

















When the conductivity is good, however, charge
clusters such as are produced by too many electrons
at one region or too few in another are neutralized
before they can do any harm because there are
plenty of electrons to run to or from the conducting
end wall of the box.

The pressure of 1073 torr is too high for IMP pur-
poses, so now we start to raise the current in the
quadrupole coils. Gradually the stabilization due
to the quadrupole coils replaces that due to conduc-
tivity to the ends, and the pressure finally can be
reduced to 5 X 1077 torr without producing bursts
of x rays; this is a pressure low enough for IMP
purposes.

Why is 1075 torr too high a pressure? The answer
lies in atomic processes that introduce another
controlling factor into the IMP design. Too many
neutral atoms cannot be permitted within a fusion
plasma because in an atomic collision a bound elec-
tron can easily transfer itself from (say) a neutral
deuterium gas atom to a hot trapped deuterium ion.
The process is called “charge exchange,” and in our
example it goes like this:

D° (cold) + D* (hot) — D+ (cold) + D° (hot).

This is an efficient process, with a cross section of
order 107'* square centimeter, because at the mo-
ment of collision the fast-moving electron would
Just as soon be in orbit about the new D™ nucleus
as about the old D* nucleus. Anyway, you've lost
thereby the energy investment you had in the hot
D+ ion, for the hot D° feels no restraint from the
magnetic field and immediately flies straight into
a wall. The D' (cold) is comparatively worthless,
and in fact it will probably soon vanish through the

loss cone. Clearly you cannot afford much charge-
exchange loss of your hot ions, and it is fortunate
that a pressure reduction to the modest require-
ment of 5 X 1077 torr will bring this loss under con-
trol. Note also that as the target plasma gets more
dense, as is expected when 5.5 mm microwaves are
used in a 20 kilogauss field as will later be possible
in IMP, then neutrals that try to enter the plasma
will have to escape ionization by the hot electrons
in order to penetrate far, so the interior region will
be “burned out” of neutrals. This is an aspect of
the final planned performance of IMP.

Thus we now have a stabilized target plasma
with hot electrons and warm ions (let’s stick to D*),
and sufficiently few neutrals outside and inside of
the plasma. We are now ready to introduce the hot
ions. This is done by injecting them as neutral atoms,
partly because a beam of neutral D° atoms will
cross a magnetic field, so the odd directions of the
lateral field of the magnetic well will not affect the
flight of the beam. The trapping takes place by re-
verse use of the charge-exchange reaction described
above; you now have hot D° in the beam and cold
D* in the target plasma. Upon charge exchange,
you have hot D7, trapped. You've turned the effi-
ciency of the charge-exchange reaction to your
advantage, and since you have already provided
that there are not many cold Ds within the plasma,
your hot D*’s will stick around for a while.

Generation of an adequate beam of 20 kev Ds
in itself poses technical problems, but they have
been pretty well worked out in Russia, England, and
California as well as in Oak Ridge. About 6 x 10'7
atoms per second (equivalent to 100 ma) are re-
quired to be collimated within a very few degrees,
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the ions within the magnetic well that directions
should be well randomized.

Let us return now for a moment to the expected
loss-cone instabilities. The loss of individual par-
ticles along directions close to the course of mag-
netic field lines that leave the open-ended systems
is a preferential thing, affecting mainly the ions of
low energy because their probability of undergoing
scattering collisions is greater than that of the more
energetic ions. The result is that the lower end of
the Maxwellian distribution will be depopulated,
and then the spasmodic readjustments into the
more “natural” distribution can be expected, prob-
ably with micro-instabilities and loss of plasma. In
this respect it might be noted that the target plasma
may have an ameliorating effect because it con-
tributes a population of “warm” ions at the low-
velocity end of the ion distribution. Apparently a
continuous throughput of cold-to-warm ions is to
be expected in open-ended systems.

The stability analysis that Guest and his theo-
retical colleagues have supplied for IMP shows
among other things the stabilizing influence of
the warm-ion population. The analysis is idealized
in that it refers to an infinite homogeneous plasma,
but nevertheless it serves as a guide to the regimes
that may be stable and those that may be unstable.
Such analyses are couched in wave language; in-
stability is indicated if the amplitude grows. In
the present case it is convenient to treat separately
the waves that would move parallel with the mag-
netic field and the waves that move across the field.
(The latter usually means azimuthal waves, as if a
knobby plasma were rotating.) Figure 7 is a result
of the calculations of the plasma theoreticians and
it shows the theoretical stability boundary for cross-
field waves with the proportion of warm to hot ions
and the total plasma density as the variables. In
the target plasma alone, before injection, the
warm/hot ratio is large (in fact, infinite); therefore,
after starting injection you would drop into this
diagram from above, and you wouldn’t have to
traverse the unstable region.

