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PART T HE PLUVOWTUM PILCT PLANT

INTRODUCTION

The Oak Ridge National Leborstery, originslly known as the Clinton
Laboratories, was established‘inkl9h3 as a direct result of several
events which had occurred in the preceding two years. In 1939 scien-
tists discovered that when uranium atoms were bombarded with neutrons,

they would split into approximately equal parts with the reles of

enormous gquantities of energy. This phenomenon of nuclear fission vas
investigated at many luborauorleb, and 1t was soon discovered that the
urgnium 235 isotope was the particular atom that was fisslonable. The
uranium 233 isotope, which makes up 99.3% of natural vraaniuwn, was found
not to be fissionsble with slow neutrons. On the basis of work carried
out in the interests of pure science in 1939 and l9h0, the possibility
of obtaining vast quantities of power from uraniuvm Tission was visval-
ized by the scientists. Cyclotron experiments showed that whon uvranlum
i3 bombarded with neutrons, a new element, plutonium, is produced. It
was discovered that plutonium is produced from nonfissicnabls uranium 238
and that the plutonium 239 isotaée thus produced is fissionable. A
group of leading scientis£s recomnended to President Roosevelt that the
government undertake a program of resecarch and developmznl aiwmed at pro-
viding a methoed for the exploitation of the tremendous potentisl power

of nuclear fission to contribute to the war cffort. As a conseqgue

it was decided that the Office of Belentific Resewrch and Development
(08BD) should sponsor a program of research and developoent in this Field.

Theoretical considerations had indicated that plutoniva 2392 could

be produced in guantity by neutron bombardment of the nonfTicsic




-
uranium 238 isotope, which is 1LO times as plentiful in natursl uranium
as the Tissionable uranium 235 isotope. If a niclear chain rezction
could be made to cccur in natural uraznium, some of the nsutrons gencr-

ated by the chain reaction would be absorbed in uranium 238,

-+

it by nuclear reactions to plutoniuwm 239. Under the Offlice of Scientific

teb-

Research and Development, a "Metallurgical Leboratory” project was

®

S
lished early in 1942 at the University of Chicago to develop a systenm
y > & P J

in which natural uraniuvm could be made to sustain s nuclear chain resc-

=2
o
1

tion. Also important among the objectives of the Metallurgsical Labor
EY (]

tory were the development of methods for chemically separating and

purifyiﬁg the plutonium produced in a natural uranium chain reaction
and for using purified fissionable material to effect a chain rescticn
of explosive characteristics wnich would make a super bomb.

In December, 1942, at the University of Chicago, werk performed
under the project established by the Office of Scientific Rescarch and
Development led to successful operation of the first nuclear reactor,
which, although it was a very low-power laboratory research device,
nevertheless clearly demonstrated that a self-sustaining nuclear chain
reaction could be established under certain conditions with natural
uranium. The chain reaction was found, as expected, to supply tremen-
dous numbers of néutrons which, by their nuclear reaction with uranium 230,
produced plutoniuvm 239.

Thus by the end of 1942, it was clearly recognized ithat nuclear
fission offered exciting possibilities as a new scurce of alwmost unbe-
lievable power. It was also known, at least thecretically, thal two

fissionable isotopes, uranium 235 and plutonium 239, could be proluced

in sufficiently large quantitices to he used in & new



C=3-
would unleash the tremendous power available from nuclear fission in a
devastating explosion. While natural_urénium, contalining only seven-
tenths of one percent of fissionable material, requires Several tons of
uranium to establish a nuclear chain reaction, scientists reasoﬁed that
it fissionaﬁle matérial could be produced in pure form, the quantity
required for a nuclear chain reaction might be quite small. Production
of purified fissibnable isotopes thus became an important objective.

Fiésionable uranium 235 can be separated frbm the uranium 238 which
cpmprisés over 99% of natural uranium only by processes which exPloit
the différence in mass of the isotopes - 235 versus 238 - because their
chemical behavior is identical. Experiments showed several physical
processes which offefed promise for separating the U-235 isotope from
natural uranium. The experimeﬁts also showed that production of large
quantities of U-235 would be a huge industrial operation requiring the
enormous expenditures.

Fiésionable plutbnium appeared equally as promising for making a
super bomb and had the advantage of being, not an isotope of_uranium,
but a different élement ﬁhich could. be separated b&.chemical meahs from
the uranium in which it was produced. Since plutonium was a new element
which had not existed in nature, its chemical properties were unknown;
but theoretical considerations made it nearly certain that the chemical
separation could be accomplished. In this case‘also, the production df
large quaﬁtities 6f plutonium would reguire huge industrial facilities
involving large expenditures of money and scientific effort.

Although it was not known whether the technological problems of
large~-scale production of uranium 235 or plutonium 239 could be solved,

experimental results available by the end of 1942 indicated that they



could. Four methods of producing Iissionable materisl appeared prouising:
(1) electromzgnetic separation of uranium isotopes, (2) separation of
uranium isotopes by gaseous diffusion through z porous barrier, (3) sep-
aration of uranium isotopes by centrifugation, and (4) production of
plutonium 239 by the interaction of neutrons with uranium 238 in a nuclear
chain reacting system. At the end of 1942 it was not possible to state
definitely that eny one method appcared superior to the others. It was
considered unsafe, in view of the recognized gaps in information avail~
able at that time, to concentrate on any one method of achieving the
production of fissionsble material.

With the Increasingly promising results thal were being cbtained
during 1942, it was decided to proceed with plans Tor a msajor national
erfTort to produce fission bombs. Theoretical and expzrimental siudies
indicated strongly that it would be possible to produce a super bowb
‘hich would have a decisive effect on the ocutcome of the war. In the
latter part of 1942 the Army organized a new Manhatbian District, under
the Corps of Engineers to manage the activities directed toward producing
an atomic bomb.

