


























The Single-Fluid Breeder

The design of a molten salt breeder reactor that
would have these advantages is shown schemati-
cally in Figure 10, and its characteristics are listed
in Table 2. The fuel salt differs from that used in the
MSRE in that it contains no zirconium fluoride, and
does contain 12 mole % of thorium fluoride. Because
of the thorium, the melting point is somewhat
higher than that of the MSRE salt. Asin the MSRE,
the moderator is bare graphite.

The fuel salt enters the core at 1050°F and emer-
ges at 1300°F. Heat is transferred in shell-and-tube
heat exchangers to a secondary salt which we expect
will be a mixture of sodium fluoroborate and sodium
fluoride. This salt is much cheaper than a lithium
fluoride-beryllium fluoride salt and melts at a lower
temperature, near 720°F. If the fluoroborate con-
tinues to look good in tests that are now in progress,
we will probably try it out in the MSRE.
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Having to replace some of the graphite every two
years would raise power costs, but this increase
will not be very great if the replacement can be
done during other maintenance, such as turbine-
generator overhaul. Whether or not improved
graphite is attained, MSBRs will be designed so that
the graphite can be replaced. The graphite pieces
might be individually replaceable after the top of
the vessel and a grid structure is removed, or the
design might provide for removing large sectors of
the core intact, or perhaps the entire core.

Several important auxiliary systems are required
for the reactor, one of which is the fuel storage
system. The storage tank is located below the level
of the core in a separate cell, as in the MSRE. The
conceptual design of the breeder storage tank,
however, has a new safety feature: it is to be cooled
by sodium fluoroborate, which would circulate by
natural convection to a radiator that would dissipate
the heat to the air. Our calculations indicate that
a natural draft stack would provide adequate cooling
for the radiator, which means that the heat rejection
system would require no power or water and could
operate indefinitely. Several parallel cooling cir-
cuits could be used to insure that the system would
work even if one circuit ruptured.

A major part of the plant would be the system
for removing xenon from the reactor and for hand-
ling the highly radioactive offgas. Very fine helium
bubbles would be injected into the salt under more
controlled conditions than exist in the MSRE. The
bubbles would circulate through the system and
then be removed from the salt by a centrifugal
separator. This contaminated gas, containing xenon
and krypton, and possibly the smoke of metallic
fission products mentioned earlier, would then be
passed through charcoal beds and other cleanup
systems to remove the fission products, and the
helium would be recycled to the reactor.

Provision for maintenance is a primary considera-
tion in the design of the reactor. The reactor cell
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is to have very little in it besides the equipment
illustrated in Figure 12. Most of the auxiliary de-
vices will very likely be put in a separate chamber
designed for ready access. Possibly this chamber
will be provided with manipulators that will es-
sentially make it a hot cell.

We have estimated the capital cost of 1000 Mwe
molten salt reactor plants. The accuracy of the esti-
mates is limited by the conceptual nature of the
design, but our results indicate that the capital
cost of a molten salt breeder reactor should be about
the same as that of a light water reactor of the same
capacity. Thus, since the fuel cycle cost should be
well below that of LWRs, we can predict that power
costs from molten salt breeder reactors will be com-
paratively low. Our estimates using present day
uranium prices give costs about 0.9 mill/kwh less
than the cost of power from light water reactors.
The cost difference would become even more at-
tractive as the cost of uranium goes up.

Fuel Utilization

Molten salt breeder reactors compete very well
with other types of breeder reactors in conserving
uranium ore. Fast breeders have higher breeding
ratios, but this is offset by the lower fissile inven-
tories of molten salt reactors. Counting the fuel
in both the reactor and processing plant, MSBRs
should have specific inventories not much above
1 kg of fissile fuel per electrical megawatt. The im-
portance of this low inventory is illustrated in
Figure 13, which shows the U.S. ore requirements
if only light water reactors are built, compared with
the ore requirements if breeders are introduced
in the period 1986-98. The figure assumes that the
nuclear power growth rate curve will pass through
140,000 Mwe in 1980 and 730,000 Mwe in 2000,
which is typical of most projections made today. In
such a rapidly growing nuclear power economy, a
small fissile inventory is clearly a valuable asset.
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The rich and motley career of Douglas A. Ross, B.Sc., M.Sc., Ph.D.
(McGill), M.D. (Harvard), has carried him from his native Canada to
Cambridge University, from McGill to the medical schools of Chicago,
Harvard and Tennessee, engaging in study, research, instruction
and development in an astonishing variety of subjects. As a physio-
logist, he investigated the hearing and balance mechanisms in
fishes, frogs, cats and man, being introduced to electronic tech-
niques while in England on a Royal Society of Canada traveling
fellowship. As a medical doctor he conducted brain wave studies at
Massachusetts General Hospital. As a physicist, he instructed
Canadian Air Force trainees who would later be operating and servic-
ing radar equipment, then joined the Harvard Psycho-Acoustic
Laboratory staff to work on the testing and development of various
speech-transmission devices used by the military. As an engineer,
he worked for a time with a small firm of instrument manufacturers
in Cambridge, Mass., doing developmental work on electronic de-
vices for biological testing of many kinds. For his first encounter
with radioactivity, he came to Oak Ridge in 1955 from the UT
Medical School in Memphis, and spent the summer as research
participant with the Oak Ridge Institute of Nuclear Studies. At-
tached to the Medical Division, he worked on the applications to
nuclear medicine of ORNL's newly developed Medical Spectrom-
eter. At the Medical Division’s invitation, he joined their staff as
“medical physicist,” leaving Memphis for good in 1956. In 1963 he
joined the group of which he writes here, and of which he is currently
the leader.

Thermonuclear’s Stepchild

The Medical Instrumentation Group, and How It Grew

By DoucLas A. Ross

NE of the curious features

of the Thermonuclear Divi-
sion is that it includes a small
group whose activities have noth-
ing to do with controlled fusion.
These people are instrument de-
signers, yet are not in the Instru-
mentation and Controls Division.
Their labors are biologically and
medically oriented, but there is no
official connection with ORNL’s
Biology Division or with the Medi-
cal Division of Oak Ridge Associ-
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ated Universities. And in spite
of negligible thermonuclear compe-
tence, they are housed, clothed,
warmed, cooled, protected, en-
couraged and administered by the
Thermonuclear Division. In the
argot of contemporary biology they
constitute a “heterotransplant,
embedded in the thermonuclear
body, amiably tolerated with few
or no rejection symptoms.”

