossbauer experi-
ments. Many nuclei with otherwise suitable and
interesting characteristics could not be studied
because they were not available as part of a con-
venient radioactive decay. This limitation spurred
a group of nuclear and solid-state physicists and
metallurgists at the Laboratory to develop an al-
ternative way of obtaining excited nuclei for
Mossbauer studies. During 1965 they showed that
the stringent restriction of convenient radioac-
tivity can be bypassed for a relatively large
number of nuclei by exciting them via Coulomb
excitation. These studies have already shed light
on the nature of the damage induced by charged
particles as they plow through a solid such as
germanium. In some nuclei, for example, iron-57
or nickel-61, one can induce the excited state in
either of two ways, radioactive decay or Coulomb
excitation. But in many other nuclei Coulomb ex-
citation is the only feasible mechanism. It is hoped
that this development, making available for in-



vestigation many nuclei not now amenable to
study by the Mdssbauer technique, may prove to
be a powerful tool in metallurgy.

Experiments Using the New Cyclotron

During 1965 the Oak Ridge Isochronous Cyclo-
tron came into its own as a powerful and pro-
ductive tool for nuclear structure research. More
than two dozen papers were submitted for pub-
lication or were published during the year on
a variety of nuclear structure research topics that
included studies on direct interaction, transfer re-
actions, elastic and inelastic scattering of charged
particles, stripping and pickup reactions, and po-
larization. New experimental techniques brought
to bear were a broad-range high-resolution
(1:2000) magnetic spectrograph and special solid-
state detector systems.

One of the most interesting studies was that
of scattering cross sections of some medium-
weight nuclei for polarized protons (protons
whose spin axis is aligned in one given direction).

The Oak Ridge Isochronous
Cyclotron Building

This work was largely made possible with a new
development in producing a beam of polarized
protons that has increased the available flux by
about an order of magnitude to the present value
of 2 % 108 protons/sec (30% polarized). Brief-
ly, this polarizing technique consisted in scatter-
ing the primary, randomly oriented proton beam
in a calcium target and obtaining the secondary,
polarized beam at about 25° to the incident
beam. Also, and importantly, the energy spread
of the polarized beam was decreased to only 500
keV, considerably smaller than that previously
available.

The basic experiment that utilized the beam
was the measurement of the polarization and elas-
tic scattering cross section of a total of 11 even-
even nuclei for 40-MeV polarized protons and also
the elastic and inelastic scattering and asym-
metry for even isotopes of silicon, iron, and nick-
el. From the study of such scattering it is possi-
ble to deduce information concerning the reac-
tion mechanism operating in such nuclear colli-
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sions. Sample data from elastic scattering and
polarization experiments are shown in the fig-
ure. The solid lines are theoretical (optical model)
fits using values for real, central well, and spin-
orbit potentials close to those obtained from sys-
tematics studies of other nuclear reactions. In
this fit, only volume absorption was included;
that is, it was not necessary to assume that the
protons are ‘“absorbed” any more near the nu-
clear surface than in its interior. Attempts to fit
the inelastic scattering and polarization data in-
dicate that complex coupling and deformation
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(viz., spin dependence) of the spin-orbit term of
the optical potential are required to obtain a rea-
sonable fit to the data. This means that a parame-
ter (spin-orbit coupling) that previously was suf-
ficient to fit theory to experiment has now been
shown to be incomplete, and the insufficiency is
related to the relative orientations of the proton
and nuclear spin. The close collaboration between
experimentalists and theorists on this experiment
and its interpretation is vital in optimizing the
rate of progress toward understanding nuclear
interactions.
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Results of nuclear structure studies using 40-MeV protons from the ORIC.
The data are the elastic scattering cross section (left) and the polarization of
the scattered protons (right) from silicon-28, cobalt-59, and zinc-68.

The solid curves are optical-model fits using parameters obtained from
systematics of other nuclear reactions. Similar studies of inelastic scattering
showed that further refinements of the theory are needed to explain the data.



Pre-neutron-emission fragment mass distributions. Much of the

structure in these curves is due to nuclear shell effects.
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Advances in the Physics of Fission

It is perhaps a bit surprising, and in some re-
spects disconcerting, to note that although we are
currently quite far advanced in the engineering
aspects of fission, the fundamental “nuclear
physics” aspects of fission are almost not under-
stood at all. For example, although we are able
to design reactors with performance figures pre-
dicted in advance to surprising accuracy, no
theory yet exists to explain such basic matters
as the mass, charge, and energy distributions of
the fragments formed when a nucleus divides in
fission.

In research on the fundamental aspects of nu-
clear fission at the Oak Ridge National Labora-
tory, new experimental techniques have been used
to determine more accurately some of the impor-
tant basic quantities required in studies of fission
and also to obtain fundamentally new informa-
tion and data about the fission process.

A breakthrough in experimental fission physics
occurred several years ago when silicon solid-
state detectors were developed. These have ex-
cellent energy resolution, fast response time, and

high detection efficiency. However, progress was
limited until a technique could be developed for
producing “artificial” fission fragments of pre-
cisely known energy in order to accurately test
and calibrate the detectors. Members of the High
Voltage Accelerator Laboratory recently devel-
oped just such a technique using the 7-MV Tan-
dem Van de Graaff, which produces beams of bro-
mine and iodine at energies to above 100 MeV.
Thus, for the first time such fundamental meas-
urements as energy loss and range of heavy ions
could be made.

Since it is inconvenient to calibrate every solid-
state fission counter with heavy ions from a tan-
dem accelerator, a secondary standard was de-
veloped, namely, the careful determination of the
fragment spectrum from the spontaneous fission
of californium-252. This technique was reported
in 1965 and is already used internationally as a
standard. Another absolute calibration was a si-
multaneous measurement of fragment energy (de-
duced from the pulse height produced in the de-
tector) and velocity (found from its time of flight
from source to detector).

Appropriate calibration and analysis of these
data produced for the first time a kinetically

13




measured (as opposed to radiochemical or mass-
spectrometric yields) post-neutron-emission mass
distribution in fission. The results showed up de-
tailed effects of nuclear shell structure on the
fission process that had only been grossly ob-
served in previous measurements.

Armed with these techniques and calibrations,
a series of experiments during 1965 vastly ex-
panded and improved our knowledge of the fis-
sion process. For example, the average total ki-
netic energy released from thermal-neutron fis-
sion of uranium-235 and other nuclides was found
to be lower than previously thought by as much
as 10%. Even a change of a few percent in this
quantity makes a very significant difference in
fission theory calculations. Another result of the
new measurements is knowledge of the fragment
yield as a function of pre-neutron-emission mass.
Neutrons from fission normally “boil off” from
the highly excited fragments just after the fis-
sion event. With earlier techniques, such as radio-
chemical analysis, only the post-neutron-emission
yields could be observed.

Another new experiment determined the num-
ber of neutrons emitted in fission as a function
of fragment mass and energy. This is done with-
out actually counting any neutrons by measuring
the energies of both fragments as well as the ve-
locity of one fragment and is an important tech-
nique, since direct neutron counting is impossible
in high-excitation fission studies because of large
neutron “backgrounds.”

Finally, protons were used to induce the fission
of radium-226. This is an interesting situation
because radium fission results in a three-peaked
mass distribution rather than the normal two
peaks. A graph showing the number of neutrons
vs fragment mass was observed to have a saw-
tooth shape, akin to the situation in low-excita-
tion fission, even though the nucleus in this case,
actinium-227, is excited to 18.3 MeV.

These results are providing some new insights
into the nature of the fission process. However,
even the most basic parameters and distributions
still cannot be quantitatively predicted, and much
remains to be learned about this most useful, but
very mysterious, nuclear reaction.

Neutron Capture Reactions

and Astrophyics

Frequently in research the answer to one ques-
tion not only raises several more but also answers

other questions to which the original research
was not addressed. An example of this is the study
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of reactions involving the capture of moderately
fast (keV-range) neutrons by various elements.
Several years ago physicists at the Laboratory
became interested in doing this research because
additional illumination of several nuclear models
might be obtained from such studies and because
the design of economic nuclear power reactors
required knowledge of these cross sections. It was
soon apparent that the results were useful in test-
ing theories of heavy-element stellar nucleosyn-
thesis (how elements heavier than iron were
formed).

The answers to the original questions were ex-
citing enough, but the close relations to astro-
physies spurred the physicists on to develop even
more sensitive and accurate techniques. Recent re-
sults with pure separated stable isotopes of tin,
samarium, strontium, and zirconium, produced at
the Laboratory, gave highly quantitative con-
firmation to the portion of the nucleosynthesis
theory that accounts for a large fraction of our
heavy stable elements. The experiment consisted
in measuring the cross section, averaged over a
Maxwellian energy distribution corresponding to
a characteristic temperature k7T = 25 keV, for
the capture of neutrons by these isotopes. The
predicted inverse relationship between these cap-
ture cross sections and the corresponding isotopic
or elemental abundance for certain specific nu-
clides was confirmed. As a result of the confi-
dence gained from this finding, new questions
can be asked that begin one more iteration in the
cyclical journey toward the understanding of our
surroundings. The same technique is also being
used to measure cross sections of great impor-
tance in the design of fast breeder power reactors.

Anomalous X-ray Transmission
Investigations of the
Perfection of Metal Crystals

In the past few years great success has been
achieved at the Laboratory in growing nearly per-
fect single crystals of several metals, such as cop-
per, niobium, and gallium. All of these metals
are readily deformable and normally contain
large numbers of dislocations, for example, 106
to 108 dislocation lines per square centimeter.
Now they are being produced in such a condition
that only 10 to 10¢ dislocations per square cen-
timeter are present. Thus it has become possible
to observe and study the behavior of these crystal-
line defects by selective chemical etching that
reveals the positions at which the dislocations in-
tersect the surface of the metal. On certain crys-



tal faces the dislocation may be revealed as an
“etch pit” in the form of a three-sided pyramidal
cavity eaten into the surface; on other surfaces
the etch pit may be a cube or a four-sided pyra-
mid. The shape of the pit is determined by the
crystal plane that is being etched.

Most recently it has been found that it is pos-
sible to see inside the bulk metal by use of the
“anomalous” transmission of x rays. That is, when
a crystal is sufficiently perfect, then the quantity
of x rays that penetrate into the crystal (properly
oriented) for anomalously long distances is greatly
increased, and it becomes practical to take ad-
vantage of this phenomenon to reveal the pres-
ence of local crystal defects such as dislocations
or vacancy clusters. This comes about because the
defect interferes with the transmission of the
x rays and hence reveals its presence by the ab-
sence of the transmission of x rays in the region

of the defect. In a real sense the defect casts a
shadow. If one takes two x-ray photographs
(topographs) at slightly different angles, then
one gets a stereoscopic view of the crystal in-
terior, and one can by observation of the topo-
graph effectively get a three-dimensional view
of the defects lying in the interior of the crys-
tal and can observe which planes in the crystal
contain the dislocations. Also, the shape and ex-
tent of the dislocation are readily discernible by
this technique. In addition, it is possible to ob-
serve the interaction of the defects with one an-
other and to see how they behave when the mas-
sive erystal is deformed by bending, compression,
or tensile straining.

This technique promises to become important in
evaluating the purity and perfection of crystals
and should lead to a much better understanding of
the effect of crystalline defects on the physical and
chemical properties of crystals. These high-purity
single crystals are very much softer than metals
that are less pure and not so perfect, and so it is
most difficult to handle them without altering
their perfection. However, it has been found that
subjecting the crystals to a moderate dose of neu-
trons pins the dislocations in place in the crystals,
and thus the crystals become stronger and are
much more readily handled. Furthermore, when
the metal crystals are irradiated with fast neu-
trons for prolonged periods, then the intensity of
the anomalously penetrating x radiation is reduced
drastically, showing that other defects are being
introduced into the lattice by the neutrons, prob-
ably vacancy or interstitial clusters. If the crys-
tals are heated to 500°C, then the intensity of
the transmitted x-ray beam is again restored.
However, the heat treatment removes only the
defects caused by the neutrons and does not re-
move the dislocations that were originally pres-
ent. These studies are not only important in ex-
tending our basic knowledge of solids; they are
also helping lead the way to new materials needed
for the nuclear, space, and semiconductor age.