The analysis for waves travelling parallel to
the magnetic field lines also shows regions of
instability, but there are wide paths of stability
between them. Here a usefulness of the hot electrons
has emerged. If the particles in a plasma have ve-
locities almost matching that of the waves, the
particles can sap energy out of the wave. This is
called Landau damping. Many of our hot, orbiting
electrons in the target plasma will have sufficient
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longitudinal velocity in their helical paths to pro-
vide this kind of damping. The primary result is
that the wavelength associated with the longi-
tudinal instability is increased, and if the plasma
is relatively short, a secondary result is that the
wavelength can no longer fit into the apparatus, so
the instability cannot develop. Thus the microwave-
heated electrons are expected to stabilize one class
of otherwise damaging instabilities.

We have now all the ingredients for plasma
buildup. The magnetic well contains and stabilizes
against the grossest kind of plasma loss, the neutral
beam furnishes the hot ions, and the target plasma
has the quadruple role of serving as the trapping
medium, relieving the loss-cone situation somewhat
by furnishing ions at the low end of the Maxwellian
distribution, discouraging longitudinal waves by
Landau damping through the action of its hot elec-
trons, and (eventually) burning out the neutrals
from the interior. If everything works according to
plan, how far will IMP take us? Calculations sug-
gest that the plasma should build up to a density
of about 10" particles per cc and what happens
after that depends upon the loss-cone instabilities.
At that density, they should be open to experimental
investigation, which would be rewarding in view
of the substantial amount of theoretical study that
has already been given them. A hopeful indication
would seem to be coming from the compression ex-
periment called 2X at Livermore, when plasma in
the 10'? density range appears to be relatively
stable in a magnetic well qualitatively like that of
IMP, although the experiment, being intermittent,
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sary for “stabilization;” that is, to save the coil
in the event that some region warms itself above
the superconducting temperature, causing the
whole energy stored in the magnetic field suddenly
to appear as heat, starting at that spot. A spaced,
spiral wrap of insulation is provided to let the
liquid helium penetrate between the wires.

What then will the total IMP look like? A line
drawing is given in Figure9. At the center is the
hot plasma at a billion degrees more or less, with
the neutral beam passing through it. A few inches
away is the copper microwave cavity, water-cooled
to dispose of the 10 to 100 kw of microwave power
that enters it through the wave guides. Then there
is a barrier at 77°K (liquid nitrogen), and outside
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of that the liquid helium tanks containing the coils,
at 4°K. All of this hangs in an outer vacuum tank,
itself provided with a liquid nitrogen cooled liner
and several titanium evaporation units for vacuum
purposes. Outside of this, and not shown in the
drawing, an x-ray shield of lead at least three inches
thick will be required. The neutral beam line, the
plasma instrumentation, the microwave power
equipment and the vacuum pumps will comprise
a forest of external equipment.

IMP is not a large piece of apparatus. The vacuum
tank is seven feet in diameter. In its small volume,
it will nevertheless epitomize the most advanced
aspects of experimental plasma physics and modern
electrical technology.
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“The nuclear power reactor . . . may well produce . . . a far-reaching

revolution, increasing the welfare of more people than

Longevity and gross input of man’s ingenuity and
brawn are indices which alone place this massive
effort in the company of the pyramids of Egypt, the
cathedrals of the Middle Ages and the space pro-
gram of today. The distinguishing characteristic is
the impact, which already has been exerted or is
promised for the future, on man’s way of life and his
well-being by the products of this technical develop-
ment. Few other single technologies have had so
broad an influence on man in changing his tactics
and strategies of war, in expanding his knowledge
and in increasing the energy available to him. Al-
though not yet comparing with the impact of the
introduction of the steam engine, the nuclear power
reactor with its prospect of providing unlimited,
low-cost energy may well produce a more far-reach-
ing revolution, increasing the welfare of more people
than were affected by the industrial revolution of
the last century.

Moving closer to the subject, the development of
reactors of increasingly sophisticated design for
specific purposes such as for nuclear research, pro-
duction of fissionable nuclides or of the transplu-
tonium elements, for production of energy for naval
propulsion or central station power has been pos-
sible only by combining the expertise of a multitude
trained in almost all fields of science and engineer-
ing. The necessity for, and the outstanding success
of, this interdisciplinary attack may be illustrated
by innumerable case histories of the courses leading
to the solutions of specific problems. The discovery
and subsequent development of the cladding mate-
rial for the fuel elements of water-cooled reactors,
upon which essentially all of our present nuclear
power economy is based, constitute one of the more
clearcut as well as significant examples. The dis-
covery came with the measurement by Herbert
Pomerance, now in the Solid State Division, of the
neutron cross-section of pure zirconium in the
pile-oscillator of the X-10 Graphite Reactor and the
indictment of the high cross-section hafnium, which
occurs with zirconium in nature, as the source of
previous, misleading high values. The transforma-
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were affected by the industrial revolution

of the last century.”