Land was acquired in 1942 in the area belween Clinton, Kingston,
and Oliver Springs, Tennessee, under the guise (for security reasons)
of establishing the Kingston Demolition Renge. The Corps of Enginecrs
started construction of a town and administrative office bulldings in
1942 under the name Clinton Ingineer Works. This was the srea plunned

Tor the larges-scale producticn activities required to produce an =ztomic

bomb. It was crizinally planned that 11
c y P

o

tomic bomb project activitics

vould Lo carried out at this site.
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With the successful operation of the "Chicago Pile" in Deceuber,
1942, construction of a pilot plant for the production and chemical sep-
aration of plutonium was considered justified. The Metsllurgical Lebora-
tory at the University of Chicago, having respcnsibility for this phaso
of the aﬁomic bomb project, was also responsible for the operation of
the pilot plant. Beéause of the urgency of the wofk, the ordinary proce-
dure of completing pilol plant tests prior to the undertaking of full-scale
production activities was not to be Tollowed. A possibility vas recognized
that something might cause a large nuclear chain resction to release

fission products which are highly radiocactive, and therefore it was

4

decided that large-scazle plutonium production facilities should not be
located at the Tennessee site, but at some renote locatlon where fewer
veople would be endangered by an accident. Plans were made for the con-
struction of e full-scale production plant in Hanford, Washington, a site
chosen because of 1ts disolation and the abundance of cold, pure water in
the Columbia River and the availability of large guantities of electric
power. In order that the pilot plant might be enocugh ahead of the pro-
duction plant to permit experience gained in pilot plant operations to

be applied in the design, constrﬁgtion and.operation of the production
plant, steps toward construction of the pilot plant were accelcrated as
gsoon as successful operation of the "Chicago Pile" was achieved. The
prbduction plant at Hahford, Washington was to be a large-scale enteryprd
and a large industrial organization was nceded to manage the design,
construction and operation -of such a huge plant. The duPont Cowpany was
considered by the Manhattan District to be the best qualiticd coreanization
for the job. DuPout agreed to accapt the responsibility for the plutonium

production plant, sud because of this, also accepted responsibility fov
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the design and construction of the pilot plent at Clinton Engincering

Works in Tennessee. Although the pilot plant was to be actually operated
by the Metallurgical Laborsltory, 1t was expected that the dalent Company

would trein personncl at the pilot plant Tor later assignment to the

production facilitles. Construction of the pilot plant started on

February 1, 1943, the first plant construction in the Clinton Engirecs
Viorks area. Because of the location in the Clinton Engineer VWorks, the
name Clinton Laboratories was chosen Tor the pilot plant being constructed
by dulont for operation by the Metallurgical Leboratory of the Uaiversily
of Chicago.

It had been dewonstrated that nuclear chain resctions could be
achieved in natural uranium and that plutonium 239 was produced Ffromx
uranimm 238 in the chain reacting system. However, all that was knowm
about plutonium production was based on theoretical studies, or al best
on very small-scale laborabtory experiments, and it was quite apparent
that a great deal of research and developm2nt would be required before
large~scale production activities could be started. The Clinton Laboro-
tories pilot plant was esteblished to carry out the research and develop-
ment in preparation for large-scale proﬂéctlon of plutoniwi. The
Metallurgical Laboratory at Chicago performed basic research on plutoniua
chemistry-and worked out the basic processes to be tested in the pilot
plant for separating plutoniuwam from uvraniwn and from fission products.

It is interesting to note that all research performed until the succesgsful
operation of the pilot plant yielded larger quantities of plutenivm, wos
perrormed with cyclotron-produced plutonium, of which never more than one

millogramm was avallable Tor all rescarch at the Metoallurgical Laboratery.
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o Early in 1943 scientists were conTident that a nuclear chain reaction
utilizing highly purisyied fissionable material could be mude to cause an
explosion of unpreccedented magniture. Top prioritly projeets were initd
ated under the Manhattban Districlt to éroduco purified uranium 235 and
plutoniuvm 239 by several methods. Plants for separation of uranium
isotopes by ga ecus diffusion and electromagnetic procecses were started
ecarly in l)kg at the Clinton Eagineer Works in Tennessece.

The Metallurgical Laboratory of the University of Cnicago, in these
early days, was responsible for all phases ol research and development on
flS ion chain reactions, for plutonium producticn and chemiceal processing
methods, and for the development of methods for making s super bomb uzing
either fisslonable uranium 235 or plutcnium 239. The plutorniwm production

£

3 and chemical processing phases of the atomic boud project were to be
tested in a pilot plant known as Clinton Leborstories, constructed espe-
cially for this purpose

Simultaneously snother new laboratory was set up abt a very remole

> bomb

")

location in Los Alamos, New Mexico to pursue development of th
itself. The work which had been started under the Metallurgical Lebora-
tory of the University of Chicage had actually been carried out by a
group working in laboratories at the University of California. VWhen
plans for the new ldbor;Lory at Los Alamos were mzde, the University of
California accepted responsibility for this phase of the work, leaving
the Metzllurgical Laboratory free o councentrate on plutonium production
and chermical processing.

Y

The Oal: Ridge Nutional Leboratory had its beginning in the pilot

lant, Clinton Labovatories, sel up to test the rplutonium production
) 3 L I £

mzthods planped by the Metalluregical Ibb)‘7b” s of the University of
¥ . N



Chicago. Tne need for purified {issionable material was urgent, less
for the producticn of bombs then for rescarch end development on how
to produce a bomb. Clinton Laboratorics would supply the Tirst gvan

gquantities of purified fissionable meterial as well as test the production

Processes.