This anomalous situation owes
its origin chiefly to the interactions

between two blithe spirits: Mar-
shall Brucer in the medical field,
and P. R. Bell in the field of in-
strumentational physics. Some-
times these interactions were
abrasive and exothermic, but they
were nearly always fruitful. In
the early 1950’s, Brucer was chair-
man of the Medical Division of
ORAU, then called the Oak Ridge
Institute of Nuclear Studies, while
Bell was one of the leading lights
in ORNL’s Physics Division. Brucer

Oak Ridge National Laboratory Review













Newell and his colleagues, on the
West Coast, had also invented the
focused collimator, and the ORNL
group learned about this just in
time to add an acknowledging foot-
note in galley to the Nucleonics
article. To this day the group has
retained its interest in better de-
tection and collimation, and the
two-inch, focused collimator was
only the first of many.

Electronic Bloodhound

The medical spectrometer was
quickly followed by the surgical
probe. Brucer’s group at ORINS
was intensely interested in the
problems of thyroid cancer, includ-
ing its possible treatment with
iodine-131, with surgery, or with
both. The problem with a cancer, of
course, is to get it out of the patient
before it can spread beyond repair,
and for this reason the thyroid
surgeon must search carefully for
any secondary growths, or metas-
tases, that may be present in ad-
dition to the primary tumor. The
surgical probe helps him find them,
for under the proper conditions the
cancer can usually be persuaded
to take up radioactive iodine, in
which case the probe can sniff
out the hidden metastases much
as a terrier smells out a rat. The
detecting unit consists of a small
crystal at the end of a slender,
four-inch light pipe leading to a
photomultiplier tube, the whole
assembly being encased in a water-
tight housing that permits it to
be soaked in a sterilizing solution.
The surgeon moves the sensitive
tip around in the neck wound,
listening to the note made by a
“howler,” the pitch of whose tone
rises as the crystal approaches
a radioactive spot. This method is
considerably more effective than
the conventional practice of simply
feeling around with a gloved finger
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for little lumps that shouldn’t
be there—and that are -easily
missed. There can be no doubt that
the surgeons, the surgical probe,
and radioiodine, working together,
have saved a number of otherwise
forfeit lives. At least one of those
thus rescued walks around in Oak
Ridge today.

In June of 1956 the Society of
Nuclear Medicine held its annual
meeting in Salt Lake City, and the
ORNL group attended. Interest
in the instrumental aspects of the
field was brisk, and one evening a
group of physicists and physicians
got into a bull session that lasted
far into the night. A representative
of AEC was there, and he urged the
ORNL people to apply for direct
AEC support. This they were sub-
sequently granted, and although it
was at first only partial, it permit-
ted Bell and Co. to work on medical
problems in legitimate time, in-
stead of bootlegging man-hours
from Physics Division projects.

Thus encouraged, the group pro-
ceeded with the development of
better scanning detectors, setting
its sights on one of the meanest of
all scanning problems: that of de-
tecting brain tumors, where the
difference in uptake between the
diseased and normal structures is
far too small for comfort. More-
over there is the bony skull to
block or deflect the radiation, and
many skulls are thick. To provide
better efficiency, the crystal dia-
meter was increased from 2 inches
to 3, and the best of the collimators
used gold around the focusing holes,
with mercury or tungsten for the
lateral shield. If such a collimator
becomes obsolete, the gold is re-
turnable, undepreciated, to Fort
Knox, but this didn’t prevent the
commercial boys from enjoying a
loud, derisive laugh. The targets
of the fun said nothing and sawed
wood; they went on to show that the

larger crystals, which presently
became available, would permit
the collimator to be longer, in
which case lead would perform as
well as gold for all but the higher
energies in the band of medical
interest. Today long lead collima-
tors are available in commercial
scanners.

Move to Y-12

In the late fifties the thermonu-
clear project was set up as a separ-
ate division, and it needed Bell’s
abilities. The site of operations was
to be Building 9204-3 in the Y-12
area, which now houses a part of the
Isotopes Division. But Bell found
intolerable the thought of moving
to Y-12 and leaving his medical-
instrument colleagues six miles
away at X-10, and after some table
pounding it was decided that they
should all go to Y-12 together. The
medical work progressed slowly,
for support was still on a part-time
basis; Bell and Francis were both
preoccupied with the thermonu-
clear project, while Harris had not
only that to worry about but a bout
with major surgery as well. Never-
theless work on an improved scan-
ner continued: the gold-tungsten
detecting head was mounted on a
stronger and more reliable moving
mechanism, and an improved re-
cording system was developed.
Thus the first ORNL Research
Scanner was born. It was loaned
out for clinical trial to ORINS
Medical Division, where it per-
formed so usefully that they kept
it busy for seven years. By that
time commercial enterprise had
quit snickering at long-haired
research, and had begun to pro-
duce passable scanners.

In 1959 the Thermonuclear
Division moved into Y-12’s Build-
ing 9201-2, which, apart from the
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at 10,000 psi, largely because we pumped the hy-
draulic jack by hand. The other was that the max-
imum capacity of the French pressure cell was only
40 ml, and we wanted to make as much as a liter of
extract at a time. With the setup we had, it required
a mighty strong back to repeat the operation ten or
20 times. The first of these problems was solved by a
visit to my laboratory by Beecher Briggs, then in the
Reactor Division, who, after examining our setup,
told us about a hydraulic pump that was used in
Metals and Ceramics Division that might be suit-
able for our purpose. He proved to be right; the
electrically operated pump we use now has a very
fast relaxation time and it is no longer a chore to
operate the French pressure cell. Many scientists
who have visited our laboratory have equipped
their systems with this pump and now its use is
widespread in biochemical and microbiological lab-
oratories throughout the country — to the everlasting
gratitude of many graduate students. The irony of
this development is that we had had this problem
ever since [ came to Oak Ridge, and Beecher Briggs
had been my next door neighbor all this time, but
it took an Advanced Technology Seminar to bring
the problem to the man who could find the solution.