tion of a promising laboratory metal with interest-

ing nuclear properties to a practical material for

reactor usage followed with:

—the development at Oak Ridge of a simple, in-
expensive solvent extraction separation of haf-
nium from zirconium;

—the scale-up of the iodide process for producing
“crystal bar” zirconium at the Westinghouse
Bettis Laboratory;

—the development of the Zircaloy series of alloys,
also at Bettis, in which tin and traces of iron,
chromium and nickel were incorporated to im-
prove physical properties and resistance to cor-
rosion by high temperature water;

—the development of metallurgical procedures for
fabricating the desired structures, plate and ex-
truded tubing;

—the establishment of the environmental condi-
tions required to prevent the well-known “crud”
formation during exposure of Zircaloy to water at
reactor operating conditions;

—and finally, the conversion of procedures and proc-
esses from the relatively primitive and expensive
to the engineered lines producing an accepted
commercial product at costs which have contrib-
uted to the amazing reduction in the cost of nu-
clear power over the past few years.

Thus, in supplying this one essential reactor com-
ponent, contributions from physicists, chemists,
metallurgists, engineers and production specialists
intermingled. It is typical of the complex, interdis-
ciplinary technology of reactor development that,
except in very fine detail, classification of problems
by discipline is not very meaningful as well as not
very important.

With this disclaimer, I would now like to discuss
some of the more critical problems of reactor de-
velopment which have, at least, a significant chemi-
cal content. In so doing I intend to concentrate on
the present, with reference to research of the past
25 years, in illustration of how reactors reached
their present status. Even then, the subject is so
varied and extensive that a limitation to topics
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most familiar to the author has been required. As
will be noted and might be anticipated, the source
material is weighted heavily in favor of Oak Ridge
National Laboratory for the same reason. The objec-
tive is to describe a few critical problems, on whose
solution the course of reactor development as we
see it today depends, and thus demonstrate the con-
tinuing role of chemistry in reactor development.

Reactor Types and the Fate of
Early Contenders

Although the variety and number of reactor sys-
tems under development have diminished markedly
during the past few years, the surviving competitors
still represent radically different technologies.

Research Reactors. As the requirements of nu-
clear research have demanded higher and higher
neutron fluxes, the choice of reactor has narrowed to
refined versions of the Materials Testing Reactor,
the first of the postwar high performance reactors.
This class, capable of producing fluxes as high as
5 X 10" neutrons per square centimeter, is repre-
sented by, among others, ORNL’s 100 megawatt,
High Flux Isotope Reactor. Successful operation has
provided proof of the solution of anticipated prob-
lems, and it now seems safe to conclude that there
are no remaining critical chemical problems as-
sociated with the normal operation of these super-
performance research reactors.

Power Reactors. For reasons unique to each sys-
tem, several types of reactor power systems which
looked promising a decade or so ago have been
dropped from the developmental program in the
United States. Some encountered formidable techni-
cal obstacles; others became less and less attractive
as the simplicity, reliability and acceptance by the
power industry of the water-cooled reactors were
demonstrated and as the economics of these im-
proved steadily.

Among former contenders were:

—the sodium-cooled, graphite moderated system,
a prototype of which was built and operated as the
Hallam (Nebraska) Reactor;

—the aqueous homogeneous reactors represented
by ORNL’s uranyl sulfate solution fuel and Los
Alamos’ uranyl phosphate;

—the liquid metal reactor, actively pursued at
Brookhaven, which was to be fueled and cooled
by a solution of uranium in bismuth, and which
progressed to joint industry-Brookhaven design
and component testing for an experimental unit
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before discontinuance;

—the heavy water moderated reactor, both in its
heavy water cooled and organic cooled versions
(although the heavy water reactors continue as
the system of choice by the Canadian power pro-
gram);

--variants of other systems such as the spectral-
shift version of the water-cooled reactors spon-
sored by Babcock and Wilcox, the BeO-moderated
reactor, the short-lived Pennsylvania Advanced
Reactor program at Westinghouse based on a
slurry or suspension version of the aqueous homo-
geneous reactor, and the clad fuel version of the
gas-cooled reactors, cooled by helium and moder-
ated by graphite (represented in Oak Ridge by
the ill-fated Experimental Gas Cooled Reactor);

—several special purpose systems such as the re-
actors aimed at aircraft propulsion (General
Electric’s air-cooled, direct-cycle system; Pratt
and Whitney’s liquid metal cooled and ORNL’s
molten salt systems) and some of the compact
units directed toward supplying small amounts
of power in remote or inaccessible regions such
as the SNAP-50 descendant of Pratt and Whit-
ney’s aircraft reactor—all of them complex,
highly sophisticated technical systems intended
to meet extremely difficult power requirements
for the fulfillment of specific military or space
missions.