THE ESTABLISIMENT OF CLINTCON LABORATORILS

In January, 1943, the declision wos made to consbruct an intormediote

energy resctor at the Clinton Laboratorles location to serve as o piloth

2

plent for the large-scale production operstions at Hanford, Washingbon.

During the early discussions, a reactorn operating at 30 to 100 KW was

consildered; however, the decision to enclose the uwranivm metal in probtec-

N
it

tive ‘cans to reduce the oxidation of nium and to minimize the relouoe

4

of Tission products allowed the reactor to oporate at higher tenperaturoes

and thus wsde possible a power level of several hundred kilowabts. e

design power level of 1,000 KW was sgreed on during Febroary, snd con-
siderable work was done toward designing tlie resctor and JANereR

esging facilitics for Clinton Labvoratorles. AU the tiws, early in 1043,
it wee planned that the large platoniuvn production reactors would b

helium cooled. The Clinton ILsborstorics reactor was to operabs nt
mch lower npower level, and air cooling was considered acceptahle and

more expedient. (Later it was decided thet the large production reactors

at Hanford should be water cooled.) The chemistry and Process enginceri

4

work at the Metallurgical LJbuTHfQTy hod provided the eggential backoround

for a chenical process thalt would sgeparate the plutonium frowm ucaniam snd

from the highly radioactive fission products. BEguiwpmeal desige the

. / e s . .
Process Building was well undey way in the early months of 1543.

|OF

The rescarch studies and experimental dnvestigations perfoom

under Loe supervision of the Otffice of Scicntliiic

Doveloposrt

hed beon conducted on it 03 bhe University of Chicago by seiov-

tists who the University. Vien picirich
took over fect, they considerad it Pl thaot i
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assistance of the existing Mctallurgical Ieboratory organization, which
was 6ne of few in the world experienced in the new field of nuclear
energy rescarch, be maintained in ordzr to assure optliom progross in
continuing the progran into pilot plant and production phases. herefore,
the University of Chicago was chosen as the contracter o opzrate the
Clinton Laboratories pilot plant, uader the Manholtan District. For
security reasons, it was not desirable to have the University of Chicago's
name associated with the work which was to be performed in Tennessec;
therefore, an organization known as the "Clinton Laboratorie was formed
to operaﬁe the pilot plant.

The scope of work for which the Metallurgical Laboratory of tre
University of Chicago was responsible under the Manhattzn District con-
tract consisted of the following functions:

(1) Procure and train additional personnel as may be required to
perform research and development on plutonium production and processing.

(2) Conduct the required research and engineering development work
necessary to accomplish the developwent of processes and design of Tacil-
ities for producing plutonium in a nuclea; chain reaction and to separate
and purify the plutonium. )

(3) Train personnel and operate a pilot plant for the purpose of
producing a siall amount of plutonium.

(4) Mzke the necessary studies and develop a workaeble and dependable
method of chemical separation and isolation of plutonium frbm uraniuwn
metal and from fission products.

(5) Orpanize and operate a training school for the technical porsonncl
wvho would scrve as a ﬁuc]eus Tor opzrating the large producition plunt of

the Hanford Engincer VWorks.
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(6) Develop a process for the recovery of partisally depleted
uranium metal which had been irradiated and uscd in the devalopment
work al the pilot plant.

(7) Develop methods and produce certain radioisotopes for use ath
other locations on the project.

(8) Proéure the necessary personnel to conduct studies and investi-
gations with respect to the medical and biclogical problems associated
with work utilizing radiocactive materials.



CONSIRUCTION CF FACILITIES

Wnile plans and arrangements were beling wade Lfor the work to be
performed at Clinton Laboratorics, the Enginecring Division of the
E. I. du Pont de Newmours and Company, Incorporated was assigned the
responsibility for constructing the Clinton Leboratories facilities.
Construction was actually started on February 1, 1943, and proceeded on
a rush schedule, which enabled the reactor tc be completed and placed
in operation on November U4, 1943. Thc rezctor, of course, was the
mz jor facility around which the research and develorment activities at
Clinton Laboratories were to be centered. Even thovgh it was only the
second reactor ever to be constructed, indeed the first to operate ab
a power level high enough to provide an appreciable potentiel for pro-
ducing plutonium, the first to employ forced air cooling, and the first
to incorporate complete provisions for shielding, controls, and other
opcrating requirements, the Clinton Laboratories reactor operated from
the start with better than expected performance.

A second major facility constructed at Clinton Laboratories was
J ¥

the chemical pilot plant where the procéés for separating and purifying
plutonium was to be tested. Because chemical operations involving radio-
active materials had never before been attempted on anything even
approaching the scale planned in the pilot.plant, the desipgn and con-
struction of theselfacilities was an engincering achievement of the
first maguitudei

A1 equipment for tﬁe operations was enclosed in "hot cells”
surrcunded by five feet of concrete. Remote conbrel wes rejguired for
wry who

even the gimplest owperations, which were accomplishoed by wor



could not even see the operation they were performing. At one stage

. I~
Wi
]

of the process, a television sel was used to gllow cbsarvation of a

critical operation. For the mosv part, the pes

was determined by the readings on & bank of instruments which covered

the walls of the "operating gollervy".

Other facilities constructed at the same time included laboratories

for ~lemistry, physics, and medical (health physics) research; mazchine

8l . instrument shops; and seversl administraliorn btuildings and ware-
hew . oo One hundred and Tifty buildings, large and swell, were consbruc-

ted at a cost of about $13,000,000. More than 3,000 construction workers
2 2 2
were on the job during the peak construction poriod, which lasted from

February 1, 1943, through all of that year and well into the swmuer of

19k,



ORGANITZATION O CLINTON LABCRANORTNS

The orgenization sct up by the University of Chicago provided Tor
rescarch and development activitics to be carried out in the Tields of

nmedicine, health physics, bioclogy, chemistry, engineering, and physics.