Channeling Effects of High-Energy
Iodine Ions in Gold Crystals

During 1965 a series of experiments were per-
formed in which energetic heavy ions, accelerat-
ed in the Tandem Van de Graaff, bombarded thin
single crystals of gold. The information sought
was th ay in which the passage of these ions
throughithe crystal depends upon the relative ori-
entation of the ion direction to the lattice planes.
It was found that the rate at which 40-MeV inci-
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dent iodine ions lose energy can decrease by as
much as a factor of 2 when the beam is aligned
(to within a small fraction of 1°) to low-index
lattice planes. The effect is called ‘“‘channeling.”
Tons traversing a solid lose energy by inelastic
electron scattering, by collisions in which the
ion becomes multiply ionized, and by relatively
rare nuclear collisions. Multiple ionization was
eliminated as a significant contributor to the dif-
ference in energy loss between channeled and un-
channeled ions by actually measuring the charge
distribution of the ions after they passed through
a thin gold crystal. The conclusion is that the
change in energy loss is related to the reduced
average electron density in the channel. Photo-
graphic emulsion work showed that a low-diver-
gence incident beam (0.05°) parallel to low-in-
dex planes, such as (111), (100), or (110), pro-
duces a divergent beam with a divergence of
about 0.5°, spread into an ellipse whose major axis
is perpendicular to the particular plane examined.
The length and width of the ellipse are being
studied both experimentally and theoretically in
an attempt to correlate them with the interaction

Autograph made byochtmneled ons emerging
from a 700-A-thick gold film. 40-MeV
todine-127 ions were transmitted through the
single-crystal gold film parallel to the

[011] direction. The bright central spot is the
channeled beam. The dark diagonal bands in
the dif fusely scattered background result from
“blocking” by the (111) and (111) planes,

the vertical band from the (100) plane, and the
weak horizontal band by the (011) plane.
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potential between the particle and the erystal.
Transmission through other crystal axes can pro-
duce other patterns.

Since the effect of channeling is to decrease
the number of small-impact-parameter (head-on)
collisions, it might be expected that the radia-
tion damage to the crystal would also be reduced
if incoming ions were properly directed along lat-
tice planes. A test of this was devised in which
single-crystal gold films, 0.22 u thick, were bom-
barded with collimated 51-MeV iodine ions. The
resulting damage, observable with the electron
microscope as spot structures, was reduced by a
factor of 14 for small angles between the beam
and a lattice plane. The decrease in damage
due to channeling was only observed for very
small angles (1° or less) between the channel
and the ion direction, which is in fairly good
agreement with the predicted critical channeling
angle. The damage reduction apparently results
from a decrease in the number of collisions be-
tween the incoming ion and a nucleus in the lat-
tice. These investigations are a collaborative ef-
fort involving a nuclear physicist, a physical
chemist, a solid-state physicist, and others in
which a pooling of several skills was requisite
for a successful experiment.

Progress in Fusion Plasma Research

Man’s seemingly unquenchable need for energy,
which is now beginning to lean on nuclear fis-
sion, would be satisfied for thousands of years if
we could only learn to harness nuclear fusion,
since heavy hydrogen, found in ordinary water,
would be the fuel. An additional advantage is
that, whereas the products of fission are highly
radioactive, the direct by-products of fusion are
mostly helium, which is harmless, and tritium,
which is used as additional fuel. The problem of
making a fission reactor is simple compared with
a fusion reactor. In fact, our sun is the only suc-
cessful one in our neighborhood. If we are to tap
this energy source on earth, we must learn to con-
tain plasmas (mixtures of electrons and ions) at
a temperature of many millions of degrees.

A series of fundamental experiments at the
Laboratory have been designed to test our capa-
bility to build a fusion reactor and both to test
and to help guide theoretical calculations aimed
at understanding plasmas. In the Oak Ridge
scheme, a steady stream of energetic ions is in-
jected into a vacuum bounded by a magnetic field
in the shape of a bottle. The object is to build



up ion densities as high as possible. H,+ molecu-
-lar ions from a 600-keV accelerator go into the
magnetic bottle and are broken up by different
mechanisms into Ht and H¢ particles at 300
keV each. The H+ particles are trapped in the
bottle. A breakup mechanism used in early re-
search was a carbon arc, but this also neutral-
ized ions that had previously been trapped, limit-
ing the maximum fast-ion density to 2 X 102
em-3, and was thus abandoned.

The next approach was the use of a very clean
system with an excellent vacuum in order to in-
crease the mean residence time of ions in the sys-
tem. Calculations indicated that with a threshold
value of 300 mA-sec the trapped ions would them-
selves dissociate incoming H,* ions, and the
plasma would then exponentiate; that is, it would
build upon itself and automatically rise of its
own accord. By various improvements the mean
residence time was greatly increased (to as
much as 2 min), and the threshold value was
passed, but no sign of exponentiation was found.
The reason was that the elusive, ever perplexing
plasma had spread both radially and longitudinal-
ly, thwarting the desired increase in density.

A third series of experiments were then per-
formed in order to understand the causes of the
spreading. A new, subtle process called Lorentz
dissociation was introduced, which enabled H,*+
ions to be trapped about ten times as fast as pre-
viously. When applied, this new system forced
the revelation of a plasma instability called the
negative-mass instability, which had been previ-
ously explored in accelerator development. Thus,
while these experiments have all been at plasma
densities that are too low to be used for a fusion
reactor, they have pointed the way to go. For ex-
ample, the negative-mass instability can be over-
come if the field in the magnetic bottle increases
with radius, rather than decreasing as in a con-
ventional arrangement. Also, both experiments
and theory indicate that it is important to intro-
duce large energy spreads into the injected ion
beam, and theorists have also recommended new
preferred geometrical shapes for the plasma vol-
ume. The net result of these investigations is that
enough additional information has been gained
to clearly point the way to the next important
step in fusion research. The next experiment
should involve injection of varied, low-energy
(say 5 to 7 keV) atoms into a squat, fat mag-
netic bottle. With such a device it should be pos-
sible to break through to considerably denser,
more stable plasmas than before.

Semiconductors in Radiation
Spectrometry

The search for improved particle and gamma-ray
detection techniques continues to be fruitful, es-
pecially with the use of semiconductors, since they
possess inherently much better resolution capa-
bilities than, for example, scintillation counters.
Recently, attention has been concentrated in two
areas: gamma-ray spectrometry using lithium-
drifted germanium detectors, and improved res-
olution and noise performance of the specialized
electronic circuitry associated with these detec-
tors. One problem related to germanium detectors
was that of increasingly unsatisfactory germani-
um raw material; the material as received showed
diffusion constants that were barely one-thou-
sandth of the usual value. This caused lithium
drift times to become intolerably long and nearly
shut down detector production. The physical
mechanism underlying this variability was found
to be dissolved oxygen in concentrations above
1014 atoms per cubic centimeter of germanium —
an extremely small but important impurity! In the
light of such studies, the suppliers of germanium
have revised their production techniques, and
satisfactory material has again become available.
Since an energy resolution of a few kilo-elec-
tron volts can inherently be obtained with semi-
conductor detectors, very sophisticated preampli-
fiers and amplifiers are required to take advan-
tage of this property. The development of such
equipment has been successfully pursued at the
Laboratory for several years. During 1965 a tran-
sistorized preamplifier consisting of a wide-
bandwidth, low-noise charge-sensitive input sec-
tion and an output cable driving section was de-
veloped. The room-temperature noise level of
this instrument is only 0.8 keV plus 0.06 keV per
picofarad of detector capacitance. The amplifier
is second only to the preamplifier in importance.
The pulse shape must be carefully tailored to dis-
criminate against pileup pulses from high count-
ing rates as well as noise power distortion. To
this end theoretical studies were made of pulse
responses and signal-to-noise ratios of various
transfer functions that could be synthesized into
lumped-element electronic networks. One network
gives the best achieved signal-to-noise ratio for
published lumped-element shaped systems. A
new experimental nuclear pulse amplifier has
now been constructed following these principles;
it has better overload, count rate, and signal-to-
noise characteristics than previous amplifiers.
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Progress on a Supercurrent Cyclotron Design

A new kind of cyclotron was conceived in 1962
by F. M. Russell of the Rutherford Laboratory
while working at Oak Ridge. It was called the
“separated-orbit cyclotron.” One of its most im-
portant features is that the beam travels in sep-
arated orbits as it spirals outward undergoing
acceleration. This allows one to extract 100% of
the internal beam, a remarkable feat for isoch-
ronous cyclotrons. Another unique feature of the
separated-orbit cyclotron is that it will deliver
many times the beam current of any previous
machine in the energy range between 100 and
1000 MeV. It will also have variable beam energy
and continuous output, and thus it combines the
best features of AVF (azimuthally-varying-field)
cyclotrons and linear accelerators into one ma-
chine.

Although it appears feasible to design such a
cyclotron to produce beam energies as high as 10
GeV, the present design concentration is on ener-
gies less than 1 GeV (1 GeV equals 1000 MeV).
There are several reasons for concentrating on
this energy range: (1) Present accelerators for
100 to 1000 MeV are frequency-modulated cyclo-
trons, which are seldom capable of delivering
more than a few microamperes of relatively poor
optical-quality external beam. Experimentalists
are in sore need of greatly improved intensities
for nuclear structure measurements (using nu-

cleons, pions, muons, and neutrinos) in the 100- to
1000-MeV range. (2) A separated-orbit cyclotron
can apparently be the most intense neutron gener-
ator ever built. For example, a 100-mA, 1000-
MeV beam would produce a thermal-neutron flux
density above 1016 neutrons cm—2 sec—! in a
tube 4 ft in diameter and 5 ft long. (3) Such a
machine could serve as an injector to a future
very high-energy accelerator. (4) At lower en-
ergies, say less than 200 MeV, the separated-orbit
cyclotron could provide intense, very high-resolu-
tion beams for nuclear structure research.

The promise of the separated-orbit principle
and the great success of experiments at the Lab-
oratory with electron analog models have caused
two other major laboratories (Chalk River, Can-
ada, and the Rutherford Laboratory, England) to
undertake complementary research programs.
During 1965 at Oak Ridge a conceptual design
study of a variable-energy multiparticle (25-MeV
deuterons and 50-MeV protons) separated-orbit
cyclotron was completed. This is a lower-energy
stage of a three-stage facility for 50-, 350-, and
1000-MeV protons. In addition, the magnet
geometry was modified, reducing both costs and
alignment problems. The residual radiation levels
to be encountered with high-intensity accelerators
have been studied both experimentally and
theoretically.

The Oak Ridge National Laboratory has been a leader in promoting the standardization of electronics
used in nuclear instrumentation. During 1965 the tnvestment began to return dividends in increased
convenience for the experimenter. This photograph shows a standardized bin and power supply filled with
various kinds of circuits manufactured at several national laboratories and seven private companies.

The circutis plug into the common power supply and can be interconnected easily. Recent

specialized instrument contributions from the Laboratory include a gamma monitor, an alpha

monitor, a differential-integral discriminator, and a coincidence-anticoincidence unit.
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MSRE computer. Automatic data-handling equipment and a digital computer are located

n a room adjacent to the main control room of the Molten-Salt Reactor Experiment to provide
rapid compilation and analysis of the process data. This equipment has no control function,

but the high-speed scanning feature provides current information about all important variables
and warns the operator of abnormal conditions.