Associated with the systems in this lengthy list
of reactor “has-beens” was considerable research in
virgin territories, including the determination of
the properties and behavior of materials under a
wide range of conditions. Fortunately much of this
technology, acquired at an appreciable fraction of
the total bill for these discontinued projects amount-
ing to well over a billion dollars, has been applicable
to some of the surviving reactor systems.

Let us turn now to these survivors, the types of
reactors on which the Atomic Energy Commission
and the power industry are now concentrating.
Since so few reactor types remain as serious con-
tenders for production of electrical power, categori-
zation by relative efficiency of usage of nuclear fuel
provides as good a basis for discussion as any. These
categories conform with the two major divisions of
the AEC’s civilian reactor program: burner or low
conversion reactors, and advanced converters and
breeders. Chemical as well as other problems may
then be considered which affect the basic require-
ments of operability, economy and safety of each
system.
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“Ad ... demonstration that fast reactors will operate as

Burner or Low-Conversion Reactors

The world-wide emergence of nuclear power as a
major producer of electricity is based primarily on
the satisfactory performance and competitive eco-
nomics, demonstrated or projected, of two types of
systems: the water-moderated and cooled reactors
fueled with a slightly enriched uranium; and the
graphite-moderated, gas-cooled reactors fueled with
natural or slightly enriched uranium. The first are
represented by the pressurized water and boiling
water reactors which now dominate the commercial
nuclear power market in the United States; the latter
by the clad fuel, gas-cooled reactors which have been
adopted by the British and the French. The venture
by the United States into the “low-performance”
gas-cooled reactor field ended with the demise of the
Experimental Gas Cooled Reactor and has been
superseded by the development of more efficient
unclad-fuel gas cooled reactors to be discussed under
Advanced Converters.

The successful commercial operation of both the
water cooled and gas cooled “burners” is a priori
evidence that the chemical problems encountered
in the development of these were satisfactorily
solved. The current, very favorable economic com-
petitiveness of these systems with fossil fuel power
sources likewise demonstrates that the processes
and procedures for production of fuels and materials,
for corrosion control and for retention of radioactive
by-products are sufficiently cheap as well as effec-
tive. Thus, it is safe to conclude that the technology
required for operability and competitive economy
of the “burners” is well in hand. However, economic
competitiveness can be very transitory, and the
necessity for reducing fuel costs by development of
simpler and cheaper methods of making fuel ele-
ments, of extending fuel lifetime, of recycling plu-
tonium is typical of the problem faced by most estab-
lished industries.

The chemical aspects of some of the uncertainties
about the safety of nuclear installations will be
considered under Reactor Safety.
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breeders to produce economically competitive
power, and do so safely,

has yet to be made.”

Advanced Converter Reactors

Of the three types of so-called advanced converter
reactors scheduled as recently as two years ago by
the Atomic Energy Commission for systematic
development through the construction and opera-
tion of large prototype power units, one survives as
such today. The seed-and-blanket modification of
the pressurized water system progressed as far as
contract negotiation for construction of a large unit
in California. The inability of the fuel elements to
endure for the time required by fuel cycle economics
forced cancellation of the prototype and sent the
project back to the laboratory.

Thus, the plan to fill the anticipated gap between
the “burners” and the breeders by advanced con-
verters depends today on the High Temperature Gas
Cooled Reactor. The potentially greater efficiency
of the HTGCR compared with the water reactors or
the gas-cooled “burners” derives from the higher
coolant and steam temperatures (and therefore
higher thermal efficiency), and from the higher con-
version ratio. The expected attainment of this per-
formance, indeed the practicability of the concept,
has resulted from the spectacular discovery of the
coated particle fuels, combined with the use of
helium under pressure as reactor coolant. Parasitic
neutron loss is appreciably reduced; limitations on
operating temperature imposed by the chemical
reactions between coolants and the cladding and
graphite are removed, as are temperature limita-
tions set by the reduction in strength of cladding
metals.

Coated Particle Fuel. Typical particles consist
of a spherical core of uranium dioxide or carbide,
about 400 u in diameter, surrounded by a coating of
pyrolytic carbon, about 100 u in thickness. The
carbon coating serves the same functions as the
metallic cladding of fuels, i.e., protection of the fuel
from chemical attack by the coolant or impurities
therein and prevention of the escape of fission prod-
ucts into the coolant. In practice, the particulate
fuel may be embedded in the center of a graphite
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ball, as in the German AVR, packed in tubes within
a graphite rod, or arranged in other geometries to
suit specific reactor designs.