The orgenization actually sel up for carryiang out these responsibilities
provided a medical division with health physiés and biology groups under
this division, a chemistry division, a separatioﬂs developnent division,
an analytical division, an engineering development division, and a physics
division. The work carried out by these divisicns may be cutlined as

follows:

Medical Division: The medical staflf had the responsibility for

pre-employment, interim, and termination examinatilons, and for
general plant medical work associated with the sp=cial hazards
existing in the plant. A large fraction of this latter work in-
volved careful clinical studies that were made in an attempt to
establish the proper relationship between-detectable clinie=l con-
ditions of employees and the physical conditions under which they

work.

e

Health Physics Section: The health physics group, working in

close cooperation with the medical group and under the super-
vision of the Medical Director, was concerned with the general
problem of controlling radiation and contamination hazurds. Their
major actlvities included radiation surveys of all working spoce,
clothing, water, snd of huudg (cspecially); wadiation monitoring,

including maintenance, calibration and reading of pociel ionizaticon

-t

chowbers and film weters; and recearvch on nethods of decontonminaling
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individusls, clothing and laborveatories. They also developed :
2 &
o+

calibrated physical instruments used in their work.

Biology Section: The work of the Biology Section was also closely

related to that of the Mesdical Section. The work consisted of =

study of the metabolism of short-lived fission products and the

preparation of material to be used in metabolism studies on
lived Tission products. This section maintained biological monitors
in the hszardous areas of the Laboratory and also studied ths biolog-
ical effects of fast and slow neutrons and gamsns and bata rays on
various specles of anlmals with the idea of extrapolating this in-

Tformation to man as elfectively as possible.

Chemistry Division: The chemistry research and process develop

4
.

work at Clinton Lsboratories was periormad in three division

The: Chemistry Division, the Separations Development Division sad
) , e

the Analytical Division. The Separations Development Divisi

expected to complete most of its work on the pilot plant dencustra.
tion of the Hanford process by October 1, 1944, and then to be

transferred aslmost in a bodj'to Hanford. After the trancsfer of

men to Hanford, it was planncd that operation of the plant would be

O
4]

put on a research basis. It was recognized that the fociliti
available at Clinton Iaboratories would be of priwery Importasnce
in laying out a program of research in the new Ticlds of ruaclear

science. It was expected that the research program could be

broadencd considerably by having the gvailable facilities used in

-
[y
h
oy
=

part for the preparation of sclected tracer elewents for use

work elsevhers,

charical, biological, and madi
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Ingincering Developmant Section: The Englineering Develovnont

Section (later the Technical Division) vas primarily concerned with
Honford problems and improvement of Clinton opriaticas. L1 wes
planncd that the technical personnel of this division would slso
contribute to the design of future resctors, particularly light

water reactors and possibly others using heavy waler or enriched
uranium. A reactor desipgned for production of usable power was
recognized in the very beginning as being one that should certainly
be given serious consideration as scon s personnel could be diverted
from the more urgent production research activities.

Physics Division: The Physics Division at Clinton Laborstories was

concerned with research in pure physics and reactor physics. Initi-
ally, the division was expected to devote its entire effort tec the
start-up and operation of the reactor. Later, it vas planned that
the reactor pbysics work wvould probeably emphzsize the developucont
of light water sand enriched fuel recactors to thz pecint where the
selection of the most interesting pcessibilities could be nmede.
Detailed design studies could be carried out by the physicists and
engineers to the poinf vhere constr&btion of designs could be under-

taken.



ACCOMPLISHMENT OF THE ORIGINAL OBJECTIVES

Since the University of Chicazgo did not have on its

trained in plant operation, and due Lo the great importance of gotbing

]

the work under wap as guickly as possgible, & sub-contract was regotiated

with the duPont Corpany whercby the latter agreed to make available to

o
w
44

the University the services of as many of its experienced employces
could be reasonably spared from other war plants until such time as new
personnel could be recruited and trained. The duPont Company provided
a.totalkof 337 employees, all of vh m were experienced in scme phase of
plant operations. As oviginally planned, many <f these employees, after
gaining additionsl tfaining in particular phases of thig type of plant
operation, were returred to the duPont Company Lo serve ag a nucleus

for the operating personnel at the Hanford Eagineer Works.

Reactor Operations

One of the main objectives coverad in the scope of the work at
Clinton Laboratories was to produce, separate and purify a few grans
of plutonium. It was extremely importsnt that this relatively small
amount ol material be made avallable as soon as possible in order tiot
fundamental experiments, having to do with its physical, chemical, metal-

Turgical, and nuclear properties could be performed. With this objective

in view, the reactor structure, having a theoretical capacity ol about

"

A

1,000 KW, was designed and built with the expectation that after it was

1.

put into operation and tested, improvements could be made to permit
higher opciating leovels.
& & 55

£

Becaugse the reactor degipgned for congtruction ot Clinton Loborator:

was 0 much larger and more complex than the gmall, experimental modzl
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operated at the University of Chicago, there were many Features of the
larger reactor which kad never been demunstrated. While theoreticsl apl
experinental studics had been performed to provide as much informabtion ags
possible for design of the reactor, it was not absolutely certain that the
final design would be such that the desired pefformance characteristics
could be achieved. Therefore, a horizontal section, two Teet square,
running exactly through the center of the reactor, was constructed in

such a way as to be removable, so that if the reactor, as originelly
constructed, did not perform as well as desired, it would be possivle

to remove this section and replace it with another of improved design.