The other problem, that of scaleup, took longer
to solve, but it was solved eventually by Dick Lyon
(R. N. Lyon, also in the Reactor Division). Dick came
to see me regarding a possible design for scaling up
the French pressure cell capacity to around half a
liter. We discussed the problem and its specifics
and he left to disappear wherever it is engineers go
to do their thinking. I heard nothing further for
several months and assumed that the minor prob-
lem of a biologist had been forgotten. One day Dick
appeared at my office and told me, “Sure, we can
build a scaled up version of the pressure cell for you,
but I don’t know what you can use to apply the
pressure.”

That seemed to close that issue, but a few days
later I received a phone call from Dick who told me
he had been looking through a catalog which listed
engineering equipment and had seen an instrument,
designed to homogenize paint, that might be useful
for our purpose. He sent the catalog to me and it
looked promising so we ordered the homogenizer,
on a trial basis. It proved to be an efficient replace-
ment for the French pressure cell, plus having the
desired capacity to make a full liter of extract per
minute. Here again this development was picked up
by visiting biologists, and its use is now widespread
in this country and abroad for making extracts from
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microbial, plant and animal tissue whenever large
amounts of extract are required.

Enter Chem Tech

In spite of these technical improvements our
ability to make reproducibly active preparations
that would synthesize B-galactosidase did not im-
prove and I was forced to conclude that the then cur-
rent methods for the preparation of the macromolec-
ular components of the protein synthesizing systems
were inadequate and did not permit the preservation
of unknown but critical components (possibly struc-
tural elements) of the protein-synthesizing ap-
paratus. In informal discussions with Alvin Wein-
berg, who always maintained an interest in this
work, I proposed the notion that progress in the
understanding of the mechanism of the large macro-
molecules was being hampered by the lack of good
methodology for their production in sufficiently
large quantities and high state of purity. He re-
minded me that the Chemical Technology Division
of ORNL was abundantly blessed with a wide va-
riety of experience in all types of chemical separa-
tions technology and suggested that I talk with
some people in that division to see if there would be
any interest in our problems.

Our contact with them was ultimately expedited
by Alex Hollaender (then director of Biology Divi-
sion) and came about through the following sequence
of events. At the Symposium on Solvent Extraction
Chemistry at Gatlinburg in October 1962, Floyd
Culler (then director of Chemical Technology Divi-
sion) said in his opening remarks that solvent ex-
traction technology had moved forward from the use
of diethyl ether for separating uranium from con-
taminating metals to being a much more versatile
technique for the separation of closely related com-
pounds in a variety of media. He said that he could
foresee the time when its use for separations of
biological substances would be greatly extended.
Hollaender seized upon this remark to set up a
series of luncheon meetings between interested
biologists and technical personnel from other divi-
sions, As a result of these luncheon meetings a
group from the Chemical Technology Division came
to visit those of us in the Biology Division who had
separation problems. Among this group were Culler
(now a deputy director of ORNL), Don Ferguson
(present division director), Keith Brown and several
others. They discussed separations problems with
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me, Dick Setlow, Fred Bollum, Ken Volkin and
others in the Biology Division and left in a high state
of confusion. It was clear that they had a genuine
interest and desire to help us, but were put off by
the fact that each individual with whom they spoke
had a different class of compound that needed separ-
ation and purification. After stewing over these con-
versations for a few weeks, Floyd Culler telephoned
me to say they were indeed interested in trying
something, but they wanted to discuss specifics
this time. Another discussion was arranged and we
tried to decide in which area Chemical Technology
should make its first effort.

By this time my group had temporarily given up
attempts to improve the cell-free protein synthe-
sizing system, and had instead returned to re-ex-
amine the first step in protein synthesis, namely the
activation of the amino acids.

The Remarkable Code

All proteins are made up of 20 building blocks,
the 20 naturally occurring amino acids. A protein
of average molecular weight, say 100,000, will be
made up of about 1000 amino acids, so it is obvious
that each of the 20 amino acids will be used several
times in constructing a given protein. Each different
protein will have a unique sequence of amino acids
in its structure and the biological activity of a pro-
tein is determined by this sequence. This is best
illustrated by considering*sickle cell anemia.

In the red blood cells is found a protein, hemo-
globin, whose function it is to carry oxygen to the
tissues. Individuals with this hereditary anemia
contain in their blood cells a hemoglobin that is
very ineflicient in carrying oxygen. By a careful
comparison of the amino acid sequence in normal
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‘... here again the development was picked up

by visiting biologists, and its use is
now widespread in this country

and abroad . . .”

hemoglobin with that of hemoglobin from patients
with sickle cell anemia, it can be seen that sickle
cell hemoglobin differs in only one of its long chain
of 600 amino acid building blocks. This is all the
more remarkable when we consider the fact that as
you are reading this article each of you is losing, on
the average, about five million red blood cells per
second. If these red blood cells were not being re-
placed at the same rate at which they are being
lost we would all soon become anemic. However,
our blood forming tissues are, in fact, producing
new red blood cells at the same rate that they are
being lost. There are approximately 200 million
molecules of hemoglobin in each red cell, so the
machinery that makes hemoglobin does it at the
rate of 10" molecules per second. (This number is
one million times the national debt.) The assembly
of the 600 amino acids in the hemoglobin molecule
is taking place at this fantastic rate without making
a mistake in the sequence This is truly a remark-
able machine. Similar calculations can be made for
other proteins, since most protein molecules are
turning over constantly.

How then is this exquisite fidelity for a given
amino acid sequence maintained? The instructions
for a particular amino acid sequence (the cell
makes hundreds of different proteins, all with differ-
ent amino acid sequences) is contained in the nucleic
acid, DNA.