Application of Electronic Data Handling to Experimental Programs

As the complexity of experiments grows, the re-
searcher must increasingly depend upon mech-
anization of apparatus and electronic data proc-
essing. In a similar way the details which some
theorists can now use meaningfully are so numer-
ous and complex that a large, fast computer is
absolutely necessary. The Oak Ridge National
Laboratory is meeting these needs in two ways.
First, a large, fast central computing center is
available to all and is used for both short and
lengthy calculations. This facility meets the needs
of the theorists and also handles data analysis,
short calculations, and other needs of the experi-
mentalists. Second, small computers are being
used at the location of major experiments and in
some cases are actually on-line with the experi-
ment. This is necessary because these experiments
are so complex that they require very rapid data
processing to guide the experimenter in adjust-
ing his apparatus and in making decisions dur-
ing the experiment.

Two major data systems were installed dur-
ing 1965: (1) a centralized data-logging device
which gathers data from experiments in the
Reactor Division, and (2) an on-line process con-
trol computer being used for data gathering and
analysis at the Molten-Salt Reactor Experiment.

Methods of linking an experiment or data sys-
tem to a computer through computer program-
ming were studied. These methods included mak-

ing a computer program do the editing and ini-
tial analysis of raw data. The several small on-
line data acquisition and processing system in-
stallations throughout the Laboratory have been
so successful that many other experimenters are
contemplating and requesting equipment for au-
tomatically taking data from their experiments.

The design and installation of the first com-
puter-controlled x-ray diffractometer at the Lab-
oratory were completed in June 1965. By means
of stored program control, the difiraction charac-
teristics of various crystals are obtained auto-
matically. This instrument allows more complex
data to be obtained in considerably shorter times
than was possible with older manual and semi-
automatic techniques (see section on “Chemical
and Materials Research and Engineering”).

A small computer, located in the High Voltage
Accelerator Laboratory (which contains two sin-
gle-stage and one tandem Van de Graaff accel-
erator), has served as an off-line local data proc-
essor for several years. It became increasingly
clear, however, that in some of the more com-
plex experiments on expensive accelerators, in-
formation was needed in the course of the ex-
periment in so short a time that only an on-line
computer could do the job. Consequently, during
1965 data terminals were installed linking each
accelerator to the computer, so that processed in-
formation can be obtained almost immediately.
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This three-dimensional model of the phase diagram of the LiF-BeFs-ZrFy system represents the end product

of one important line of chemical and materials research — in this case, research which was important for the
selection of the fuel solvent composition for the Molten-Salt Reactor Experiment. As mixtures of the three
components of the system are cooled from the molten state, represented by the region above the top surfaces of the
model, they reach temperatures corresponding to the model surface (the liquidus surface); there a crystalline
solid appears, of the composition indicated by the labels. The consequent change in liquid composition falls on a
downhill pathway, ultimately following the arrows indicated on the diagram, until all the liquid has

solidified at one of the low points on the liquidus surface. The diagram also shows the alterations which

can occur in the solid phases as the temperature is lowered further.




A 300-g high-purity single crystal of lithium fluoride,
viewed in polarized light, reveals the absence of
internal strains. As part of the Laboratory’s Pure
Materials Program, such crystals have been grown in
varying isotopic concentrations of the lithium from
99.99% lLithium-7 to 99.8 % lLithium-6 in order that
solid-state physicists may determine the influence of
isotopic composition on thermal conductivity. It is
necessary to free the crystals from all contaminants;
the concentration of manganese, a particularly
troublesome impurity, has been reduced below 1.86 ppb,
the limit of detection by neutron activation analysis.
The thermal conductivity of specimens cleaved from
these crystals has been found to approach the maximum
theoretical value. This finding has thrown light on the
mechanism of heat transport through crystal lattices.

CHEMICAL AND MATERIALS RESEARCH

AND ENGINEERING

Chemical research at the Oak Ridge National Lab-
oratory is concerned with all of the elements and
many of their compounds, including the man-
made heavy elements. Superimposed upon this is
work aimed at understanding the properties of
these materials in radiation fields of different
types and intensities. Typical projects in chem-
istry include study of decay schemes, radiation
chemistry, nuclear chemistry, the structure of
matter, new separation techniques, and the chem-
istry of reactor fuels, materials, and by-products.
The chemical engineers are concerned with the
development, design, and scale-up of new proc-
essing methods and equipment. A principal in-
terest of the metallurgists is the development of
new and improved reactor fuels and materials.

X-ray Interaction With Complicated
Molecules

Chemists have long been interested in the conse-
quences of the interaction of radiation with mat-
ter and in how such consequences can be avoided
or used to advantage. Scientists at the Labora-
tory have recently, and for the first time, been

studying in detail exactly what happens in the
first steps when x rays interact with compli-
cated chemical molecules.

The very first step is usually the ejection of
one of the electrons. If the x ray has enough en-
ergy to make the interaction energetically pos-
sible, the one most likely to be ejected is located
in the K shell, that is, the shell closest to the
nucleus of the heaviest atom of the molecule.

The atom involved readjusts to the resulting
hole by a series of cascading transitions in which
electrons from the L, M, and N shells successively
drop down to fill the vacant positions. These
transitions are known as Auger processes.
They are complicated because extra energy must
be released in each step in the transition, since
the K, L, M, and N shells have successively lower
binding energies.

Although it had been realized that this extra
energy would appear as additional ejected elec-
trons, it had not previously been appreciated that
there is a huge amount of ionization involved in
the readjustment to the x-ray interaction, both
by the initial atom and by its surrounding neigh-
bors. From the Oak Ridge work, it is now known
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This diagram shows the complete disruption of the
methyl iodide molecule into positively charged fragments
as a result of Coulombic repulsion. Only a single
wnteraction of an x ray with an electron in the iodine
atom is required to set off this molecular catastrophe; the
mitial expulsion of one electron is followed

by an Auger cascade in which a total of ten electrons

are ejected from the iodine atom. The ionized iodine atom
then immediately captures all the bonding electrons
previously required to hold the atoms together.

that as many as eight or ten electrons may be
ejected from an iodine or a lead atom, leav-
ing a very high positive charge on this atom.
Electrons are rapidly transferred from the other
parts of the molecule to give a collection of posi-
tively charged atoms in the irradiated molecule.
This whole molecule then literally explodes be-
cause of the Coulombic repulsion of its several
charged atoms.

The explosion products are identified with a
specially designed mass spectrometer, in which
the relative abundances of the different fragment
ions and their recoil energies are measured. For
example, it was found that on the average 11
electrons are ejected as the consequence of the
initial interaction of an x ray with ethyl iodide
(CoH5I) . Hardly any molecular fragments were
found, but rather only atoms of carbon, hydro-
gen, and iodine in various charge states. These
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monatomic ions were found to have considerable
kinetic energies, some nearly as high as 100 eV. _

A study of this highly destructive initial inter-
action of an x ray with a molecule may be of
great importance with regard to certain biochem-
ical systems. For example, in other laboratories,
a strong correlation has been reported between
the energy of an incident monochromatic x-ray
beam and the observed radiation damage to cer-
tain iron-containing enzymes and to chromosomes
which had been treated with an organic com-
pound containing bromine; a large increase in the
radiation damage was noted when the energy of
the x ray was increased above the known thresh-
old for interaction with the K shell of the heavy
atom. The Oak Ridge work suggests an explana-
tion for this correlation along the following
lines: (1) Heavy atoms play vital roles in the
functioning of these complicated chemical sys-
tems, (2) there is a relatively higher proba-
bility that an x ray will be initially absorbed
through interaction with the electrons of such
heavy atoms, and (3) the damage at the site
of absorption will be very substantial but highly
localized, thus blocking the chemical functioning
of the system.

Is There An H3O?

Everyone knows that the formula for water is
H,0, and chemists have had reason to believe that
oxygen can hold no more than two hydrogen
atoms in a stable, neutral molecule. During the
past year, however, chemists at the Oak Ridge
National Laboratory believe they may have found
the H30 molecule in the residual gas in a mass
spectrometer. What they have actually seen is the
ion H;O0+, but it is extremely likely that this
arises from neutral H;O molecules. The first H;O
molecules found were believed to have been
formed by surface reactions on the walls of the
apparatus; subsequently, H;O was made by a mo-
lecular beam technique in which surface reac-
tions were absent. The molecule is definitely not
the result of the reaction of H¢ plus H,O0+.
Analogous reactions were used to prepare what
is believed to be D;0. These new molecules may
be in excited states rather than in the ground
state, but, if so, their lifetimes are greater than
10—96 sec.

The existence of H;O, if established, will not
be easy to explain. When an oxygen atom has
formed two bonds to hydrogen in a water mole-
cule (H,0), it has used up all the likely places to
put electrons (the neutral atom starts with six,
and one comes with each hydrogen atom). Where



to put the ninth electron from the third hydro-
_gen is a puzzle, perhaps more difficult than the
similar puzzle posed by the xenon fluorides.

There are one or two other routes by which
H,0+ could be formed without requiring H;O
to exist. If one of these should prove to be the
explanation, the problem of accounting for the
existence of H;O would disappear, along with the
interest in the observation. These other routes
seem unlikely, however, and the present experi-
mental results are potentially so interesting that
it seems worth while to present them as an ex-
ample of research in progress even though an ele-
ment of doubt remains.

A research problem often goes through such a
period of intense interest — interest which may
prove to be justified and to lead on to new hori-
zons, but which sometimes collapses upon further
examination. This one is still at the tantalizing
point of uncertainty.

Use of Basic Radiation Chemistry to
Predict Radiation Effects on Reactor
Water and Solutions

Water and aqueous solutions are decomposed at
appreciable rates by radiations such as those from
a nuclear reactor. Where water — usually with
small amounts of added solute — is used as mod-
erator or coolant for a nuclear reactor, it is es-
sential to know the extent of such decomposi-
tion under the particular irradiation conditions
imposed by operation of the reactor. Chemists at
the Laboratory have found that the available in-
formation on radiation chemistry permits them
to make estimates of the decomposition of water
under the conditions commonly used in the cool-
ant-moderator systems of research reactors: irra-
diation by fast neutrons and by beta and gamma
rays, water temperatures below 100°C, dis-
solved hydrogen or oxygen in excess of the 2:1
stoichiometric ratio, and no withdrawal of gas
from a gas phase.

From 18 chemical and radiochemical reactions
— believed to include all those likely to be im-
portant for water in neutral or acid solutions —
kinetic equations were derived in which the rates
of formation and disappearance of each species
were equated. The steady-state concentration of
each of seven principal species was determined by
solving these equations with a computer. The va-
lidity of the method and of the values employed
for yields, rate constants, and activation energies
was tested and verified by comparing the calcu-
lated values with those known experimentally for

several systems, including the Oak Ridge Re-
search Reactor and the Engineering Test Reac-
tor. A similar approach has been used to assess
the effects of irradiation on the coolant-moder-
ator in the High Flux Isotope Reactor (HFIR)
at Oak Ridge National Laboratory. The energy de-
posited in the HFIR water by fast neutrons and
gamma rays will average about 100 W/ecm3, an
irradiation intensity higher than in previous re-
actors. Additional confirmation of the validity of
the predictions now awaits high-power operation
of the reactor.