It was known that the center region of the reactor wss the porticon

4

that was most critical in determining the reactor's performznce, and
thereforc, it was believed That if neccssary, this secltion could be
altered in such a way as to mzke the reactor work. Ac it lurned out,

it wag never necessary to remove this center sectica;, and the originsl

[

-+

installation is in place today.
Another 1llustration of some of the problems and uncertainties that

were encountered in the design of a reactor so much larger than any

other ever tried was the system devised for the control of the chain
recaction under all conceivable cornditions. TFor control during norinal
start-up opZration and shutdown of the reactor, clectrically driveun
control rods were installed, running horizontally throvsh the couter
region of the reactor. Tn order that the rods could st1ll be driven in
vhen an clectrical power fallure occurred, two large tarks fillced wiuh

roulic prons arri thal the tonks

sand vere dnstalled in & hye

were supportced by hydraulic pressure supplied from eleclrically driven

compressors. A power failure would, of courss, stop the co
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permit the tanks to fall. In falling, they would gencrete hydraulic pres-

b L 4.

sure that covld be used to drive the control rode into the resctor, b

stopping the chain resction.
There was some concern that the horizontal control rods might warp

as a result of the reactor temperature and radiation to which they would

o

be exposed. In the event that the rods warped sufficiently to jam so
that they could not be inserted to stop the chain reaction, an alternate
set of control rods were installed vertically in the top of the reactor.
Under normal conditions, these rods would be held up, out of the reactor,
by electromegnets. In the event of an electrical power failure or upon
the decision of the operating personnel, the electromégnets could be
released, dropping the rods into the reactor to stop the chain reaction.
Here again it was recognized that warpage or wmisalignment might cause
. the roeds to jam before they dropped completely into the reactor. There-
fore, it was decided to install as a "last ditch" safely device a large
slanted tube rilled with boron shot, located near the top of the reactor
core inside the shlield. This tube was to be supported by a simple
mechanical trigger which could be-tripped manually to dump the shot cut
of the tube through the active latlice of the reactor, thus effectively
poisoning it and stopping the chain reaction. It wos expected that in
the extremely remote possibility that all other control devices falled
simultancously, the boron shot could be dumped’fram the tubg under any
circumstence and could be counted or to stop the chain recction.

It was planned that the reactor would be operated for plutoniuva

production and also for the purpose of carrying oul, simulianeously,

corbtoin fund

prhysical meossurcments to providoe nucleur dsbn thet

wvas urgently needed for the development ond progress of olher phascs of
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the Manhattan Project. ‘The deslgn and consltruction of the rescctor incor-

porated certain facilities, such as speclal crimental holeg

ing wmaterials into the reactor, beam holes for bringing rediation booms
out of the reactor, and special radiation measuring ipnstruments, which
provided sufficient flexibility to permit the carrying oul of various
types of investigations.

Basically, the reactor, as originally designed and construcled,
consists of a twenty-foot cube of graphite, pierced with horizontsl holes
arranged eifht-inch centers to contain the aluminom-jacketed uranium fusl
pieces. The fuel "slugs" were cylindrical, apprcximuately one inch in

diameter and four inches long. The fuel chsunels wers slipghtiy

»

larger then the slugs, ard arranged with the corner downward sc that the
slug rested in a groove with open space on the sides so thal cocling
alr could pass around it. Tre twenty-four foot cube of grephite thsot mode
up the recctor core was surrounded on éll sides by high density coicrels,
seven feet thick, to provide shielding for radiation ovigiunating in the
reactor,

A cansl was constructed adjacent to-the reactor at a level below
its base so that the fuel slugs could be pushed manually from the channels
in the graphite into an open space belween the graphite cube and shield.
They would fall through the open space into a funnel arrangenent that
guided thom into a chute and carried the sluss through the reascior shicid
to a point approximetely twenty fect below the surface of the water in the
cannl. After the highly radiocctive slugs rcached a point ocutszide the
reactor shicld, they would be shieldsd by wabtcr in lhe canal., The conal
was arranged so thal fuel frcm the reactor could be transnoricd

buckets under water from the reactor to the Tirst shielded cell of the
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adjacent chemiecal processing pilot plant building. There a mechanical
device was provided to pick up the bucket by remote control and dump the
fuel slugs Lfrom it into the chemical dissolver tank so that chemical
processing operations could be started.

The reactor structure was loaded with approximately 35 tons of
uranium metal and placed in operation on November b, 1963, this being
only a few weeks later than had been anticipated when the construction
work was first begun. After a brief period of operation st low power
fcr checking the performance characteristics of the reactor, full power
operation was started in order to produce sufficient quantities of
plutonium as rapidly as possible. Beginning in December, 19M3,
irradiated fuel was discharged from the reactor for use in the chemical

process, development and testing operations in the pilot plant. The

- first significant quantities of plulonium were separated in purified

Torm in the months that followed.

Lven though the operating level of the reactor was as greab as
had been anticipated, the results of engineering studies made during
the early part of 194h clearly indicated that the rate of production
could be greatly increased by making certaln changes, such as the use
of uraniuvm slugs with argon arc-welded Jackets. A change in the distri-
bution of the vraniuvm in the reactor resulted in a more favorable
operabing condition in thal it gave a belter temperature distribulion.
It was elso evident thal the operating level could be greatly increascd
by pacging 17 ough the reactor a grecler quantity of air. Two large
Tans, hovi b preater capuacitics than the first ones, wers

obtainzd foo - is purposc. They were instelled apd put inlo operetllon



in July, 19hk. The combined effect of these changcs made 1t possible
to operate at an average power level of slightly greater thoa L, 000 Kif.

At no time were difficuliies encountered in connecti
operation of the reactor proper. However, interruptions were introduced
as a result of certain mechanical failures in the cooling alr system,
particuiarly with the fan bearings. In spite of these interruptions,
the production schedule was maintained and al no time was behind that
originally estimated.