Since the initial demonstration of the utility of
the carbon coating, extensive developmental pro-
grams have been conducted at Battelle Memorial
Institute, Minnesota Mining and Manufacturing
Company, General Atomic, ORNL, Union Carbide
Corporation and others. The literature on the sub-
ject is by now voluminous, as perusal of a few recent
publications will indicate. The development of a
satisfactory composite fuel particle has entailed
studies of:

the chemical and physical properties of uranium
and thorium compounds at temperatures up to
2000°C;

reactions of these with carbon;

long-term radiation effects including the chemical
effects of accumulated fission products;

procedures for the preparation of the spheres;

the physical and chemical stability of various types
of carbon layers and their effectiveness in re-
taining fission products;

methods for depositing carbon on the spherical
cores;

reactions with, and control of, impurities in the
coolant.

As a result of this research, it is now possible to
specify and produce coated particles which appear to
meet the requirements of the HTGCR. The follow-
ing are pertinent characteristics:

Core: Of the two compounds most thoroughly
studied and which would satisfy requirements,
uranium dioxide has advantages over the carbide.
The oxide particles do not flow after high burn-up
nor does the oxide diffuse into the carbon coating at
higher temperature. The cost of manufacturing
oxide particles should be lower. Reaction between
the oxide and carbon coating does not take place
when the CO is retained by the coating.

Pyrolytic Carbon Coat: The properties of the car-
bon, which is deposited by pyrolyzing methane or
acetylene in a fluidized bed, are critical. Based on
the behavior of single, double and triple layers, a
carefully tailored duplex coating appears to be the
choice.

Although coated particle fuels look extremely
promising, work continues in order to see that the
essential criteria, of adequate fission product reten-
tion and resistance to impurities, be met.
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In a complex set of hardware of the size of a full-
scale reactor plant, it is inevitable that impurities
will be introduced into the re-circulating helium
coolant originating from gases adsorbed on struc-
tural materials and graphite and from leakage into
the circuit, for example from the secondary water
system. Establishment of permissable impurity
limits and criteria for clean-up processes is depen-
dent on detailed knowledge of the reactions and their
rates, between steam, for example, and graphite and
the coated particles. Variables being studied in-
clude temperature, partial pressure of steam, type
of graphite, type of coatings, degree of irradiation
and catalytic effects of fission products. Also of con-
cern are the effects of such reactions on the release
of fission products from the coated fuel and the
transport of these through the system.

This abbreviated discussion has overly simplified
a complex subject, single aspects of which have been
topics for full-fledged symposia. Although the out-
look for successful use of coated particlesin HTGCR’s
is very encouraging, work continues to provide data
for design of a reactor the operation of which will
validate the research.

Breeder Reactors

Fast Breeders. Of the two paths to breeding — the
fast system operating on the ***U-***Pu cycle, and
the thermal on the 2*2Th-23*U cycle—by far the
greater developmental emphasis has been placed
on the former. A continuous, active and fruitful
program has existed at Argonne National Labora-
tory for almost twenty years. The high points of its
history are well known, marked as it has been by
operation in 1951 of the first reactor of any type to
produce electrical power, the Experimental Breeder
Reactor I, the demonstration of the feasibility of
breeding, and the operation of EBR II.

Of the possible combinations of nuclear fuels and
coolants which might be put together in a mechani-
cal device constituting a fast breeder power system,
the peculiar nuclear requirements of the fast sys-
tem pointed at an early date to the use of clad-metal-
lic fuel elements cooled by liquid sodium. The
development, both in this country and abroad,
concentrated on this line until emphasis was shifted
in the United States to ceramic fuels, prompted
mainly by uncertainties about the long-term sta-
bility of metallic elements. Secondary studies con-
tinue on alternate types such as steam-cooled fast
reactors and on a variety of fuel materials.

15




This article is based on a talk given by the author to the American Chemical Society last fall.

In recent years the programs sponsored by both
Government and industry in this country have ex-
panded greatly to include also the Battelle North-
west Laboratory, North American, General Electric,
Westinghouse, General Atomic, BNL, ORNL and
others. A research effort of such duration, scope and
magnitude has obviously tackled all recognized
problems in considerable detail. Successful opera-
tion of experimental fast power units such as the
EBR I, EBR II and the Dounreay Fast Reactor pro-
vides evidence that the technology necessary for
operation exists, despite adverse experience with
the Fermi Reactor. A corresponding demonstration
that fast reactors will operate as breeders to produce
economically competitive power, and do so safely,
has yet to be made. These requirements of breeding,
economic competitiveness and safety, are the
sources of the major remaining problems.