DNA does not participate directly in the construc-
tion of a protein but its information is first trans-
cribed onto another nucleic acid called messenger
RNA by a coupling process not unlike modern print-
ing technology. Messenger RNA is synthesized in
the nucleus. It is transported from there to the
cytoplasm where it associates with an RN A-contain-
ing particle called the ribosome. This association
with one or more ribosomes constitutes the protein
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synthesizing apparatus. To get the whole process
of protein synthesis started, it is necessary to “acti-
vate” the amino acid. This activation process is
mediated through an enzyme and there is a separate
enzyme for each of the 20 amino acids of the genetic
code. Each enzyme recognizes only the amino acid
for which it is specific. The activated amino acid,
now attached to its specific enzyme, is highly reactive
and unstable and subject to undesirable side re-
actions before it reaches the protein synthesizing
apparatus. Nature, always on the lookout to avoid
such disasters, has developed an almost fool-proof
transport system using still another kind of smaller
RNA called transfer RNA (tRNA) that transports
the activated amino acid to the protein synthesizing
apparatus.

If there is a slipup during the activation process,
however, the inevitable result will be the insertion
of an incorrect amino acid into the protein. And once
an amino acid is attached to a molecule of tRNA,
it has relinquished its ability to determine where
it will appear in a peptide chain.

The final recognition mechanism in protein syn-
thesis is between two nucleic acids. We know some-
thing about the chemical “ground rules” that make
possible a specific recognition between two nucleic
acids, but we know nothing about the chemical
rules that permit the specific recognition of a nucleic
acid by an enzyme protein. This is the reason that
we returned, some years ago, to a more detailed
study of the first step in protein synthesis, namely
the activation of an amino acid by a specific enzyme
and the attachment of the amino acid to its specific
carrier transfer RNA. In order that there be no
mistake in the subsequent steps in protein synthesis,
it is necessary that the activating enzyme recognize
both the amino acid and its cognate tRNA with
extreme fidelity. In order to understand the chemi-
cal basis for this extreme specificity we must study
the activation reaction with both pure enzyme and
pure specific tRNA.

Separating the tRNA’s

Well, we were at this stage in our studies when we
had our second major discussion with our friends in
the Chemical Technology Division, who wanted to
get down to specifics in the area in which they
would try to help us. After they had become ac-
quainted with the details of our problem, we all
agreed that a good place for the chemical technolo-
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gists to start would be in devising new methods for
the separation of individual amino-acid-specific
tRNA'’s,

It is known that for most amino acids there are
more than one different carrier tRNA’s, so the num-
ber of individual species is greater than 20. They
all have about the same molecular weight, and
consist of single chains of about 75-80 nucleotides
in length. The separation of these very similar
molecules represented a real challenge for the chem-
ists and chemical engineers. They addressed them-
selves to the task of developing new biological
macromolecular separation technology.

To initiate the program, Don Kelmersof Chemical
Technology was assigned to work in the Enzymology
Group of the Biology Division in November 1963.
Biology and biochemical disciplines were completely
new to Don, and his first job was to acquaint himself
with the jargon of the field and learn a few funda-
mental principles of nucleic acid chemistry. This
he did in short order, tutored by Mel Stulberg of
the Enzymology Group with whom he was to work.
Shortly before this Holley (1968 Nobel Laureate)
and his group at Cornell had made the first isolation
of an almost pure species of transfer RNA using a
liquid-liquid extraction technique.

It was our intention to develop a system for the
isolation of a specific tRNA that could be scaled up
to produce the pure compound in gram quantities,
and so we decided to stick to column chromatographic
procedures, since all that is needed to scale up a
column procedure is a bigger pipe! But we wanted
also to exploit the separation capabilities of the
liquid-liquid extraction procedure. We knew, from
the work of Zachau in Germany and ORNL’s Joe
Khym, that some nucleotides and tRNA’s had been
partially separated from each other by distribution
in a liquid-liquid system consisting of a quaternary
ammonium compound in an organic phase and an
aqueous salt solution. Kelmers obtained a series of
long chain quaternary ammonium compounds from
commercial sources and proceeded with experiments
in liquid-liquid extraction, using various organic
phases and extracting the tRNA into aqueous salt
solutions. He was helped by useful discussions with
Khym.

It is interesting to note here that both Kelmers
and Khym had earlier gained experience in the use
of quaternary ammonium compounds in liquid-
liquid extraction in the Chemical Technology Di-
vision program on the separation of mineralogical
raw materials.
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hydrophobic diatomaceous earth (chromosorb W or
G) with or without an organic solvent, as the sta-
tionary phase and the tRNA is fractionally eluted
with a sodium chloride gradient. The fifth system has
hydroxylapatite (a form of calcium phosphate) as
the solid support and the tRNA is eluted with a
sodium phosphate gradient.

During the past six months the tRNA from which
the phenylalanine tRNA had been taken has been
reprocessed to yield about one gram of pure formyl-
methionine tRNA and 90% pure valine tRNA. These
have now been turned over to NIGMS for distribu-
tion to the scientific community and their availa-
bility will soon be announced. Our general feeling
now is that with the separation methods developed
at ORNL together with several other methods al-
ready described in the literature we can isolate in a
highly purified form any tRNA we desire. The
Unit Operations section will continue to improve
on the large-scale operation and will systematically
isolate each and every tRNA that may be of interest.
Meanwhile, Chemical Technology’s Research and
Development group will turn its attention to the
development of methods for the separation of
ribosomal RNA, messenger RNA and, hopefully, to
the eventual separation of individual genes.

Extra Dividend

An unexpected bit of “spin-off” has emerged from
this program that may turn out to be more import-
ant than the production of pure species of tRNA.
That is the analytical use of the column chromato-
graphic methods to detect modifications, alterations
or changes in individual tRNA’s during the course
of metabolism, differentiation, development, virus
infection, etc. As mentioned earlier, proteins are
made from 20 amino acids, and each amino acid
has its own specific enzyme for its activation. But
each amino acid is carried by, not one, but several
transfer RNA’s. How many there are for a given
amino acid is not yet fully known, owing to the
previous lack of good separation methods, but we
know that there are at least five different tRNA’s
to carry the amino acid leucine, also five for arginine,
etc. These are called “isoaccepting species.”