Until about December 1, 1944, the recctor was kepl in operation for
the purpose of producing plutonium for experimentel purposes. By thni
time, sufficient material, about 20¢% more than originally estimated,
had been produced to meet the initial reguiremcnts for experimental
purposes. Since that time, the reactor hias been operated for ihe purpcoe
of producing other radioactive materials which were of great im

in carrying on the research programs here and at other locationg.
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Chemical Process Development and Pilot Pilant Demonstration

Before the large production plant at the Hanford Fngineer Works
could accomplish its mission, it was necessary that a workable and re-
liable chemical scparations process be developed and tested under plant
conditidns. It was known tha® after the reactor fuel (pure uranium)
was irradiated, it would contain plutonium, and in addition, over one
hundred other radiosctive fission products whiéh would have to be removed
by a chemical separation in order to obtain the final product in the
desired form. Processes based on volatility, absorption, sclveant ex-

traction and precipitation were investigated for the separation and

-

¢

purification of plutonium. In pioneering research with radiosctiv

1 which

-

materials, scientists often used co-precipitation processzes i
a small guantity of é radioactive element is precipitated with s
"carrier" of some other element. A process using bismuth phosphate
as the "carrier"” was developed for plutonium sepsrations. Precipitation
processing had the advantages of being well-known, of being casily
troken down into repeated steps for processing in "batches", and of
requiring only comparatively simple equipment.

By June, 1943, plutonium separation processes had been sufficiently

investigated by the Metallurgical Laeboratory to warrant a decisicn to

~usge the bismuth phosphate process in the large scale production work

to be undertaken at the Hanford Engincer Works. Additionally, corrosion
tesets bad demonsbrated that the bismuth phosphate process would be npuch
less severe than some cother processes investigated in regard to corrosinon
of equipment which had to be operated and maintained in good iepair by
renote cortrel methods.  Cther oxperimental work indicated that gatiz-

factory separation and high yield could be attained.



2l
Iiven while construction of the Clinton Laboratories pilot plasat was in
progress, cguipment chapnges in the pilot plant were frequently made.
Since the plont wes intended for the purpose of dewonstrating and im-
proving the reliebility of a process for the Hanford Eanginecer Works,
all refinements which could be developed to improve the process were

a

included, if possible, for testing in the pilot plant so that the best
possible prodess would be used for production operations at Hanford.

Actual processing operations in the pilo®t plant started in Decewber,
1943, using uranium irradiated at the Washington University ($%t. Louis)
cyclotron, because 1t contained smaller amounts of the highly radicactive
fission products and, therefore, would leave the equipment less seriously
contamirated with radioactivity in case operational difficultiecs were
encountered and repairs or modifications became necessary. From thess
first runs, a few milligrams of purified plutcnium were prepared and
shippzd to the Metallurgical Project in Chicago for research uses. The
first shipment was made on December 30, 1943.

Following this, uranium irradiated at low power in the Clinton
Laboratories reactor was used, and shortly thercafter, processing of
uranium irradiated at full power in the Clinton rezctor was started
and plutonium shipments became correspondingly larger. By the end of
January 1944, the chemical pilot plant was processing one-third ton
per day of irradiated uranium from the reactor. By the first of March
1944, several prams (still less than onc ounce) of plutoniuvin had been
delivered.

11

During the succeeding year of production, a number of process and

cauipment modilications were made Lo dwprove yleld and decontamination,

but no

in the process was required.  The plant served as o
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proving ground for refinements indicated by the laboratory ahd pilot
plant research which was continued as part of the essential work at
Clinton Laboratories, Valuable information was gained in operation
techunique, and a treining program wes carried on for key personnel
charged with the responsibility of starting and operating the Hanfdrd
Engineer Works Plant.

The final tests performed on full plant scale for the purpose of
developing and testing the process for use at the Hanford Engineer
wprks were completed in August, 1944, Based on the results of these
tests, recommendations for the detailed process to be used at Hanford
were submifted in a formal report in September, 19Lk. Further tests
designed to improve the over-all efficiency of plutonium recovery
were completed in Novewber, 194k, Recommendations based on these
results were submitted to Hanford in a supplementary report.

At the conclusion of the operating period in Jermary, 1945,
experienced personnel carried out a thorough program to remove radio-
active substances from all equipment before the separatioans plant was

placed in standby condition.

Personnel Training

The unique nature of the variocus process for production, separation
and isolation of plutonium, and the fact that so few people had received
training in work with radiocactive materials, made it necessary Lo provide

+

adequate facilities for the training of personnel. In order to accomplish
this wmission, Clinton Laborstories organized and operated a training

school for a group of du Poot employvees who eventually were translercved
oy o I <

to the Haenford Ingincer VWorks to form the nucleus of the operating



-26-

personnel. In addition to the regular classroom work, covering the

IS

basic principles, all of the trainces were required to devote part of
their time to the actual operation of the facilitics in the pilot plant.

A total of 183 du Pont employeces received trainin.; in the particular
part of the work in which they would be engaged at the Hanford Inginecr
Works. The training program was completed, and the transfers effecthed
well in advance of Hanford starlup.

In addition to the trainees, there were also 83 du Pont ewmployees
who supcrvised the operations of certain phaszes of the work st Clinton

Laboratories in order to gain experience before eventual transfer to

the Hanford Engineer Works.
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Physics Research and Develoupment

The major functions of the Physics Divisilon at Clinton Laboratories
were three:

(a) Determine thn operating characteristics of the Clinton Pile
and devise means for improving its operations.

(b) Develop information essential to the safe and efficient oper
ation of the Hanford water cooling érrangement.

(c) Supply certain technical information as requested by Los Alames.

During the first few months after the startup of the pile, a number
of physical measurewments were carried out at low power levels to deter-
mine temperature stability, control rod behavior, and neutron distribu-
tion throughout the pile, as well as to calibrate the various power
measuring instrumenté in order that routine operations could proceed
without interruption.