Thus, as a major factor of power cost, the cost of
fuel depends on fuel element lifetime and fuel re-
cycle cost. A goal of >10 atom percent burn-up ap-
pears compatible with estimated fuel recycle costs.
The development of a fuel element which will with-
stand the radiation exposures and composition
changes corresponding to such a burn-up in liquid
sodium at temperatures approaching 1000°C. is a
truly interdisciplinary task. Involved in the case of
oxide fuels, for example, are questions of the radia-
tion damage to the oxide and to metal cladding,
control of dimensional changes and damage, opti-
mum stoichiometry of the oxide, reactions between
oxide and/or accumulated fission products and the
cladding, reactions between sodium and the clad-
ding and oxide, reactions with carbon and oxide
impurities in the sodium, control of impurities, and
optimization of cladding composition to satisfy the
many demands on it. All these and more have been
investigated. The next obvious step is proof of the
adequacy of solutions already found and the rela-
tive merits of fuel and cladding compositions in a
power breeder environment.

Thermal Breeders. For these as for the fast
breeders, the choice of reactor class which offered
greatest likelihood of accomplishing breeding was
dictated by basic nuclear and reactor physics. In
this case the lower number of neutrons produced per
neutrons absorbed (2.28) for 2*U at thermal ener-
gies leaves few neutrons for any other than the pri-
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mary fission and thorium capture reactions. The

overwhelming importance of very low neutron losses

gives the fluid fuel reactors inherent advantages,
such as:

— the absence of neutron absorbing structural mate-
rials within the reactor core;

—the potential ability to reduce loss to fission prod-
ucts by continuous extraction of these from the
circulating liquid fuel;

—similarly the potential ability to extract continu-
ously the intermediate product 2**Pa and thus re-
duce the double loss of neutrons and #*U;

—the absence, in some types, of neutron absorbing
mechanical control devices;

—and in the aqueous systems the use of heavy
water as solvent, moderator and coolant.
Attractive as these “chemists’” reactors appear in

principle, the chemists have met with small success

until recently in converting promise to reality. The
core of a high power, high temperature nuclear re-
actor can be an extremely hostile environment for

a chemical system, as early proponents well recog-

nized. As a note of historical interest, we might re-

call that the first proposal after World War II for a

high-flux research reactor came from the chemists

at the Clinton Engineer Works. They investigated
for some months an aqueous homogeneous reactor

for this purpose until it became apparent that a

high-flux research reactor would be required to

demonstrate the feasibility of a homogeneous sys-
tem and efforts were switched to what became the

Materials Testing Reactor.

The fate of the programs to develop the aqueous
and liquid bismuth solution fueled reactors has al-
ready been recounted. The surviving liquid fuel
system, based on molten salt fuels (an outgrowth of
the project to apply a molten salt reactor to aircraft
propulsion), shows encouraging signs of escaping a
similar fate.

The Molten Salt Reactor Experiment has now
been in operation at Oak Ridge National Laboratory
over the past year with remarkable freedom from
technical difficulty.* However, some of the, as yet,
incompletely resolved uncertainties can be pointed
out. Additional information required to produce a

*The history and results of the fifteen year program of chemical research
and development have been summarized recently by Warren R. Grimes
(ORNL TM-1853; June 6, 1967).
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prototype breeder includes:

—a more detailed knowledge of the behavior of
oxides and of oxide and hydroxide ions in the pro-
posed breeder salt;

—a sounder technical basis for selection of a sec-
ondary coolant: although the NaF-BF, system
offers promising physical properties, more must
be known about its compatibility with structural
alloys, about its phase behavior including the
effect of oxides and the corresponding data for
alternate systems;

—extension of the knowledge of radiation effects up
to the exposures expected in full-scale breeder
reactors, and determination of fission product
behavior at the concentrations that would exist
in breeders;

—knowledge of the chemistry of protactinium in
the fluoride salt systems: particularly of reactions
pertinent to the extraction of Pa such as the re-
duction with Th metal;

—and the improvement of production processes for
the fluoride salts, improved analytical control
procedures including in-line techniques, and, in
general, the type of development required in the
transition from a pilot plant to a competitive
commercial system.

Nuclear Safety

The vast expansion of the nuclear power industry
during the past two years has increased the empha-
sis on research and development related to reactor
safety on at least two counts: first, the magnitude
of the expansion per se and the trend toward larger
and larger units with which there has been little or
no experience; and second, the desire to realize the
economic advantage of locating power installations
as close as possible to the major customers, i.e., in
metropolitan areas. In the case of the water-cooled
reactors, a large fraction of the studies is aimed at
assessing the mechanical integrity of the very large
pressure vessels and piping circuits now being con-
structed and establishing design criteria to assure
safety over the operational history of the units.
Major chemical questions concern reactions between
fuel, cladding and water, under abnormal operating
conditions, resulting in high fuel element tempera-
ture and fuel melting. Of particular significance are
1) anticipating the behavior of the fission products
during such possible accidental reactions and 2)
evaluation of methods for containing fission prod-
ucts released from the reactor primary system. With
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the goal of simulating, insofar as possible, condi-
tions of a large reactor installation, the studies have
progressed from the laboratory to engineered de-
vices or mock-ups, such as the transient excursion
reactor (TREAT), at ANL, the loss of fluid test re-
actor (LOFT) at Idaho, and mock-ups of contain-
ment systems in which the characteristics of re-
leased fission products and their transport are
determined.