At first the multiplicity of isoaccepting species
of tRNA’s was ascribed to the “degeneracy of the
code” through the course of evolution. More recently,
however, many of us have begun to think that there
may be a more profound reason for this multiplicity.
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The idea, reinforced by some circumstantial evi-
dence, is that in addition to their normal role in
protein synthesis, certain of the transfer RNA’s
may also be involved in the process of control and
regulation of metabolism. That is, the appearance
or disappearance of a given tRNA molecule may reg-
ulate the turning on or off of the synthesis of certain
proteins at certain stages in development and
thereby be important factors in the control of many
metabolic reactions. If indeed some of the tRNA’s
perform such a function, there should be fluctua-
tions in the amount of certain species of tRNA’s
during changes in metabolism of cells. Several
investigators have suggested that such changes
may indeed occur. Biology Division’s Larry Waters
was the first to apply the new RPC systems to this
problem. He set out to repeat an observation re-
ported by Sueoka of Illinois that, six minutes after
infection of E. coli cells by a bacteriophage, rather
specific change of leucine transfer RNA took place.
Using RPC-1 system, Waters not only confirmed
the six-minute change, but discovered that shortly
before completion of the viral cycle, two new species
of leucine tRNA appeared.

At the moment we are trying to determine the
physiological significance of this change. The
methods developed in this program are being used
at ORNL to observe changes in tRNA during liver
carcinogenesis in the rat, in the development of
the brine shrimp, and in mouse cells in normal vs.
cancer tissue growth. Other workers in the field
are applying these methods in similar studies.

In the past year, over 50 scientists have visited
the laboratory for from two days to a week in order
to learn this methodology so they can apply it to
similar problems. Recently NIGMS has asked us to
set up a workshop for a detailed discussion of meth-
ods for the separation of biologically active macro-
molecules in general. This workshop is in the plan-
ning stage and will include about 20-25 scientists
who are leaders in this field.

In recounting the history of this trans-Laboratory
program, I hope to have shown the remarkable
productivity that can be accomplished when the
considerable talents of scientists and engineers
in widely diverse fields are pooled in a common
effort. Only at a vast, complex research laboratory
such as we have at Oak Ridge could the Macro-
molecular Separations Technology program have
been set into motion to arrive ultimately at tech-
niques which may prove to revolutionize a large
segment of biological research.
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A number of safety systems are provided in large
nuclear power plants. Among these is the automatic
control system that shuts down the reactor when
operating conditions reach proscribed limits. No
large reactor plant being built today, however, is
provided with a “seismic scram” to shut down the
reactor in the event of a strong earthquake. Later
we will discuss some of the pros and cons of a seismic
scram.

The emergency core-cooling systems (usually more
than one) are a very important set of safety systems
in a water-cooled power reactor. They are intended
to cool the fuel if the primary cooling water is lost
through a pipe rupture. After shutdown, partially
consumed fuel will continue to generate heat; the
heat-generating radioactivity will take centuries
to die out. In a 1000 Mwe reactor this heating can
still amount to 30,000 kw after one hour—about
one-third the output of Norris Dam.

Even if the emergency cooling system works
properly following a sudden cooling-water loss
through a rupture of the primary cooling system, it
will not necessarily prevent escape of fission prod-
ucts from the fuel rods. In the large water-cooled
reactors being built today, the cladding on up to
90% of the fuel rods may be ruptured in spite of the
emergency core cooling system, because the clad
will reach the temperature (about 1200°F) where it
is too weak to contain the pressure of gaseous fission
products inside, against the reduced pressure in the
cooling system. The clad may even reach a tempera-
ture (over 2000°F) where it reacts appreciably with
the steam that surrounds it. With such a break in
the primary cooling system causing a partial radio-
active release, it is essential that the outer contain-
ment vessel remain intact. It is the last resort.

If the emergency cooling is delayed, the clad tem-
perature may reach the point (about 2800°F) where
the reaction between the Zircaloy cladding and
steam can only be prevented by complete immersion
of the fuel rods. At 3400°F the Zircaloy melts, with
substantially greater release of the more volatile
fission products.
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In the extreme case, the fuel will reach its melting
point of 4800°F. Any sizable collection of molten fuel
in the bottom of the reactor vessel will quickly
melt through the steel, and, if uncontrolled, through
the building foundations into the ground. Faceti-
ously, it will not stop until it reaches China. The
possibility of the “China Syndrome” is recognized,
and some reactors have “catchers” that are intended
to intercept the molten fuel.

The above considerations are particularly impor-
tant in discussing earthquakes. In an earthquake all
components and systems will be shaken; soil move-
ments and fault slips can rupture essential umbili-
cals, jeopardize the outer containment, and tilt the
entire reactor; and changes in relative water level
caused by tectonic movement or landslides may
flood the plant or remove its source of cooling water.
No other conceivable natural assault on a reactor
is potentially as complete and all pervading.

The State of the Art

Earthquake engineering is a particularly frus-
trating endeavor. We already have the basic knowl-
edge to protect a nuclear power plant against
almost any conceivable level of shaking and horizon-
tal fault slip and against a considerable amount of
vertical fault slip. It is more difficult to decide the
level of shaking and amount of fault slip on which
to base the design. Excess caution penalizes the
owner; insufficient caution threatens the public.
And if we have chosen well, we will never have em-
pirical evidence of how overconservative we have
been; the design-basis earthquake will never come.

Knowledge to help us predict when and where an
earthquake will occur, what level of shaking to ex-
pect, and what tectonic displacement will take place
will come very slowly. We will probably first reduce
the cost of earthquake protection by improving the
design itself rather than by being able to reduce the
design requirements.
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implies a deep subsurface fault slip over a length
of about 450 miles.

As the vibration waves move out, they are ini-
tially of two forms, compression or “P” waves and
shear or “S” waves. P waves move at about three to
eight miles per second; S about half as fast, their
velocity increasing with depth.

It is mnemonically helpful to think of P and S as
abbreviations for “pressure” and “shear.” In fact,
however, they stand for the Latin phrases undae
primae and undae secundae, referring to the order
of their arrival. Teleseisms indicate a wide variety
of waves, some of which travel along the surface of
the ground, some in the ocean, and some almost
directly through the earth. Thus, the farther away
an earthquake is, the longer the shaking lasts.