Studies of stability of solutions under electron irradiation
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Water Solutions at High Temperatures
and Pressures

The behavior of water solutions at temperatures
below 100°C has been examined by very many
researchers. Although rigorous theories of solu-
tion behavior are still applicable only to solutions
that are very dilute, these studies have produced
a vast body of knowledge and many empirical
correlations. In contrast, knowledge of the be-
havior of water solutions at high temperatures
is largely lacking. This lack is distinctly unde-
sirable, because our understanding of such sig-
nificant and important processes as pressurized-
and boiling-water reactor technology, water de-
salination, corrosion by high-temperature solu-
tions, and geochemical synthesis of minerals re-
quires knowledge of the behavior of water so-
lutions at high temperature. More research at
high temperatures might be helpful for another
~reason: the structure of water almost certainly
 becomes simpler (and solution theories prob-
ably become simpler, too) as the tempera-
ture rises and hydrogen bonding within the so-
lution becomes less important. By the use of im-
proved high-temperature solution theory, it
may be possible to extrapolate to lower tempera-
tures and account more successfully for the com-
plicated low-temperature behavior than is now
possible.

For these reasons chemists at the Laboratory
have continued a selective experimental study of
the solubility of such salts and bases as calcium
sulfate, magnesium sulfate, and calcium hydrox-
ide in solutions containing other electrolytes
(such as sodium nitrate or sodium chloride) over
a wide range of concentration at temperatures
up to 350°C. These studies have revealed that the
solubility of a salt such as calcium sulfate in

Visual proof of the drastic reduction in
corrosion rate caused by adsorption of
unreduced TcOy tons on the surface of
passive iron. Plain carbon-steel coupons
were immersed i distilled water and

in5 X 10 * M KTc¢Oq4 + 10 ppm CL ™. The
specimen in distilled water soon
disintegrated because of corrosion, whereas
the specimen in TcO4 solution has
undergone no detectable weight change

n over 18 years since the exposure

was started in January 1953.
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dilute to very concentrated solutions can be de-
scribed at the high temperatures with adjustment
of only one normalizing factor.

Studies are also being made of the electrical
conductivity of solutions of sulfuric acid and of
sodium chloride in water at temperatures up to
800°C and pressures up to 4000 atm. These meas-
urements (those at the higher temperatures are
made on solutions in the supercritical fluid rather
than in the liquid) show, for example, that the
limiting equivalent conductances of many univa-
lent salts increase by factors of 5 to 10 from 25
to 400°C and then become essentially independ-
ent of temperature between 400 and 700°C when
the densities are kept constant by the applica-
tion of appropriate pressure.

Mechanism of the Action of
Inorganic Corrosion Inhibitors

Studies with technetium, a fission product ele-
ment not occurring naturally, have added consid-
erably to our knowledge of the way in which cor-
rosion in aqueous solutions is inhibited by the ac-
tion of widely used inorganic compounds. Tech-
netium in the form of the pertechnetate ion,
TcO,—, is closely analogous structurally to the
permanganate ion, MnO,—, and the important
corrosion inhibitor chromate ion, CrO,2-. It has
long been known that the surface of a metal may
be rendered inactive (passive) by making it the
positive electrode (or anode) in an electrolytic
circuit under suitable conditions of current flow.
Some investigators have considered that inorganic
inhibitors induce passivation by the generation
of a similar current through their own reduction
at the surfaces of the metal.

This hypothesis was tested at the Laboratory




in 1965 by anodically polarizing an iron electrode
in the presence of inorganic inhibitors, but with
the potential of the circuit controlled so that it
was not sufficient to cause a significant reduc-
tion of the inhibitor. When careful measurements
were made of the current densities and the aec-
cumulated charges, it was found that, in all cases,
the normal passive state was attained rapidly.
Nevertheless, the maximum initial current densi-
ties were very much less than those required
for passivation in the absence of the inhibitor, and
total charges of no more than a few millicoulombs
per square centimeter were sufficient for in-
ducing passivation. Neither pertechnetate nor
chromate was capable of supplying more than a
small fraction of the current density required for
passivation in the absence of the inhibitor.
Passivation was also achieved under some condi-
tions with the use of permanganate, not nor-
mally considered an inhibitor.

These results are considered to present clear-
cut evidence that reduction of the inhibitor is
certainly not the only role (and probably not the
major role) of inorganic inhibitors of this type.
Adsorbed unreduced inhibitor anions probably in-
duce passivation by exerting an electrostatic in-
fluence on the kinetics of the anodic processes
at the surface of the yeighboring metal atoms.

Computer-Controlled X-ray
Diffractometer

The crystallographer has long been plagued with
a tedious routine of data collection in which he
literally became a slave to his machine. Now, a
cooperative effort involving the Oak Ridge crys-
tallographers and the specialists in computer
technology has put an end to this slavery and

has made it possible for the crystallographer to
spend far more of his time in real scientific ef-
fort. A four-circle x-ray diffractometer that is
controlled in a simple way by a digital computer
has been in use since July 1965. During its first
five months, this instrument measured the in-
tensities of a total of 12,000 reflections from five
different cerystalline compounds.

Programs have been prepared to perform rou-
tines simulating manual operaﬁon of the diffrac-
tometer and thus to facilitate mounting and cen-
tering of the sample. If the unit cell or ori-
entation is unknown, it is possible to search for
reflections automatically. More often, however, a
preliminary photographic investigation has been
made so that the lattice parameters and orienta-
tion are known approximately. A reflection can
then be located by automatic two-dimensional
scan over the region in which it is expected.

Another program systematically sets the in-
strument to maximize the intensity and center
the reflection in the counter. Instrument angles
for two reflections located in this way serve to
define the sample orientation. This information,
together with the cell parameters, enables the
computer to calculate angle settings for any given
crystallographic indices, so that other reflections
can be readily located. If desired, the measured
instrument angles for several reflections can be
used as observations for a least-squares program
which refines the cell and orientation parameters.

A data collection program establishes the se-
quence of reflections to be measured and pro-
vides periodic checks of reference reflections. All
the results are corrected for coincidence losses
and for background counts. Finally, the data are
punched on paper tape for further processing on
a larger computer.
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Reactions of Refractory Materials

Refractory compounds, of which many important
ceramic materials are typical examples, under-
go chemical reactions readily in the solid state if
the temperature is made sufficiently high (1000
to 2000°C). Thus, chemical equilibrium among
the possible phases is readily established at high
temperature, and the definitive study of such
phase equilibria is both rewarding and relatively
easy.

At lower temperatures, however, the mobilities
of the ions and the rates of solid-state reactions
in refractories decrease markedly, becoming neg-
ligibly small at temperatures well above room
temperature. Unfortunately, intermediate tem-
peratures (500 to 1000°C) represent awkward
middle ground. There the reaction rates are too
slow for convenient study, but long-term use of
the refractory (as in a high-temperature nuclear
reactor) requires definitive information about
the equilibrium species. Equilibrium behavior in
this temperature range has frequently, and some-
times incorrectly, been inferred from trends in
the data at higher temperatures.

Since zirconium dioxide (ZrO,) and uranium
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dioxide (UO,) are important components of nu-
clear fuels, they have been studied intensively,
and their equilibrium behavior at 1400°C and
above has been definitively established by direct
solid-state reaction methods elsewhere. They dis-
solve in each other to form an extensive series of
solid solutions. The excellent high-temperature
results, in combination with (less certain) direct
data at somewhat lower temperatures, suggested
that marked solid-solution behavior (13 mole %
UO, in ZrO, at 600°C) might persist to much
lower temperatures, including the temperature
range of interest to the Molten-Salt Reactor Ex-
periment, whose fuel contains both zirconium and
uranium. Because contamination of the fuel with
water could lead to oxide precipitation, the phase
behavior of those oxides in the 500 to 1200°C
temperature range has been reexamined by the
use of a novel technique which has provided un-
equivocal approach to equilibrium.

A molten fluoride mixture (LiF, BeF,, ZrF,,
and UF,), contained in nickel equipment, was
used as a liquid medium in which to equilibrate
the oxides; the liquid acts as a flux, dissolving



some oxides and precipitating others. Equilibri-
um was rapidly established and could be ap-
proached from both directions — solid solutions
prepared at high temperatures decomposed into
two phases, and pure oxides dissolved in each
other. The data show that mutual solubility is
barely significant below 1110°C; at this temper-
ature ZrQO, dissolves 0.2 mole % of UQ,, and
UO, dissolves 0.4 mole % of ZrO,. As this tem-
perature is exceeded, ZrO, changes in structure
from monoclinic to tetragonal, and the solubility
of UO, increases sharply to 1 mole %. Further
increases in temperature produce significant mu-
tual solubility, and the values appear to extrapo-
late smoothly to the previously established equi-
libria at high temperatures.

These results are extremely reassuring to the
Molten-Salt Reactor Experiment, as they confirm
the expectation that the fissile uranium will not
be precipitated in the presence of the larger con-
centration of zirconium fluoride that was incor-
porated in the fuel. The use of a molten salt flux
to promote equilibrium between high-melting
solids should prove useful in the study of other
refractory materials.

Mixtures of uranium dioxide and zirconium
dioxide after equilibration for 8 h in the presence
of molten fluorides. The two pictures are
photomicrographs of oxide crystals after
equilibration; they have been washed in aqueous
solutions to remove the fluoride salts. The picture
on the left shows the well-developed red

cubic crystals of UO2 and the colorless monoclinic
crystals of ZrOs (5 to 10 4 on edge) formed at

a temperature of 1090°C, which is below the
transition temperature, 1110°C. These crystals
contain only 0.06 mole % UOs2 in ZrOg and

0.50 mole % ZrOs in UOs.

The picture on the right shows the extensive
formation of yellow solid solution at a temperature
of 1118°C — just above the transition temperature;
the monoclinic ZrO2 has disappeared, and the
yellow tetragonal ZrOg contains 2 mole % UOs in
solid solution. The cubic UOs phase still contains
only about 0.65 mole % ZrOs.
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The Ross Radioisotopic Light Source

A new concept in precision photometric analysis
was originated in 1965. This technique introduces
a new physical basis for measuring the opacity
of colored solutions by utilizing the unusual spec-
tral and emission properties of a beta-excited
light source.

Although absorption photometry is one of the
most valuable analytical methods available to
chemists, its use has been generally restricted to
the analysis of trace amounts of material. The
precision of measurements previously available
with conventional photometric instruments has
not been able to compete with that obtained by
other analytical procedures. The new concept pro-
vides such a high degree of precision that absorp-
tion photometry can now be extended to the
analyses of macro concentrations of materials.
Theoretically, there is no limit to the precision
that can be reached with the new system.

The heart of the new system is the self-pow-
ered radioisotopic light source consisting of two
components — a small amount of a beta-emitting
radioisotope combined with a scintillating ma-
terial (phosphor). The phosphor can be either
liquid or solid, organic or inorganic; the radioiso-
tope can be mixed with, deposited on, or located
in the vicinity of the phosphor. Beta particles
emitted by the isotope cause the scintillator to be
excited, with the subsequent emission of visible
light.

Under the influence of beta excitation, the
light source possesses two important character-
istics necessary for its use in this application.
First, the visible light output from the source
consists of a train of individual and discrete
pulses rather than the continuous emission ob-
served with a conventional light source. Sec-
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ond, the intensity of these pulses is not constant
but varies from zero to some maximum value;
the intensity of any given pulse depends on the
energy of the beta particle causing it. These two
properties of the source are essential for oper-
ation of the system.

If a colored solution is placed between the scin-
tillator and the photoelectric detector, the intensi-
ty of each light pulse is reduced by partial ab-
sorption in the solution, and therefore a shift is
produced in the pulse height distribution of the
output from the detector. Discriminators may be
introduced into the detector system so that only
a segment of the pulse height distribution is ob-
served. If the discriminator settings are suitably
chosen, there is a simple relation between the
counting rate and the concentration of the col-
ored species in the solution.

The light source selected for the prototype in-
strument uses chlorine-36 dissolved in a liquid
scintillator. The isotope has a half-life of 3 X
105 years, thus giving an extremely constant light
output over its expected life of eight years. New
sources are quite simple to prepare at low cost.