In brief, these are aimed at providing answers to
the basic problems of reactor safety:

1. definition of the actual radioactive source strength
as a function of accident parameters, involving
measurement of the fraction of each radioactive
specie evolved during melting or reaction of the
fuel;

2. the nature of transported species and the mecha-
nisms of transport to permit design of effective
removal processes;

3. and scaling relationships to permit application
of data from small-scale or simple experiments
and mock-ups to actual power reactors.

Safety of the newer reactor types (high tempera-
ture gas-cooled fast breeders, and thermal breeders)
concerns the same basic questions but with unique
combinations of possible chemical reactants for
each. Thus, reactions of uranium compounds and
metallic alloys with sodium, steam and graphite,
sodium and air, molten fluoride salts and air and the
behavior of fission products during such reactions
are receiving attention. Although of a highly ap-
plied nature, much of this research entails basic
studies of the kinetics of complex reactions, the
identification of transitory chemical species, and the
development of techniques and devices for experi-
mentation in exotic environments.

Conclusion

This discussion has concentrated on the problems
associated with the development of nuclear reactors
for generation of electrical power. Left untouched
have been the equally challenging applications to
rocket propulsion; to compact sources of power for
space, under sea and remote terrestrial locations;
and to such uses of large blocks of energy as desalt-
ing sea water. The examples of chemical researches
involved in the progress of nuclear power to its
present status, and those still requiring answers
suffice, I believe, to illustrate that the chemist is
still an essential member of the interdisciplinary
team developing nuclear reactors.
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Wiadimir W. Grigorieff, born to a Russian tea importer in Hangkow, China, raised by
an English governess and educated in Switzerland and the U.S., can be said to have
learned very early the art of communicating across boundaries, both regional and
cultural. As Assistant to the Executive Director for Special Projects at Oak Ridge
Assocated Universities, he has exercised this ability by organizing, over a period of
years, some half-dozen seminars in which the scientific disciplines indigenous to
Oak Ridge can engage in a colloquy with such disparate professions as sociology,
philosophy, world politics and theology. That such an interdisciplinary communica-
tion is needed has been acknowledged widely since the C. P. Snow controversy nine
years ago. Grigorieff, among the first to see the possibilities inherent in the Oak Ridge
facilities, was responsible for developing the series of conferences described here.
He graduated in Chemical Engineering at Swiss Federal University in Zurich, and
received his doctorate in Organic Chemistry at the University of Chicago. He came
to Oak Ridge in 1953 to head the University Relations Division at ORAU (then Oak
Ridge Institute for Nuclear Studies) from the University of Arkansas, where he was

Director of the Institute of Science and Technology.

widely in the extent of their scientific training and
in general background training led us to question,
“Shouldn’t we initiate a program designed to develop
an understanding of science by academic audiences
not trained or versed in science?”

The First Summer Institute (1963)

In 1962 we proposed a further expansion of these
activities by formulating a program for university
faculty members from the social sciences and
humanities, with the stated purpose of increasing
their awareness and understanding of natural
sciences and their appreciation of the impact of
science and technology on modern society. The first
such program was a six-week institute on science for
nonscientists to be held in Oak Ridge in the summer
of 1963.

In planning this summer institute we had to
answer a number of questions: Should we attempt to
teach science to nonscientists, or should we only talk
to them about science? How much science could we
expect a nonscientist to know? How should the
group be selected: by academic discipline? by geog-
raphy? by faculty rank? by age? or by some criterion
yet to be determined? It appeared improbable to us
that we could teach science to nonscientists in a
short six-week period; rather, we decided that
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talking about science was the most fruitful approach.

The response to the announcement of the 1963
summer institute was unexpectedly large and di-
verse; 290 applicants had to be evaluated for the
selection of the 30 who were invited to participate.

The 30 invitees, all of whom accepted, represented
the fields of political science, English, history, phi-
losophy, economics, art, classics, psychology and
anthropology. The program followed the central
theme of “The History Of Science.” There were lec-
tures on varied aspects of scientific history: Baby-
lonian mathematics, history of Greek science and
mathematics, physics in the nineteenth century,
biology and biological thought, the history of the con-
cept of force and of thermodynamics, and the history
of technology.