A large section of the proposed shield for the Henford Unit was
inserted in a special opening in the top of the concrete shield for
the purpose of determining the adeguacy of the proposed Hanford shield
for stopping the radiation that would be present at the higher operating
levels. The measurements indicated the proposed shield to be adequate
Tor reducing the intensity of all danﬁ rous radiation well below the
tolerance level.

After the complefion of the test on the adequacy of the Hanford
shield, a large block of uraniws slugs was installed in the hole at
the top of the pile and a series of msasurements made ot the urgent
request of Los Alamos. The object of this work was to gain wore inflorma-

tiow concerning the bohavior of neutrons and the physical effects produced

vien traversing 1x|Uane7v large distances In vraniuwa.  The measur
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were carried out by a group of physicists over a period of several weeks
1

and were completed to the satisfaction of Los Alamos about April 1, 19hh.

A reporty, incorporvating the results of the tests, was compiled and

mitted to Los Alamos shortly after the experimental work was completed.
Among the by-products formed from uranium in the fission process
were certain substances which absorbed neutrons and thus produced a
poisorning or inhibiting effect upon the operation of the pile. Tt was
recalized that =an accumulaLLon of these might create a condition such
as to maeke 1t iwpossible for the plle to coperate. Tittle was known
about these poisoning eflects at the time the pilot plant was started.
The two elements, samarium and gadolinium were known to he oduced
and tc have a very high poisoning effect, but the extent to which tlhey
were formed as fission products in a reactor wac rnot known, nor wss
the exact value of their poisoning effect. 1In view of this, Clinten
Laboratories, in ccoperation with a group of physicists at the University

of Chicago, undertook a study of the problem by bomberding samples of

S
)
A

the rare earth elewents in the reactor and analyzing them ir the ma
spectrograph. From this work, it was concluded that these two clements
would not give rise to any serious difficulties in connection with the
Hanford operations.

Shortly after the HanTord startup an entircly unexpoeted isotope
of xenon formed in the Tission procecss was discovered o be thousands
of times morc detrimental es a poisoning agent than anytbing previously
encountered.  The effect was discovered when, soon after startup, the
lavge Hanford reactor chult down of i1ts own accord. The chain reaclion

AL Lhat time it not bnowm thot acenon vas tho cansc

This calamitous problem was gilven iwmediate and very intensive stwdy
N 2 .
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by the physicists and chemniste at Hanford, Clinton Leborstorics, and the
Metallurgical Laboratory. Measuring the poisoning efffect in the reschor
over a perlod of time, they deterinined o short hol
and from tables of half-lives of the Tission products guessed the
identity as xenon. Physicists calculated that the Clinton Laboratories
reactor had not encountered the xenon poisoning effect because 1t opesrated
at a much lowef povwer level which produced less zenon in the fuel ana

)

because the Clinton Laboratories resctor had "extrs" fuel which could

"extra" neutrons to overcome the poisoning effect of

create enough
xénon. . The problem of the Hanford reactor was solved by adding more
nranivm fuel. The highly conservative resctor design developsd by the
du Pont Company had provided extra fuel channsls all around the edgec
""""" of the reactor so that adding more Tuel created 1o problemszs. A method
of operation was worked out which eliminated the xenon poisoning dif{i-
culty in a satisfactory wanner.
A large number of miscellaneous investigations of direct interest
to Hanford were carried out at Clinton Laboratories by the physlicists
during the first part of 194k and prior to the time of the startup of
the Hanford units. Thesc included: a study ol the radicactivity
produced in a varicty of commercial materials of construction by ewposure
to radiation in the Clinton Laboratories reactor; measurcment of the
heat output from irradiztoed uranium slubu after removal frowm the reactor;

developuent of methods Tor detceting slug jacket failures (leskage of

Fission products) duving operations; and dcvelopW\ut ol newtron their

couples for use in power meansurements.
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Chemistry Research and Development

The major pert of the Chemistry Division's effort from its inception
in the fall of 1943 to the fall of 194k was devoted to the study of the
bismuth phosphate separations process. The program was carried out in
conjunction with the Separations Development Division which shared
responsibility for its success. The goals were:

(a) The elaboration and improvement of the basic processing
procedure developed by the Metallurgical Laborstory, by the study of
the process variables.

(b) ~ The establishment of the reproducibility of the most favorable
flowsheets to permit process predictions concerning Hanfcrd opsratiouns.
(c) The testing of alternate flowshects and reagents for sub-

stitution in the event of difficulty at Hanford.

(d) The increase of securily against partial failure, by the
basic study of the process from the standpoint of the chemicel mechanisms
involved.

Considerable improvement in the efficiency of the process was
achieved. During the course of the program, the decontamination factor
(by which the amount of the undesirable radiocactive fission products
accompanying the plutonium was decreased) rose many thousand—fold; and
at the same time, production yields were increased from less than 80%
to better than 90%.

Since plutonium is an element which prior to Clinton-startup
existed in wmilligram amounts only, its chemical chavacteristics were
Little known. Important research on the chewistry of plutonium was
started as soon as production operations yielcded even minube @ounls

of" plutonium for rescarch. The developmoent of the scparation piccess



-31~
depended upon the data obtained from the laboratory. Further, the
general chemical properties demonstrated by this work suggested other
and better methods for isclating plutonium. Finally, effective exploita-
tion of the peculiar nuclear properties of plutonium demonded a full
understanding of its chemistry. A number of immediate problems attacked
included the study of the suitability of various plutonium compounds

for shipment, storage, ease of dissolution, bulk, purity, and ease of

"preparation.