Since the output data from the system are
digital rather than analog, maximum sensitivity
and precision can be realized. The output also al-
lows digital computing equipment to be coordi-
nated directly with the analysis instrument.

For the future, the technique holds extraordi-
nary promise of application to remote analysis,
space and oceanographic explorations, and trace
determinations of organic materials important in
the study of biochemical processes involved in
molecular biology. The technique can also be used
to advantage in the more mundane problems of
conventional photometric analysis.



Half-Life Values for the Radioisotopes
of Californium

A reliable half-life value for a radioisotope is es-
tablished only after many consistent data are ob-
tained by numerous workers using unrelated
methods. At the Oak Ridge National Laboratory,
half-lives for the radioisotopes of californium were
measured by mass spectrometry, a means dif-
ferent from and independent of the usual tech-
nique of radiochemical counting. This technique
gives the total half-life, a composite of all the
various modes of decay. With mass spectrometric
techniques, measurements were made on 3- to
5-ng (1 ng = 10—? g) quantities of californium;
the ratio of the mass of californium-252 to that
of each of the other californium radioisotopes
(249, 250, 251), which have longer half-lives, was
measured three consecutive times, separated by
about three-month intervals. The half-life of
californium-252 was calculated from the changes
in the mass ratios with time.

The half-lives of californium-249, -250, and
-251 were similarly determined from measure-
ments of the changes with time in the mass ratios
of the curium isotopes (245, 246, 247, 248), which
are the daughters of the californium isotopes 249,
250, 251, 252; the ratios of the other curium iso-
topes to curium-248 were measured. Curium-248
was used as a base line since it is the daughter
of californium-252, whose half-life is believed to
Ross radioisotope light source be the best known of the group.

The results are compared below with those
found at Argonne National Laboratory by the use
of a spontaneous-fission counting technique. The
two methods have substantially confirmed each
other.

TRU mass spectrometer in alpha
containment laboratory

Half-Life (years)
Californium
Radioisotope ORNL Value ANL Value
249 315 = 20 320
250 12.7 = 0.3 183.2 = 0.5
251 892 + 88
252 249 = 0.2 2.646 =+ 0.004
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This experimental 11-stage stacked-clone contactor
consists of a tandem series of hydraulic cyclones
individually driven by pumps, as indicated in the inset.
In each stage the whirling motion of the liquid produces
a high shear field for extraction, a high centrifugal
field for rapid phase separation, and countercurrent
flow. This unit is a forerunner of units that will
extract and decontaminate the heavy metals from
highly irradiated reactor fuels, with contact times so
much shorter than in conventional contactors that
much higher radioactivity can be tolerated.

Separations Chemistry and Engineering

Separations processing is an important aspect of
the atomic energy program because of the need
for recovering and purifying uranium and thori-
um from ores, reprocessing reactor fuels, recov-
ering fission products, separating transuranium
elements, recovering metals critical to the make-
up of fuel elements, ete. Of the several available
separation methods, solvent extraction is used
most widely because of its operational simplicity
and adaptability to remote control. In a simple
example of this method, an aqueous solution con-
taining many different metal ions is contacted
by an organic solvent. By appropriate choice of
solvent composition, a single desired metal ion is
taken into the organic phase, from which it is
removed subsequently in pure form by contacting
with a different aqueous solution.

The first large-scale use of solvent extraction
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for processing metals was in the purification of
uranium concentrates for reactor fuels and dif-
fusion plant feed. Later, chemical technologists
at the Laboratory developed the highly effective
Purex-type processes, which are now being used
throughout the world to reprocess reactor fuels,
and the Amex and Dapex processes, which are
now used extensively throughout the uranium ore
processing industry.

The wide choice of reagents and operating con-
ditions continues to make solvent extraction a fer-
tile field for research and development. Some re-
cent advances at the Laboratory in process chem-
istry include the following: (1) recovery of the
useful fission products (strontium, rare earths,
cesium, zirconium, niobium, ruthenium) from re-
actor fuels; (2) separation of the man-made
transplutonium elements formed in high-neutron-




flux reactors; (3) production of the specialty
metals cesium, rubidium, and beryllium from
their ores; (4) identifying and testing further
new extractants; (5) progress in controlling the
degradation of extractants when exposed to radi-
ation and reactive chemicals; and (6) progress
in understanding the fundamental principles of
solvent extraction by liquid ion exchangers.

An interesting engineering innovation has been
the development of a stacked-clone contactor. In
radiochemical processes, irradiation of the organ-
ic phase produces decomposition products that can
reduce the efficiency of the operation. This effect
is expected to be more pronounced in the future
processing of power reactor fuels which will ex-
perience higher burnup and, thus, contain a much
higher level of radioactive constituents than those
produced previously. The stacked-clone contactor
offers relief from the potential problem, however,

because of the short time in which the organic
and aqueous phases are in contact, namely, 3 sec
per stage, as compared with 30 sec per stage in
conventional contactors.

It is gratifying to note that the processes de-
veloped at the Laboratory have been found useful
by private industry in applications to materials
outside the main interests of the Atomic Ener-
gy Commission. Also, the success with solvent ex-
traction in the atomic energy program has en-
couraged research on this technique by private
industry, and several new solvents are now used
on a large scale.

Meanwhile, solvent extraction continues to be
studied at the Laboratory in conjunction with
other important separations methods such as dis-
tillation, sublimation, adsorption, ion exchange
and ion exchange chromatography, other chroma-
tographic separations, and foam separation.
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In the burn-leach process the crushed HTGR fuel is burned with oxygen in a bed of
fluidized alumina particles at 700 to 750°C. The thorium, uranium, and fission
products are leached from the alumina with 13 M HNO3 (plus 0.05 M HF, if needed).
The alumina, which provides good heat transfer in the burning step, can be

recycled to the fluidized bed or stored as waste.
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Power Reactor Fuel Processing

After use in a reactor, spent nuclear fuel nor-
mally still contains valuable materials that must
be recovered and reused. Thus, chemical process-
ing to recover uranium, plutonium, and thorium
is an important part of the nuclear fuel cycle.
Processes developed and pilot-planted at the Oak
Ridge National Laboratory are used for most fuel
processing operations in the world today. These
include the Purex process for uranium-plutonium,
Thorex for thorium-uranium, and TBP-25 for
highly enriched uranium-235. Other developments
include the shear-leach head-end treatment, for
preparing metal-clad tubular fuel rods for solvent
extraction, which will be used at the first com-
mercial processing plant in the United States —
the Nuclear Fuel Services facility in New York
State — and the chemical decladding methods to
be used in Europe at the Eurochemic plant. At
the present time, burn-leach and grind-leach
head-end processes are being developed for graph-
ite-type fuels for high-temperaure gas-cooled re-
actors (HTGR). In the field of nonaqueous proe-
ess development, the fused-salt volatility process
was pilot-planted at the Laboratory, and the
fluidized-bed volatility pilot plant is now being
built here.

HTGR FUEL PROCESSING

In the past year, emphasis has been placed on de-
velopment of a burn-leach process as a head-end
treatment to prepare HTGR fuels for solvent ex-
traction. The HTGR, as typified by the Peach
Bottom prototype reactor and the proposed power
reactor for Colorado Public Service Company, is
one of the most promising concepts of the Atomic
Energy Commission’s “advanced converter” re-
actor development program. A typical HTGR
fuel, for example, uranium-thorium carbide or ox-
ide microspheres coated with pyrolytic carbon and
contained in a massive graphite element, is quite
different from the metal-clad oxide fuel of pres-
surized- and boiling-water reactors, and requires
special treatment. Before solvent extraction, it is
necessary to remove, or at least break, the pyro-
lytic carbon coatings to permit dissolution of the
uranium and thorium, and it is also necessary to
separate the bulk graphite from the fuel. Exist-
ing processing plants are not equipped to handle
this type of fuel, but provision for it will have

to be made before this reactor concept can be com-
petitive.

As developed here through the laboratory and
small engineering scale, the burn-leach process
involves crushing the element and burning the
pieces in a fluidized bed of alumina particles. Re-
moval of radioactive fission products from large
volumes of off-gas is the primary problem with
the process. The off-gases from the burner, pri-
marily carbon dioxide and carbon monoxide, are
passed through micrometallic filters, mixed with
steam which is then condensed, and finally
passed through absolute filters to remove essen-
tially all fission products except the rare gases
xenon and krypton. The xenon and krypton can
be discharged safely to the atmosphere at most
processing plant locations, though removing them
also from the off-gas stream is under study.

A grind-leach process for HTGR fuel is also
being studied. The fuel elements are crushed to
millimeter size, then ground small enough to
break the particle coatings (typically to 80 u or
less) in a roll mill. After leaching with nitric
acid to dissolve the fuel, the finely divided graph-
ite is stored as radioactive waste. The off-gas
volume is much smaller than from the burn-leach
process, simplifying off-gas treatment, but the
handling and storage of large volumes of graphite
powder containing fission products presents a
serious problem.

MOLTEN-SALT REACTOR
FUEL PROCESSING

Another very promising reactor concept, under
development at the Laboratory, is the molten-salt
breeder reactor. Continuous processing of the cir-
culating core and blanket fuel salts with mini-
mal delay is important to achieving attractive
breeding ratios and doubling times with this re-
actor concept. Laboratory- and engineering-scale
tests, and also the Molten-Salt Reactor Experi-
ment itself as a hot pilot plant, are being used
to study volatilization to recover the uranium-
233, vacuum distillation to recover the valuable
lithium fluoride and beryllium fluoride, and other
methods for removing fission products and re-
covering the thorium. (See also the section de-
seribing the Molten-Salt Reactor Program.)

FLUIDIZED-BED VOLATILITY
PILOT PLANT

In cooperation with Argonne National Laboratory
and the Oak Ridge Gaseous Diffusion Plant, a
fluidized-bed volatility process is being developed
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as an alternative to solvent extraction for recov-
ering uranium and plutonium from low-enrich-
ment UO, fuels. The principal contribution of the
Laboratory will be a pilot-plant-scale demonstra-
tion with irradiated fuel to obtain data needed
in design of a full-scale commercial plant. De-
sign of the fluid-bed equipment is well under way,
and major equipment pieces are under construc-
tion. Hot operation is scheduled for 1968-69.

Studies on Chemical and Metal
Production Using Low-Cost Nuclear

Energy Sources

Large quantities of low-cost nuclear energy in the
form of electricity and steam will become avail-
able with the advent of big dual-purpose reac-
tors that will generate power in addition to de-
salting seawater. Projected power costs are as
low as 1.6 mills/kWh at the desalting site. This is
less than most hydroelectric power rates, which
currently fall in the range of 2 to 3 mills.

A program is in progress at the Laboratory to
survey the chemical and metallurgical industries
to determine which processes could use this low-
cost energy. On the basis of both literature and
laboratory studies, one very promising possibility
is the manufacture of hydrogen by the electro-
lytic decomposition of water. Hydrogen is a key
chemical since it is in heavy demand for the
manufacture of nitrogenous fertilizer to provide
food for the world’s growing population. The cost
of manufacturing ammonia for fertilizer, using
hydrogen produced in recently developed electro-
lytic cells at low power rates, could be competitive
with the cost of ammonia produced by a mod-
ern steam-methane reforming plant in localities
where the price of natural gas is 34¢ per thou-
sand standard cubic feet (average industrial price
in the United States in 1963) or greater. Another
phase of this nitrogenous fertilizer program con-
cerns the direct fixation of nitrogen from air at
high temperatures using a plasma jet technique.

Other possible industrial chemical and metal-
lurgical products that have adequate market po-
tential and require large quantities of energy
for their manufacture include nitric acid, nitro-
phosphate fertilizer, iron, steel, ferroalloys and
phosphorus produced in an electric furnace, arc
process acetylene, calcium carbide, chlorine, alu-
minum, salt, and magnesium.