One approach for grading or classifying earth-
quakes is in terms of the area affected and the physi-
cal effects produced by the earthquake. The Modified
Mercalli Scale is the most widely used scale of in-
tensities. The MM Scale ranges from I to XII based
on the reactions of people, animals, trees, and struc-
tures: it is not easily applied in poorly populated
areas.

From a seismologist’s point of view, the most
reproducible, quantitative measurement of an earth-
quake is the amplitude of the recording it makes on
a standard seismometer at a standard distance from
the epicenter. Readings on other types of seismo-
meters at other distances can be used to predict the
amplitude a recording would have shown on a
standard instrument at the standard distance. The
universally accepted measure, based on these facts,
is the “Richter Magnitude.” It is defined@s the base-
10 logarithm of the maximum amplitude, in mi-
crons, recorded on a Wood-Anderson torsion seis-
mometer having a natural period of 0.8 seconds, an
amplification of 2800, and a damping coefficient of
0.8 critical located 100 kilometers from epicenter.

In 1940, earthquake engineers got a bit of a break.
For the first time, a moderately strong earthquake
was recorded on strong-motion instruments. Today
the El Centro 1940 north-south strong-motion spec-
trum is still the most widely used for computing the
response of a given structure to an earthquake.

The availability of large digital computers now
makes possible the analysis of very complex struc-
tures, using actual recorded ground motion data
like those from the El Centro earthquake. Most of
the calculations today use complex, lumped-mass
spring models, but the finite element approach is
rapidly gaining favor.
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We still have no quantitative idea of the shaking
during any “great” earthquake. The really strong
shaking at El Centro (magnitude 7.1) was over in
about ten seconds. The massive Turnagain Heights
landslide at Anchorage didn’t begin until the strong
shaking had been going on for about 13 minutes dur-
ing the 1964 Alaska earthquake of 8.4 magnitude
(30 times as big). No strong-motion instruments
were there.

A unique little 5.2 magnitude earthquake occur-
red in 1966 along the San Andreas fault between
Parkfield and Cholame in middle California. During
the earthquake, a series of instruments recorded the
maximum accelerations at their locations with a
maximum of 0.5 g very near the fault. The earth
moved over and back about eight inches during that
pulse, and moved perpendicular to the fault rather
than parallel as predicted by the fault slip or “elas-
tic rebound” theory. Because there was only one
really strong pulse, it did little damage.

One final word on the ground shaking. A single
recording cannot tell the story. A mild earthquake
in San Francisco in 1957 produced records in many
types of soil and at different distances from the
epicenter. The amplitude, duration, and predomi-
nant frequencies varied remarkably.

On July 29, 1967, Caracas, Venezuela, was struck
by an earthquake that collapsed twelve-story build-
ings at locations where fourteen-story and eight-
story buildings survived. At other areas, twelve-
story buildings survived but other buildings
collapsed. These peculiar results appear to be due to
the resonance of the layers of soil on which the
buildings were built. Those buildings with resonant
frequencies similar to the ground resonance col-
lapsed while others resisted the earthquake. Micro-
earthquakes, dynamite blasts, mechanical shakers,
and underground nuclear test shots, as well as ma-
thematical predictions based on soil depth and prop-
erties, are all being used at present to develop meth-
ods for predicting the resonant ground frequencies
at potential reactor sites.

Tectonic Displacement

Primary fault slip reaches to the earth’s surface
in most of the large earthquakes in California and
Nevada. It is still very difficult to predict the amount
of slip that can occur along a given fault. Geologic
history at the fault and the general seismicity of the
area are the primary bases used today for establish-
ing the amount and type of slip expected. The San
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Andreas fault has slipped horizontally over most
of its history. Some geologists believe it has slipped
a total of over 100 miles. The Dixie Valley-Fair-
view Peak fault in Nevada slipped 12 feet horizon-
tally and 12 feet vertically during the 1954 earth-
quake. Geologic evidence has been found that
suggests much greater slips along both these and
other faults.

It is unlikely that anyone would propose siting a
nuclear plant directly on top of the San Andreas
fault, or any other major fault that is known to have
slipped in historic times. (Many types of structures
are not sited so carefully, however. One interesting
example is the University of California Stadium at
Berkeley which is built directly on top of the major
active branch of the San Andreas fault called the
Haywards fault.) It is not as easy to avoid minor
short faults. They are often hard to detect, and hav-
ing found them it is not easy to tell if and how much
they may be able to slip. So far the most certain
method is to cut trenches through the overburden
and into the rock. If faults or cracks are found, ex-
amination and dating of the overburden may show
how recently the crack slipped.

We are now finding evidence that earthquakes
and other major ground shocks can trigger second-
ary fault slips. The Borrego Mountain earthquake
of April 8, 1968, in Southern California was entered
on the Coyote Creek fault, which slipped over a
length of about 27 miles with a maximum of 1 foot
3 inches horizontal differential displacement. A
few days later, slips on three other faults were
found —located between 28 and 43 miles away from
the Coyote Creek fault. Most geologists believe all
four breaks are closely related and formed almost
simultaneously. Thus, proximity to a major fault
may increase the probability of fault slip on a se-
condary fault.

As with fault slip, net tectonic rise or subsidence
is difficult to predict. A barnacle-covered Indian
artifact was reported found 50 feet above sea level
near the mouth of the Colorado River at the Gulf
California. This implies strongly that a reactor in
that area should be designed and built to withstand
rather drastic changes in water line. Perhaps the
most glamorous tectonic subsidence in modern his-
tory was the sinking of Port Royal, Jamaica, be-
neath the waters of the Caribbean during the earth-
quake of 1692. Port Royal at that time was one of
the largest cities in the Americas, and one of the
richest in the world, since it was headquarters for
most of the pirates on the Spanish Main. Many
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people at the time attributed the immersion to a
cleansing act of God.

History shows little vertical tectonic displacement
along the California coast, but as already indicated
such displacement may be very important in Baja
California (where a large nuclear desalting plant
has been proposed), and in Alaska.