Besides the formal lectures there was a “process
of science” series designed to deepen participants’
knowledge and understanding of science in the
making, consisting of (1) visits to specific labora-
tories of Oak Ridge National Laboratory to supple-
ment the lectures by Oak Ridge scientists on experi-
ments in which they had been or were currently
engaged; and (2) seminars directed by the partici-
pants themselves.

Several institutions sent observers to the insti-
tute, and in each case a further cooperative relation-
ship resulted between the observer or his organiza-
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implications and effects of “big science” on the other
aspects of our lives, as viewed by the artists, the
social critics, and moralists.

The stated intentions of the conference were to
“minimize lecturing” and to “maximize discussion
and interchange,” with the hoped-for end results of:
(a) a deeper understanding of scientific pursuits by
nonscientists; (b) a greater awareness, by scientists,
social scientists, and individuals in the humanities,
of the relationship of science and technology to
society’s intellectual and practical pursuits; and (c)
a developing and tutored perception of the contribu-
tion of natural sciences, the social sciences, and the
humanities to the comprehension and solution of
multi-faceted modern problems in which science is
recognized as one element among many to be con-
sidered.

A very serious and conscientious effort was made
to bring the participants into closer contact with the
scientific activities and day-by-day life of the Oak
Ridge community, most particularly that of ORNL.

In order to eliminate the too-rigid teacher-learner
pattern encountered in 1963, each of the participants
was asked to offer a prepared presentation in the
morning session with some discussion immediately
thereafter; the afternoon session was reserved for a
formal discussion of the morning presentation. This
made the 30-day conference essentially independent
of “visiting” lecturers, since the “student body” was
in some ways its own faculty, with Prof. Hanson
and his staff functioning as regulators of discussions.
The dozen or so other lecturers included several Oak
Ridgers and the specially invited out-of-town ex-
perts.

In an effort to prevent overorganization and to
promote spontaneity in discussions, only the morn-
ing lectures and the afternoon “counter-lectures”
were formally scheduled; however, every day was
taken up in this way, with the result that some par-
ticipants felt the lack of free discussion time.

One lesson we learned is that standardized for-
mat should be avoided: either “two lectures per
morning” or “15 minutes per lecture discussion”
becomes tiresome if repeated day in and day out for
four weeks.

There is little doubt that the 1964 conference did
produce an excellent forum for a stimulating set of
discussions by a group of scholars, and it did pro-
vide a discourse between representatives of natural
sciences, the social sciences and the humanities,
about social and intellectual questions of common
concern to the participants.
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Herceg Novi Conference (1964)

An unexpected spinoff of this program occurred in
the fall of 1964 as a ten-day conference on “Science
and Technology and Their Impact on Society” at
Herceg Novi, Yugoslavia, sponsored jointly by the
Federal Nuclear Energy Commission of Yugoslavia
and ORAU. Drawing on our Oak Ridge experience,
the program consisted of lectures on science as well
as on implications of science. Among the highlights
of the U. S. contributers: ORAU Director W. G. Pol-
lard lectured on the “Genetic Code,” while Paul
Gross, Emeritus Professor of Chemistry at Duke
University, addressed himself to “Science Policy,”
and A. M. Weinberg covered, among a variety of
subjects, the nuclear power revolution.

The idea for such a conference had sprung up
spontaneously during a formal visit I made in May,
1963, to Federal Nuclear Energy Commission head-
quarters in Belgrade. A mid-morning ceremonial
coffee period led to the following exchange:

Question: What’s new in Oak Ridge?

Answer: Plans for a conference on science for

nonscientists.

Question: Why don’t we do one in Yugoslavia?

Answer: Why not?

By the end of the day, the FNEC was committed to
the idea and had assigned financial resources for
the conference; our embassy experts viewed the pro-
posed venture with interest and an approving eye.
Funding of the U. S. delegation to the proposed
conference was secured by the Bureau of Cultural
Affairs of the Department of State in less than 30
days after the original laconic dialogue in Belgrade.

Weinberg participated enthusiastically in the
conference; his article in International Science and
Technology (February 1965) gives an excellent
description, from which the following quote is most
pertinent:

“I am convinced that conferences such as this, be-
tween scientists and humanists of the two societies,
are much in the interest of both. Since there is no
alternative to peace in today’s world, we must set
about resolving our differences. Certain differences
between Yugoslavia and the West are much smaller
than we could have imagined a dozen years ago. One
feels this when one sees the many Yugoslavian-
made Fiats on the roads; the New York Herald
Tribune for sale in the kiosks in Zagreb; Pan-Am’s
operation (under contract) of the magnificent Zagreb
Intercontinental-Esplanade Hotel. Yet doctrinal dif-
ferences do remain. Insofar as conferences like the
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