Waste Treatment and Disposal

The isolation of radioactive waste products from
man and his environment is the goal of the waste-
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management research at the Oak Ridge National
Laboratory. No one system will be uniformly ap- -
plicable; therefore, methods have been devised to
separate, homogenize with asphalt, calcine, and
melt into a glass matrix the radioactive wastes.
The wastes may then be injected into semiperme-
able shale formations as a cement-waste admix-
ture or stored in impermeable salt mines for ulti-
mate disposal. Since 100% of the waste products
can be removed only at inordinate expense, it is
fortunate that small nonhazardous amounts may
be released safely to the environment.

WASTE TREATMENT

Low-Level Radioactive Waste Treatment

Processes are being developed for removing traces
of radioactive elements from large volumes of
water prior to discharge to surface streams. Past
practice has sometimes relied upon dilution of
the wastes by these streams to lower the pollu-
tion to drinking-water levels. A newer concept
under study consists of decontaminating the wa-
ter to drinking-water levels prior to discharge.
Alternatively, the decontaminated water may be
reused rather than being discharged, and in this
regard the research is applicable to the recycle
of nonradioactive industrial and urban waste wa-
ters, where essentially complete demineralization
and clarification are required. A water recycle
process is now being developed which ¢onsists in
(1) clarification by zeta-potential-controlled ad-
ditions of the coagulant, alum, and the coagulant
aids, activated silica, and a nonionic polyelectro-
lyte; (2) demineralization by ecation-anion ex-
change; and (3) sorption of remaining radioac-
tive and nonradioactive contaminants by gran-
ular-activated-carbon treatment. Overall decon-
tamination factors of 1000 to 10,000 are achieved
for all major radionuclides, including cobalt-60
and ruthenium-106. Up to 2400 volumes of a low-
salt-content waste can be treated per volume of
cation resin.

Incorporation of Intermediate-Level
Radioactive Waste in Asphalt

Incorporation of waste in asphalt or other plas-
tic media and storage or burial of the material is
being studied as a general method for treating
all types of intermediate-level waste. This proce-

Hydrofracture plant, showing elevated dry

storage tanks, injection well cell, and high-pressure
mjection pump capable of achieving 6000

pst at 100 gpm.
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Drawing a sample of asphalt containing simulated
ntermediate-level radioactive waste from the
maxer-distillation unit. Liquid wastes are mixed
with emulsified asphalt, and the water is

removed by distillation. The

radioactive solids remain in the asphalt.
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Removal of a pot containing calcined simulated
high-level radioactive waste from the furnace.

In actual practice the pot would be sealed by
welding and shipped to a permanent disposal site.

Waste transporter and 25-ton shield in salt
mane at Lyons, Kansas, in position to place solidified

high-level wastes into floor of mine using
remote-control pendant.




dure is simple, inexpensive, relatively insensitive
to the waste type, and largely independent of lo-
cal geologic and hydrologic conditions. The prod-
uct may be shipped to a burial site or stored or
buried locally. The product is extremely insolu-
ble in water, and less than ¥ ,00¢ of the radio-
activity is leached per day from a given sample.
Since this is only 1 or 2% of the amount leached
from a similar cement product, the material cur-
rently used to incorporate waste prior to burial,
the use of asphalt may prove to be a safer dis-
posal method. The process consists in adding
waste directly to emulsified road asphalt at tem-
peratures up to 100°C, raising the temperature
to about 160°C while stirring, and draining the
product into a steel barrel which serves as a stor-
age vessel,

The radiation stability of asphalt limits the
amount of radioactivity which can be incorpo-
rated. Initial studies indicate that asphalt should
be satisfactory up to at least 108 rads of ab-
sorbed radiation.

Calcination and Conversion to Glass

Three solidification processes have been devel-
oped for converting wastes from plants process-
ing spent reactor fuels. In the pot calcination
process, the waste is evaporated to dryness in a
stainless steel pot and then calcined at 900°C.
The pot is then welded shut and shipped to an
ultimate disposal site. In the alternative processes,
glassmaking fluxing additives are added to the
waste so that a highly insoluble, glassy mass is
formed on evaporation to dryness and heating to
900°C. Development of the calecination process
has been completed, but further work is re-
quired on the glass processes to minimize corro-
sion. Both phosphate glasses and lead borosili-
cate glasses have been investigated.

DISPOSAL IN GEOLOGICAL FORMATIONS
Disposal by Hydrofracture

Laboratory intermediate-level wastes, mixed with
cement and admixtures, have been successfully
injected into fractures developed 800 to 1000 ft
below the ground surface. The Experimental
Shale Fracturing Disposal Plant was used for the
second year to determine the maximum volume
of an injection, the minimum height between in-
jections, and the possibilities of multiple injec-
tions into a single slot.

More than one injection has been made in a

“single slot, and injections of 150,000 gal of wastes

have been made in six slots 8 ft apart. These
results indicate that it will be possible to achieve
economic disposal by hydrofracture techniques
using large volumes of waste per injection and
closely spaced injections. The intermediate-level
wastes from the Laboratory will be evaporated;
then it is planned to dispose of the residues in
fractures.

The cement-waste mixtures have been enhanced
by the use of various clays with specific reten-
tion capabilities for the nuclides of interest. In
addition, antifoaming and set-retardant mixtures
are added.

Disposal in Salt Formations

Disposal of solidified high-level radioactive
wastes in rock-salt formations is considered to
be the best approach to the solution of the ulti-
mate disposal problem. In November 1965, 14 En-
gineering Test Reactor fuel assemblies contain-
ing over 1,000,000 curies of fission products were
lowered, unshielded, 1000 ft to specially mined
chambers in the out-of-service Carey salt mine
in Lyons, Kansas. The demonstration uses the
irradiated fuel assemblies, because suitable solidi-
fied high-level wastes are not yet available.

The specially mined rooms are in a typical
mine configuration but above the usual working
level of a bedded mine so that the fuel assemblies
may be stored in pure salt. The assemblies with
auxiliary heat input are arrayed in such a fashion
as to simulate a room full of long-cooled fission
products. A duplicate array with electrical heat-
ing only serves as a control. The transfers with
unshielded fuel assemblies were completed using
remote controls and resulted in less than 200 mR
as the maximum dosage to personnel involved in
the transfer operation.

Preliminary results indicate an almost immedi-
ate transfer of thermal stresses from the floor
to the adjacent pillars and to the roof. This has
resulted in an increase in the rate of separation of
the 2-ft-thick salt layer from the shale parting
immediately above it. The total separation is
less than 1 in., while separations as great as 1 ft
have been observed elsewhere in the mine. The
quick transference of stress from the floor to the
roof confirms the preliminary design of backfill-
ing the excavated rooms in an actual operation
immediately after filling.
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Transmission electron
micrographs of irradiated
and annealed stainless steel,
showing effect of titanium
addition. Upper photo shows
one of the heliwm bubbles
responsible for high-
temperature embrittlement.
Lower photo shows lack of
bubbdles on the grain boundary
of the modified alloy. It

also shows particles of the
titanium-bearing precipitate
that is believed to have
trapped the transmutation-
produced helium.

ENVIRONMENTAL STUDIES

The extent and mode of movement of radionu-
clides off soil surfaces by runoff and erosion and
into the soil profile by infiltration will deter-
mine to a large measure the hazard potential of
soil-deposited nuclides from fallout, routine op-
erations of nuclear facilities, and peaceful uses
of nuclear explosives. To obtain a more realistic
estimate of these effects, small field plots were
deliberately contaminated with cesium-137. The
plot surfaces were bare soil, clipped meadow, and
tall meadow. After 53 in. of rainfall in one year,
the cesium loss from the bare plot was almost
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twice as great as from the clipped meadow and
almost five times as much as from tall meadow
plots. The losses were experienced mostly during
five intense rainfalls during the winter and
spring seasons. The soil losses also occurred dur-
ing that time, as predicted by theory. At the
end of the year, the concentration of cesium-137
in the vegetation was one one-billionth of that
in the original vegetation, indicating no cycling
of the cesium into the grass grown on these de-
liberately contaminated plots. The specific activi-
ty of the soil lost from the bare plot was only
one-sixth of that of the soil lost from the vegeta-




tion-covered plots. This higher activity is pri-
marily due to the large leaching loss from the
vegetation and litter and the smaller amount of
erosion.

Mechanical Properties Research

Metals and other materials used in nuclear reac-
tors are subjected to environmental conditions
more severe than those encountered in most other
technologies. The Laboratory therefore has a
continuing program studying environmental ef-
fects on the ability of materials to maintain their
mechanical functions. The major recent emphasis
has been on the effect of radiation on the strength
and ductility of structural metals and graphite.
Two important recent accomplishments in this
area have been the explanation and alleviation of
the high-temperature radiation damage in stain-
less steel and the demonstration that graphite
under irradiation deforms to accommodate in-
service strains.

IRRADIATION OF STRUCTURAL METALS

The most commonly observed effect of radiation
in metals is an increase in yield strength (re-
sistance to permanent deformation in short-time
tests) and a decrease in ductility (ability to de-
form rather than fracture under loads exceeding
the yield strength). These effects arise from
atoms being displaced from their normal posi-
tions by collisions with high-energy neutrons.
This type of damage is observed only when the
irradiation occurs at temperatures below half the
absolute melting point. At higher temperatures
the atoms are so mobile that the equilibrium
structure is maintained during irradiation or re-
stored during postirradiation annealing.

A second type of damage was observed when
irradiated iron- and nickel-base alloys were tested
at temperatures high enough to anneal out the
first type. They were severely embrittled without
much change in strength. The high-temperature
damage was of primary concern because it oc-
curred in a common service temperature range
for these materials. Work at the Laboratory and
elsewhere traced this damage to grain-boundary
accumulation of helium bubbles; the helium came
partly from alpha particles produced by the ther-

mal-neutron reaction 1°B (n,a) 7Li.
Recent experiments at the Laboratory have

both improved understanding of the high-temper-

ature damage to type 304 stainless steel and
shown ways to decrease it. First, preirradiation
heat treatments that reduced the grain size im-
proved the postirradiation ductility. Purification
of the alloy from boron did not eliminate the
damage but decreased it to a level that was unre-
lated to the residual boron concentration. In this
way a substantial part of the damage was traced
to (n,a)reactions of other elements, notably iron,
nickel, and nitrogen, with the fast neutrons that
are invariably present in a reactor. (This type
of damage becomes especially important in fast
reactors.) A major improvement in postirradi-
ation duectility came from incorporation of small
amounts of titanium in the alloy. This element
combines with boron and other elements to form
a fine dispersion within the alloy grains. The
dispersed particles trap helium at sites that are
away from the sensitive region and are too numer-
ous to permit bubble formation. Also, helium from
boron is formed at these sites rather than at the
grain boundaries. The maximum improvement in
postirradiation ductility was obtained with 0.2%
titanium in the stainless steel. In another method
the dispersion of up to 0.1% aluminum oxide in
the steel improved postirradiation ductility. This
addition either refines the grain size of the steel
or provides sites where helium can segregate.

IRRADIATION OF GRAPHITE

Graphite demonstrates a relatively complex di-
mensional instability under irradiation. Thus,
graphite moderator blocks subjected to thermal
gradients and fast-neutron flux gradients will ex-
perience differential dimensional changes that
can introduce large strains in the graphite. These
strains in many cases are larger than the normal
fracture strains for graphite. However, it has been
observed at the Laboratory that graphite will un-
dergo irradiation-induced creep (permanent de-
formation on prolonged exposure to stresses too
small to cause significant strain in short-time
tests). With this as a possible way of accommo-
dating the dimensional changes, in-reactor creep
experiments are being made to measure the mag-
nitude of the creep strain. For example, it has
been found that graphite, which normally frac-
tures at strains of about 0.2%, will absorb strain
in excess of 0.45% under fast-neutron irradiation.
Thus graphite can be used as a moderator in re-
actors with less fear of damage to complex me-
chanical shapes.
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Microstructure of zirconium-niobium alloy with
superconducting properties enhanced by heat treatment.
Sufficient heating in the range 600 to 950°C converts

a portion of the alloy to a mixture of layers with

two different compositions. Alloys so treated can carry
heavier currents in the superconducting state than

the same alloys as produced commercially at present.