Soil Failure

The shear strength of a soil derives from two phe-
nomena: (1) cohesion between particles of soils and
(2) dilatancy, i.e., the necessity to expand when
shearing. The first phenomenon occurs principally
in clays; that is, in soils with particles that are small
enough (less than around five microns) to respond
to Van der Wall and chemisorptive forces. Some
clays expand and contract as a function of water
content, but others are dense, impervious shales
that make excellent underpinning for heavy earth-
quake-proof structures, provided they do not con-
tain layers of weaker material.

Some wet clays and muds tend to yield slowly
under moderate loads. They may also lose shear
strength when being sheared rapidly and may not
regain their original shear strength until some
time after the shearing has ceased, a phenomenon
called “thixotropy.”

Silts, sands, and gravels are cohensionless but are
usually dilatant, which means that their shear
strength will increase with compressive load on the
plane of shear and, hence, with depth. But many co-
hesionless materials are not well compacted, and
under the influence of man-made or earthquake
vibration they tend to compact further.

When the connected interstices between the par-
ticles of an uncompacted cohesionless soil are
filled with water (saturated), compaction of the par-
ticles displaces water from the interstices. If the co-
hesionless soil is in a layer between two impervi-
ous layers of clay, the water accumulates on top of
the sand layer, and the sand becomes temporarily
suspended in the water. The combination forms a
low-friction film on which the upper clay layer can
slide. This is what caused the drastic landslides in
Anchorage in 1964.

If the cohesionless soil bed is thick and extends
to the surface, the expelled water moves up through
the bed and fluidizes it. This type of liquefaction
occurred at Niigata, Japan, in 1964 and in Chile
in 1960.

Several approaches have been used in countering
soil weakness. One is to use piles that penetrate to
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rock or to a stronger soil. Another is to substitute a
stronger soil, usually by compacting the existing
soil or by adding hardening materials to it. Where
instability is due to water in the soil, a third ap-
proach may be to remove the water by drainage or
with drywells. All these approaches need develop-
ment effort.

The most important problems are the detection
of thin layers of potentially unstable soil, the de-
termination of the shear strength and thixotropy
in clays, and the degree of compaction in cohesion-
less soils.

Tsunamis and Seiches

A plausible, though not proven, mechanism for
the formation of a tsunami is a sudden vertical dis-
placement of a large section of the ocean bottom.
The wave length may be several hundred miles, so
that even in the deepest ocean such waves behave
as shallow water waves; and since the velocity of a
shallow wave is proportional to the square root of
the water depth, tsunamis move across the ocean at
velocities as high as 500 miles per hour.

Their amplitude is only a few feet in deep ocean
so they are not detectable by ships at sea, but on
nearing a shore the height of the wave increases.
When concentrated at the end of an inlet (as at Hilo,
Hawalii, several times; or Crescent City in 1964),
the water rolls up onto shore as a step change in
water level that is headed by a tumbling bore.

At Hilo in 1960 the velocity of the bore in the
streets was estimated at 25 to 40 feet per second
where the height ranged from 8 to 12 feet. Much
greater heights have been experienced. In 1946, a
tsunami over 100 feet high demolished a well-built
lighthouse 45 feet above sea level at Unimak Island
in the Aleutians, and produced up to 55-foot waves
on Hawaii and Molokai. One hundred and fifty-nine
people were killed and 488 homes destroyed. This
same tsunami rose 12 feet on the California coast
at Santa Cruze. The depredations prompted the es-
tablishment of a tsunami-warning system that
saved many lives in the 1960 Hilo tsunami.

The possibility of tsunami intensification near a
nuclear site can be examined analytically with some
success, but if a danger is still suspected, it may be
desirable to perform model tests, as has been done
by the U.S. Army Engineers for Hilo at their Vicks-
burg, Miss., station.
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Seiches are sometimes formed by far-distant
earthquakes, although they are also initiated by
winds and other causes. They consist of a standing
wave between two shores. They may form in chan-
nels, wide rivers, or lakes. At any site near such a
body of water, the possibility of a seiche must be
considered.

Protection against seiches and tsunamis in gen-
eral consists of modifications in the water to mini-
mize intensification, as is being carried out now at
Hilo, or erection of a protecting wall, as at the San
Onofre nuclear power station, south of Los Angeles.

The following description of a tsunami was taken
from a paper by Eaton, Richter and Ault on the Hilo
tsunami of May 26, 1960:

"At first there was only the sound, a dull rumble
like a distant train, that came from the darkness far
out toward the mouth of the bay. By 1:02 a.m. all could
hear the loudening roar as it came closer through
the night. As our eyes searched for the source of the
ominous noise, a pale wall of tumbling water, the
broken crest of the third wave, was caught in the dim
light thrown across the water by the lights of Hilo.
It advanced southward nearly parallel to the coast
north of Hilo and seemed to grow in height as it moved
steadily toward the bayshore heart of the city.

“At 1:04 a.m. the 20-foot-high, nearly vertical front
of the inrushing bore churned past our lookout, and
we ran a few hundred feet toward safer ground. Turn-
ing around, we saw a flood of water pouring up the
estuary. The top of the incoming current caught in
the steel-grid roadway of the south half of the bridge
and sent a spray of water high into the air. Seconds
later, brilliant blue-white electrical flashes from the
north end of Kamehameha Avenue a few hundred
yards south of where we waited signalled that the
wave had crossed the sea wall and buffer zone and
was washing into the town with crushing force.
Flashes from electrical short circuits marked the im-
pact of the wave as it moved swiftly southeastward
along Kamehameha Avenue. Dull grating sounds
from buildings ground together by the waves and
sharp reports from snapped-off power poles emerged
from the flooded city now left in darkness behind the
destroying wavefront. At 1:05 a.m. the wave reached
the power plant at the south end of the bay, and after
a brief greenish electrical arc that lit up the sky above
the plant, Hilo and most of the Island of Hawaii was
plunged into darkness.”
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Earthquake Prediction

The Good Friday Earthquake in Alaska on March
27, 1964, focused attention, at least temporarily,
on how little we know about earthquakes. While
the earthquake was still fresh in their minds, the
Office of Science and Technology appointed a com-
mittee, headed by Prof. Frank Press of Massachu-
setts Institute of Technology, to recommend ways by
which we might learn to predict earthquakes. The
committee concluded that although a variety of
geophysical phenomena are known to occur at the
time of an earthquake, insufficient data had been
collected to provide predictive correlations.