Enhancement of Superconductivity
by Metallurgical Treatment

The commercially important niobium-zirconium
superconducting alloys (20 to 60% zirconium)
are normally given a precipitation heat treatment
before final severe cold working to obtain the
highest eritical currents in high magnetic fields.
Recent studies at the Laboratory have shown that
additional large increases in critical current.in
these alloys can be obtained by subsequent heat
treatment to form multiphase microstructures.
Heating for sufficient time in the temperature
range 600 to 950°C will cause the cast, an-
nealed, or cold-worked single-phase structure in
these alloys to transform to a lamellar struc-
ture consisting of a zirconium-rich phase and a
niobium-rich phase, resembling the microstruc-
ture known as pearlite in transformed steels. In-
dependent control of the distribution and volume
fraction of the lamellar structure and of the
platelet thickness and spacing within that struec-
ture can be obtained by appropriate choice of
composition, initial grain size, amount of cold
working, heat-treating time, and temperature of
transformation. A maximum increase of nearly
20 times the critical current has been produced
in commercial niobium—33% zirconium alloy by
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heat treatment at 750°C, transforming 30% by
volume of the alloy to the lamellar product. After
this treatment, there is a continuous grain-bound-
ary network of the lamellar structure, and the
platelets of the zirconium-rich phase are between
0.1 and 0.2 u thick with an interlamellar spacing
of 0.6 1 .

High-Temperature Physical Property
Measurements

Knowledge of high-temperature physical proper-
ties enables realization of the full capabilities of
materials, particularly in uses such as nuclear
fuel elements, where heat conduction limits per-
formance. However, useful measurements of these
properties are time consuming, difficult, and ex-
pensive, so that data for high temperatures are
very incomplete. The Laboratory has been filling
this void by developing diverse and accurate
measurement methods and using theoretical inter-
relationships to permit reliable prediction of
properties difficult to measure. Recent accom-
plishments include a thorough study of the ther-
mal conductivity and other properties of tungsten
and the development of a very rapid method for
measuring specific heat.

PHYSICAL PROPERTIES OF TUNGSTEN

Tungsten, because of its high melting point, is a
material of especial interest in reactor technology.
Thermal conductivity measurements have been
made on a large, pure, and dense tungsten speci-
men in a radial heat flow apparatus. Thermal
conductivities accurate to within +=1.5% were
obtained between —200 and 1000°C; the values
decreased monotonically with temperature. In the
range 350 to 800°C, these data are the first to
be obtained by a reliable method. Simultaneous
measurements of electrical resistivity and thermo-
electric power of this tungsten in the range —269
to 1400°C were used to calculate the electronic
portion of the total thermal conductivity and to
predict the thermal conductivity to 1400°C to a
certainty of better than +3%. The calculated
lattice thermal resistivity was not the expected
linear function of temperature, and became ex-
cessive when extrapolated to the melting point
of tungsten. These disturbing factors may be
caused by a more complicated relationship be-
tween electronic thermal conductivity and elec-
trical conductivity than customarily used. For-
tunately, a method of treating the data was
found that removes the disturbing behavior of



the lattice thermal resistivity. This extension of
theory has indicated that the precise behavior
of electrical resistivity to high temperatures holds
the key to a consistent analysis of heat transport
mechanisms. Measurements are now being ex-
tended to 2200°C.

SPECIFIC HEAT OF IRON

Specific heat is a fundamental quantity needed
to calculate other thermodynamic properties. The
Laboratory has therefore developed and tested a
rapid pulse-heating calorimetric technique for
measuring the specific heat of any electrical con-
ductor between 100 and 900°C. A direct current
is used to self-heat an instrumented specimen
suspended in a constant-temperature blackbody
vacuum chamber. To measure the specific heat of

a solid, the current flowing through the speci-
men is increased suddenly, and the time depend-
ence of the specimen temperature change and

‘power dissipation is recorded to within +=0.1%

accuracy. Results on an iron specimen agreed
within 2% with those of other studies from
100 to 900°C, except at the Curie point, where a
previously undetected 33% discontinuity in the -
specific heat was found. These measurements are
being extended to other ferromagnetic materi-
als, and their theoretical implications are be-
ing examined.

The specific heat of iron as a function of temperature,

as measured by a pulse-heating method. Note the

specific heat discontinuity at the Curie point, indicated by
arrows marking points representing two measurements at
essentially the same temperature in the same experiment.




Zirconium Crystal Research

Metallurgists at the Oak Ridge National Labora-
tory have pioneered the use of zone refining with
electron-beam heating for purifying zirconi-
um and growing single crystals. Recently a unique
high-vacuum electron-beam zone refiner has been
used to prepare crystals of unusual purity. Meas-
urement of the low-temperature electromagnetic
properties of these crystals has contributed to the
understanding of the nature of the electron en-
ergy bands in zirconium.

The device has also been used to prepare super-
conducting alloys of zirconium, hafnium, niobi-
um, and tantalum, some extremely pure and oth-
ers having known additions of typical impurities.
Studies of such specimens have shown that par-

Electron-beam zone refiner for extreme
purification of reactive metals, shown with
the stainless steel bell jar removed. In

this device a very sharply focused electron
beam melts a short zone of the rod-shaped
specimen. Unique chain-drive elevators

are coupled magnetically to the exterior to
give free and independent motion of the
electron gun and the specimen without
trapping of gas. As the molten zone moves
along the specimen rod, some impurities are
swept to the end of the rod, while others
evaporate into the ultrahigh vacuum. In the
sharp temperature gradient in the wake

of the molten zone, the metal forms sizable
crystals. Measurements of the electrical
resistance of zirconium crystals prepared
n this way indicate that they contain only
one-third to one-half as much impurity as
the best previously available zirconium.
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ticular impurities play a significant role in de-
termining current-carrying capacity in strong
magnetic fields.

Electrical discharge machining has been used
to form zirconium crystals into spheres for study
of directional effects on various properties, such
as oxidation rate. Use of a sphere not only per-
mits obtaining the same information on one
specimen that would require many flat specimens
but also assures that no crystallographic plane is
overlooked. From the large variation in oxida-
tion rate observed for small differences in crys-
tal direction, large differences in the oxidation
rate would be expected for different lots of the
same polycrystalline alloy with seemingly minor
differences in preferred orientation.

A single-crystal sphere of zirconium, oxidized in air 20 min at 360°C.
Sufficiently thin oxide films exhibit interference colors, which are a
measure of their thickness. In this piobotograph the light blue indicates
the greatest thickness of oxide, 800 A. Thinner films are successively
dark blue, purple, brown-yellow, and gold (350 A). The color pattern
clearly demonstrates the anisotropy of oxidation. The center of the
six-pointed star is the basal pole, where the surface consists of

the closest-packed plane of atoms in the crystal. On this plane the rate
of oxidation can be two to four times as great as for directions only
20° away. The black circle is a reflection of the camera lens and is
unrelated to either the oxidation pattern or the perfection of the crystal.




Biological
Sciences




Work in the biological sciences at the Laboratory
is centered in the Biology and Health Physics
Divisions. The work in the Biology Division
has emphasized the action of radiation and,
more recently, of chemicals on living things at
various levels from the whole animal to the mo-
lecular. The investigations are designed not only
to explore these specific problems but to con-
tribute to basic knowledge in such fields as bio-
physics, biochemistry, genetics, immunology, ex-
perimental pathology, and developmental biolo-
gy. Important recent developments are cooper-
ative programs with the National Institutes of
Health and the National Aeronautics and Space
Administration. There has been an increasing
trend for collaboration with the chemical tech-
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nology and engineering specialists of the Lab-
oratory in solving problems requiring large-scale
isolations and containment.

The work in the Health Physics Division has
as its purpose the protection of man and his en-
vironment from unwarranted radiation exposure.
Because of this wide-ranging charter, the re-
search activities extend from fundamental studies
of the interaction of radiation with matter to
dosimetry, to transport and accumulation, to ef-
fects on the biosphere, and to engineered systems
to prevent the spread of radioactive materials.

Representative examples of these various kinds
of work are given in these pages, but they can
give only an incomplete picture of the broad scope
of the biological work at the Laboratory.

Biology Division, Oak Ridge National Laboratory



BIOLOGY

No Radiation-Induced Cancer in Mice Exposed Prenatally

A correlation has been reported between exposure
of pregnant women to diagnostic x irradiation
and an increased risk of cancer to their exposed
children. Biologists at the Laboratory have not
confirmed this association in the one mouse strain
(RF) tested in experiments thus far. In fact, life
expectancy, as well as the incidence of leukemia
and other neoplasms, was affected relatively lit-
tle in mice that were exposed during wvarious
stages of fetal development, whereas such expo-
sures lead to marked effects in mice irradiated
after birth. The significance of these results for
human beings may be complicated by the ab-
sence in immature mice of neoplasms analogous
to the childhood cancers which have been report-
ed to be associated with prenatal irradiation in
man.

Pregnant mice were exposed to fixed levels of
X irradiation at a definite time during their 20-
day gestation period, whereas pregnant “control”
mice were treated identically except that they
were not irradiated. After treatment, the two

groups were returned to their cages, and their
pregnancies were allowed to come to term. Their
litters were weaned at three weeks of age, caged
by sex and treatment, observed thereafter
throughout life, and autopsied at death. It was
found that exposure to 50 or 150 R of whole-body
x irradiation at 9.5, 12.5, or 17.5 days in gesta-
tion or to 300 R at 17.5 days in gestation neither
significantly increased mortality before birth, nor
increased the incidence of leukemia and other
diseases after birth. These findings substantiate
earlier data that had also failed to reveal signifi-
cant carcinogenic effects induced by irradiation
of mice during gestation.

The observed resistance of the mouse fetus to
life shortening and carcinogenesis contrasts with
its generally high sensitivity to other types of ra-
diation injury. The explanation for the observed
lack of susceptibility is being sought in further
experiments and may provide important clues as
to the mechanisms of radiation-induced life
shortening and cancer.
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Chemical Inhalation Carcinogenesis

Increasing emphasis is being placed on the detri-
mental effects to man of atmospheric pollution.
One example of this is the worldwide increase in
the incidence and severity of lung cancer, which,
in part, seems to be related to environmental con-
ditions. Such factors as virus infection, atmos-
pheric pollution by chemicals in the form of aero-
so0ls in both urban atmospheres and work environ-
ments, and possibly radiation have been impli-
cated. These epidemiological observations indicate
the need for studies aimed at establishing the
significance of these factors and elucidating the
biological and biochemical changes that finally
give rise to lung cancer. The objective of the
joint Atomic Energy Commission—National In-
stitutes of Health Inhalation Carcinogenesis Pro-
gram is an examination of the role that these
factors play in the experimental induction of pul-
monary tumors in mice. Correlated with this will
be a study of the effects of viruses and chemi-
cals on the various systems in the animals.

The experimental design is to subject six-week-
old C57/BL6 mice to either an initial insult of
radiation, influenza virus, or both sequentially,
and upon recovery to expose the animals either to
a gasoline smog or to an inorganic chemical dust
in inhalation chambers daily throughout their
life-span. At appropriate intervals, animals will
be killed, examined for lung-tumor induction and
growth, and compared with suitable irradiated,
virus-infected, and washed-air control animals.
Success is heavily dependent on both knowledge
and control of the chemical, biological, and viral
condition of the animals. To supply the necessary
high-quality animals for this work, an isolation
breeding colony has been established that is free
of bacteria pathogenic to the mouse, of nine mouse
viruses, and of endo- and ectoparasites. Current-
ly, studies have been started in six inhalation
chambers, each containing 540 mice that are ex-
posed daily according to the protocol. An IBM
data-recording system has been devised to aid in
controlling the breeding colony, and-a program is
under development to record all pertinent cham-
ber data and bacteriologice, virologic, histologic,
and pathologic information. At present, the ex-
posure time has not been long enough and the
animals are not old enough for any marked
changes in the lungs to be seen.
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Inhalation chamber for studying effects
of carcinogenic aerosols

Transfer of mice from holding racks to inhalation
chambers for exposure to carcinogenic aerosols




Growth and Senescence
of the Inmune Mechanism

The immune system is known to play an essen-
tial role in aging. Therefore, quantitative studies
are being conducted on the changes in this sys-
tem with age in mice. The capacity to respond
to antigens increases rapidly during the early life
of the mouse. Previous work showed that the po-
tential of the spleen to form antibody after the
first injection of a specific antigen increases by
a factor of up to 600 between one week of age
and the time of immunological maturity at about
six months of age. This increase in potential was
shown to result primarily from increase in the
number of antigen-stimulable progenitor cells in
the spleen.

More recently this same increase in potential
has been detected for the so-called secondary re-
sponse. When mice were given a priming injec-
tion of antigen at one month of age and their po-
tential to form antibody in response to a second
injection of antigen was followed thereafter as a
function of age, there was an even faster growth
of progenitor cells. Thus within a week after
priming, this potential increased 32-fold. The age
of peak potential for response to a second injec-
tion of antigen coincides with that for response
to a first injection.

Beyond the age of maximum numbers of pro-
genitor cells in the spleens of unprimed and
primed mice, there was a steady decline in the
number of progenitors. In both, the number of
progenitor cells declined to half in ten months.
The loss of progenitor cells was considered to be
indicative of senescence of immune potential and
to reflect an increasing inability of the animal
to cope with foreign materials — especially se-
vere infections. These results suggest that “bank-
ing” of progenitor cells for a later transfer back
into the animal after it has become old, thus ef-
fecting immunologic rejuvenation, may now be
an exciting possibility.

Mutation Frequency in the Mouse

Major changes in the estimation of genetic haz-
ards of radiation have been made in recent years
as a result of research or a number of factors
that have turned out to have marked effects
on radiation-induced mutation in mice. Until the
late 1950’s it was generally held that the fre-
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quency of radiation-induced mutations was inde-
pendent of dose rate. In 1958, however, it was
discovered in Oak Ridge that radiation dose rate
did affect mutation frequency in the male (sper-
matogonia) and female (oocytes) reproductive
cells of the mouse. Recent studies indicate that
the genetic risks from small radiation doses, like
those from low dose rates, may be lower than
had been estimated on the basis of mutation fre-
quencies from large doses at high dose rates. In-
creasing evidence has been obtained indicating
that the reduced mutation frequency at low dose
rates may be due to repair of premutational
damage. This suggests that the mutational proc-
ess may be affected by many more factors, in-
cluding naturally odeurring variables, than was
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heretofore supposed. One example of this is that
the dose-rate effect is greater in females
(oocytes) than in males (spermatogonia). Cer-
tain dose fractionations in spermatogonia have
been found to have an augmenting effect on mu-
tation frequency that is quite large when the
fractions of the dose are separated by ecritical
time intervals.

The qualitative nature of the mutations in-
duced by x rays in oocytes differs from that in
spermatogonia, the relative frequency of defi-
ciencies, for example, being higher in the former.
A similar difference occurs between neutron- and
x-irradiation-induced mutations within the sper-
matogonial stage alone. Qualitative differences of
this sort tend to invalidate a reliance on solely
quantitative measures of comparison, such as rel-
ative biological effectiveness.

In females the interval between irradiation and
conception has recently been shown to have a pro-
found effect on mutation frequency. The fre-
quency is high in offspring of matings made
within a few weeks of exposure, but drops to ap-
proximately control levels in later matings. This
has been convincingly and strikingly demonstrat-
ed for fission-neutron irradiation. There is some
indication of a similar effect with gamma and
x irradiation, but tests with gamma and x rays
are hampered by rapid loss of fertility at the
doses necessary for easy measurement of muta-
tion frequency.

The dose-effect curve for mutations induced
by fission neutrons in spermatogonia shows a
descending slope after a certain peak effect. The
same phenomenon had been found for x rays, but
the effect occurs at a much lower dose level with
neutrons. With fission neutrons, no dose-rate ef-
fect on mutation has been found in spermato-
gonia, but there is some evidence of a dose-rate
effect in oocytes.

Gemini Blood Experiments

Samples of human blood, in a specially devised
container, accompanied the Gemini III astro-
nauts on their three-orbit flight in March 1965.
The blood samples were used to determine the
combined effect of weightlessness and radiation.
The experiment was carried out at the request
of the National Aeronautics and Space Adminis-
tration under an interagency agreement between
that agency and the Atomic Energy Commission
because data from previous space flights, both
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ballistic and orbital, had suggested an increased
radiation hazard in space due to some unknown
factor. Mutation, chromosomal aberration pro-
duction, and cell killing had been reported at
much higher levels than would have been pre-
dicted from the radiation exposures received dur-
ing flight. This unpredicted radiation effect (if
it actually existed) could have been due to syner-
gistic interaction of radiation with the unique
environmental features of space flight.

The only test of this possibility was to per-
form a radiobiological experiment during a space
flight. Human blood was chosen as the biologi-
cal material because the effects of dose, dose rate,
quality of radiation, and various environmental
factors on the production of chromosome aberra-
tions have been thoroughly studied, and because
the data could be directly applied to the ques-
tion of space-flight hazards. Phosphorus-32, a
beta-active radioisotope, was selected as the source
of radiation.

The experimental unit consisted of blood sam-

Mice exposed to fission meutron
radiation in the Health Physics
Research Reactor for mutation
frequency studies by the
Biology Division.




ples stored in plastic holders, source plates on
which the phosphorus-32 had been deposited, and
an instrument for recording time, temperature,
and radiation intensity. These components were
sealed in a small housing mounted on the hatch
of the spacecraft. The flight crew actuated the
unit after the spacecraft was in orbit and a
state of weightlessness had been reached. For
comparison, a control series of blood samples was
also irradiated; these were identical to the ex-
perimental samples and were irradiated at the
same time, but they remained on the ground
during the flight. Blood samples taken from the
Gemini III flight crew before and after the flight
were also analyzed.

The parameters measured were the frequencies
of the various types of single- and multiple-break
chromosome aberrations. As expected, the blood
samples obtained from the astronauts after the
flight showed no increase in aberration frequency.
This finding makes it unlikely, at least for
genetic systems such as the one used for this ex-

periment, that the radiation encountered during
such a space flight has an unprecedented effect.

The irradiated samples yielded the expected
types of aberrations, that is, ring chromosomes,
dicentric chromosomes, and deletions. The ring
and dicentric yields for the flight and ground

(Text continued on page 52.)

Photograph of a
chromosome set
from the Gemani III project.

An oocyte in the ovary of a female mouse.




Awards

Two ORNL staff members
were recipients of the

E. O. Lawrence award in
1965. The award 1s

made annually to honor
scientists for recent
meritorious contributions

to the field of atomic energy.
Floyd Culler received the
award for his important
contributions in the
development of processes for
the recovery of irradiated
nuclear reactor fuels. He was
formerly Director of the
Chemical Technology
Division and is now Assistant
Laboratory Director

for Engineering.

Arthur Upton was
recognized for his
outstanding contributions

to radiation biology and

to the pathology of radiation
wmjury. Dr. Upton is Chief
of the Pathology and
Physiology Section of the
Biology Division.
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Kurt A. Kraus received the American
Chemical Society Award in Chromatography
and Electrophoresis in recognition of his
outstanding contributions to the field of ion
exchange. Dr. Kraus is Director of the
Laboratory’s Water Research Program.

P. R. Bell was awarded the
Edward Longstreth

Medal by the Franklin
Institute. The award was
made for Bell’s investigation
of the complex phenomena
associated with scintillation
spectrometry and for his
work leading to the practical,
routine use of spectrometry
n medicine. His instrument
facilitates accurate diagnosis
by rejecting scattered
radiation. Dr. Bell is
primarily responsible at
present for the DCX-2
experiment in fusion
research.

Eugene Guth received the
Eugene Cook Bingham
Award for his important
contributions to the theory
of rubber elasticity. Dr.
Kenneth Farrell was presented Guth is on the staff of
the Andrew Carnegie Silver Medal the Laboratory Director.
_ by the American Society for
Metals on behalf of the Iron and
Steel Institute of Great Britain for
his contribution to the knowledge
of hydrogen embrittlement of steels.
Mr. Farrell is a metallurgist in
the Electron Microscopy Group of
the Laboratory’s Metals and
Ceramics Division.
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control experiments did not differ significantly
from each other. The yields of deletions in the
flight experiment, however, were roughly twice
those found in the ground control experiment
and the previous control experiments. This dif-
ference is statistically significant. Furthermore,
both the physical evidence and the aberration
data contradict the possibility that the flight
and ground samples received significantly differ-
ent radiation doses.

It appears, then, that some space-flight param-
eter does, in fact, interact synergistically with
radiation. Additional experiments are planned for
the Gemini series which will help to further eluci-
date this effect.

Photoreactivation and Mutation
Induction in Neurospora

Photoreactivation of ultraviolet-induced lethal
and mutagenic damage has been known for
some time in bacteria. Many, though not all, cases
of photoreactivation result from enzymatic split-
ting of the pyrimidine dimers induced in deoxy-
ribonucleic acid (DNA) by ultraviolet. Similar
photoreactivation of mutagenic damage has been
analyzed in detail at the Laboratory for one par-
ticular genetic locus in the mold Neurospora.
Previous work had shown that the mutations at
this locus could be subdivided into several cate-
gories on the basis of their ability to comple-

Cutaway view of exposure
device ! which human blood
samples were irradiated
aboard Gemini I11.
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ment each other’s metabolic deficiencies when
present together in a common cytoplasm. These
classes differ markedly from one another in the
frequency of specific genetic alterations, as
judged by studies on reversion to normal using
chemical mutagens of known action. Certain class-
es include mainly base-pair substitutions, where-
as others contain a large proportion of single
base-pair insertions and deletions or of deficien-
cies for a whole section of the chromosome.

The present work demonstrates that all com-
plementation classes are equally decreased by pho-
toreactivation. Thus the initially photoreactiva-
ble lesions must be able to produce more than one
kind of final mutational alteration. If, as seems
quite probable, the initial photoreactivable le-
sions are pyrimidine dimers in DNA, then this
single type of lesion must be able to produce
more than one kind of mutation.

Repair of DNA

An important finding in recent years, and one
in which the Laboratory has played an impor-
tant part, is that cells have enzyme systems to
repair the damage induced in DNA by radiation
and probably also by some chemicals. Molecules
of DNA, the repositories of hereditary informa-
tion found in all cells, are made up of unique ar-
rangements of four main chemical groups: thy-
mine, adenine, cytosine, and guanine. Ultraviolet
light, which is often used to kill bacteria, appar-
ently causes damage in many cases by rearrang-
ing the thymine groups in a DNA molecule. Nor-
mally, thymine groups are not linked to one an-
other, but ultraviolet light produces such links.
These “errors” (thymine dimers) in the extreme-
ly long DNA chains are appare<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>