They recommended that $137 million be spent
in establishing clusters of instruments, some of
whose recorded readings might correlate with the
subsequent occurrence of an earthquake. The phe-
mena that would be monitored include micro-
earthquakes, tilting, rock strains, magnetic field,
gravitational field strength, heat flow, and thermal
anomolies. Twelve clusters would be located in
California, three in Nevada, and nine in Alaska.
In addition, a few “superclusters” would be located
in California and Alaska, and portable clusters
would be moved from place to place.

The Press Committee plan has never been started,
but the Japanese are making a similar series of
measurements in their Matsushiro District which
is subject to a continuing series of earthquakes.
They claim some success in predicting the occur-
rence of particularly strong shocks, largely from
measurements of tilting in the earth. In some but
not all cases, strong shocks are preceded also by a
reduction in the number of microearthquakes re-
corded. This last phenomenon has also been observed
on a few occasions in the United States.

Recently, evidence has accumulated that man’s
own activities may cause at least microearthquakes.
Earthquakes up to 5.5 magnitude have occurred in
Denver which never had an earthquake before the
Army pumped large quantities of liquid waste into
the bedrock. The microearthquake activity in Ne-
vada has increased since Lake Mead (Hoover or
Boulder Dam) was built. Seismologists report in-
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creases in microearthquake activity following
underground nuclear bomb tests. Perhaps these
bits of evidence can help in devising our prediction
method.

Evidence is also accumulating that the root of
seismic disturbances may lie in the liquid core of
the earth. A young graduate student at the Colorado
School of Mines has discovered that most seismic
belts form circles on the surface of the earth that
are the traces of planes tangent to the liquid core.
Near the surface the faults themselves appear to
have the directions of those planes. Also, it has been
observed that the earth wobbles slightly on its
axis a few weeks before a large earthquake.

Antiseismic Design

As long as we cannot predict the exact shaking
and fault slip to which a given nuclear power plant
will be subjected at a given site, the choice of de-
sign conditions must be arbitrary. Unfortunately,
arbitrary judgment too often reflects the fears or
the foolhardiness, the interests or the unconcern
of the judger. Some guidelines are beginning to
emerge, however.

Intuition and records show that strong earth-
quakes are less frequent than weak ones. With that
hypothesis, nuclear power-plant designers and reg-
ulatory groups consider two possible earthquakes:

An operating-basis earthquake for the site, with
probability so low that it is impractical to design
the plant to operate normally through either greater
shaking or greater net tectonic movement.

A design-basis earthquake for the site, with prob-
ability so low that it is impractical to consider
greater shaking or greater net tectonic movement
in designing the systems for safe shutdown and
maintenance of a safe shutdown condition.

The nuclear submarines and the NS Savannah
are examples of our ability to design reactors that
can accommodate shaking and tilting. There seems
little reason to doubt that reactors can be built
to withstand fault slip as well. To test that belief
for water-cooled reactors, ORNL let four subcon-
tracts to engineering firms last year for investi-
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PW and BW reactors. It may, however, be very
important in fast reactors such as the Liquid Metal
Fast Breeder.

Earthquake hazards for nuclear power plants
are now becoming more widely recognized. The
owners of the San Onofre station are installing, at
their own expense, one strong-motion seismometer
outside the reactor building and three at carefully
chosen points inside. Not only can these instruments
provide useful data on earthquake spectra, should
an earthquake occur nearby, but the records will
give important information on the response of the
building structures and help determine the need to
look closely for hidden structural and component
damage. Other plant owners are now being encour-
aged to install strong-motion recorders in their
nuclear power stations. Unfortunately the instru-
ments being considered will not record above 1 g,
while the structures may respond at 5, 10 or more g.

At least one engineering firm is considering a
shaking test of a 783 Mwe PWR that it now has
under construction.

Seismic scrams are being studied, and in the long
run they probably will be installed in all large
nuclear power plants. The preliminary safety
analysis report for the Oconee PWR power plant
points out that if the primary cooling system is
broken while the reactor is operating, power will
be generated for one to two seconds following the
break, and the clad on 70% of the fuel rods will rise
in temperature beyond the point where it can con-
tain the fission gases in the fuel. As a result, some
fission products will be released into the ruptured
coolant system in spite of the emergency core cooling
system.

If shutdown is initiated only one and one-half
seconds before the primary system rupture, and if
the emergency core cooling system comes on in 18
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Multifarious are the possible
effects of an earthquake on a
nuclear power plant. but the
grave danger is in the ulti-
mate release of fission prod-
ucts to the environment.

seconds after a pipe rupture as it is designed to do,
none of the rod cladding will be ruptured. We would
thus retain two tandem barriers against fission
product release instead of having to rely entirely
on the outer containment vessel.

The seismic scrams, like all nuclear controls,
must be extremely reliable, not only to protect the
reactor but to prevent costly false scrams. Too many
false scrams may induce operators to disconnect the
offending safety device. For this reason, and perhaps
because of an intuitive distrust of automatic equip-
ment, some individuals have suggested a seismic
warning system instead of an automatic scram.
This would leave the decision to scram up to the
operator. It is hard to imagine a condition under
which a reactor operator would be less likely to
show good judgment than in the middle of a violent
earthquake. Since, as we have seen, a few seconds
might make the difference in maintaining the in-
tegrity of the cladding on the fuel, it seems probable
that seismic scrams, rather than warning systems,
will be installed in reactors.

It appears that for a considerable time to come,
reliance will have to be placed largely on engineer-
ing and on conservative siting requirements rather
than on better understanding of earthquakes. The
latter will come slowly, barring unexpected for-
tuitous discoveries.

Most important of all, the magnitude and limits
of the nuclear-seismic hazards will be recognized
and dealt with realistically by nuclear designers
and operators, as a whole. Already many individuals
of the staffs of reactor manufacturing concerns,
engineering firms, and power companies are aware,
competent, and eager to face the earthquake pro-
blem in a practical fashion. Their managements are
beginning to get the message.

It may not be too late.
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