The preparation of radiocactive elements was assigned the Chemistry
Division originally for the purpcse of supplying tracers for plutonium
separation process studies. Soon afterward, radioisotopes production
developed into a major service. The demand for special redioisotope
preparations for research very rapidly exceeded the capabilities of
ordinary laboratory equipment. The first new buildinv to be constructed
at Clinton ILaboratories, in addition to those originzlly planned for
the pilot plant, was a "Hot Laboratory" providing shielded cells in
which highly radioactive materials could be processed. The Hot lLabhora-
tory building was completed and put into operatibn in March 194k,

Almost imme&iately an addition was constructed to provide larger
processing areas with thicker shielding so thatl still greater quantities
of radioisotopes could be processed. The addition to the Hol Laboratory
building was constructed especcially to provide facilities Tor producing
curie quantities of a fission product radioisotopes, barium 1L0, which
was needed for research and development at Los Alamos. Methods and
Tacilities were then available for filling requests for almost any of
the long lived fission products in amcunls approaching the curie level,

free of carrviers and other solids.
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A number of radioactive species other than fission products were
made available as a resull of study of the rcaction of neutrons with
pure isotopes end of the chomistry regquired to separate the products
g0 Tormed Trom the materizl bowbarded. Those jncluded radio-phosphorous
and radioc-iron, of especial interest for bioclogical tracer work, and
tritivm, the extra heavy isotope of ordinary hydrogen, in cubic centi-
weter amounts (the first preparation in apprecisble quantities of a
radioactive light element).

Fundamental rescarch in the Chemistry Division began in Septewber
1943, at a low level of activity because of the urgency of process
development problems and its manpower demands. With the discharge of
responsibilities in this field, basic chemical research incrcased until
it occupied a significant fraction of the Divisicn's total effort.

The earliest fields for study were research on the radiocactive fission
products to identify them, determine their yields from phenomcna
assoclated with fission and establish the chearacteristics of their
radicactivity. The effects of radiation upon chemical rezctions and
compounds constituted another area of research.

Study of the process of fission led to a more accurate idea of
the proportion of the total energy of fission in the radicactive
products and of the rate of release of this energy. The products of
fisgion, of which about 150 were then known, were further characterized
with respect to amounts produced, chemical properties, nature of radiatiocn,
and rate of decay. Information of this type, collected in conjunction
with the Metallurgical Laboratory chemists, was used in improving the
plutonivm separation procedure, and in plarming at Henford for personnel

proteetion and uranium waste disposal.
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Attention was given the question of the interactions of neutrons
with various chemical clements Jith a view of exploring the possibilities
of using the resctor for the preparation of new lscotopes. The productiuﬁ
of teitium and radio-phosphorous by this method was starbed in 1900,
Methods were developed for the purificaﬁion of radio-antimony from
Tission products Lo provide a source of intense gamms faﬂiation. Pre-
vious work in this field placed the chemist in a favorgble position
for identifying the xenon isotope. produced in figzion as the chief
substénce responsible for decreasing the reaclivity of the Hanford
reactor. The amounts of xenon produced by fission, its rate of growth
and decay, and its capacity for absorbing pile neutrons were determined.
The interpretation of these data in cooperation with the Physics Division
was important in establishing an éperating procedure at Hanford to
minimize the effects of xenon poisoning of the reactor.

Methods were defeloped for the analytical determination of nesrly
all of the long lived fission activities in solutions of bombarded
uranivm or in the complex solutions resulting from the plutoniuvm sep-
aration process. The utilization of these analytical methods for ile
determination of specific radicactive contaminsnts in separstion process
'fractions contributed materially to the elimination of these urdesirable

elemants.

Ingincering Developmont

The Technical Division, staffed largely with chemical engineers

z

vas forumed for the purposce of providing technical e
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In collaboration with the Thysics Division, invostigations were
made to determine the adequacy of tﬁe shiclding waterial Jhich was to
be us Ld in thg conbtluctlon of the HdLLOId reactors. TFor this purpose,
provisicns had bgen made in the construction_pf the Clinton reactor
for'a large Qpening in the top thrbugh which could be placed varidﬁs
afrangementé of tﬁe shielding-matériai. The Hanford shield was thor~
oughly tested and ;ound to be quite adequate.'

Varlous Ouher materlals to be used in and abouu tﬁo Hanford
reaétors were subjected to the conditions produced in the pilot plaht;‘
Tﬁe.neéeégary.ééuipment.was desigﬂed éndliﬁstalled in the reactor‘for'.
étpdying the'effeéts 6f intense radiastion én»tﬂe rate of_corfosidn onr
Hanford watefvtutes and on.fiim formation within‘the tubes; In conﬁeé—
tion with this; déterminétions were médeAéf theractitity wnich could
be expectéd:in the tooling watet under the Haﬁfofd operating levélA
t bégéd_oﬁ the re#ult# at Ciintén; Further tdrk inciﬁded tﬁéraeterminatidn'
of the_éitent of activityﬂin the coéling water resuiting-from_bgre ‘ |
uranium slugs and fr&ﬁ slugs?with broken jackets, and the develépmént‘
of a méthod for detgctingvslﬁgs_which féiiéd while in thé reactof, o

Conéideratioﬁ-was.givén to the hézards Qﬁich ﬁould arisetin case
of féilu:é of the élumihﬁm:céns oh the uféniuh.slués,used for“charging
the Cliﬁtoﬂ réactor; The first slugs used in the pilot plaﬁt were
Jacketed with llght, 15-to 20—m11 alumlnum and sealed w1th a stiteh
weld, The maximum temparature set for this tyne of slug in the reactor
structure was lSOOCa Not only did mény of these jackets fail when subn
Jected to the heat teét given them before insertion into the reactor,
but the maximuﬁ 2llowable temperature was inadequate for higher operating

levels. After considerable research was carried out, in cooperation



with the Metallurglical Loboratory, a new Jacket was developed of heavier

alurinun on which the argon-arc weld, & more D

The teoting of the entire gquantity of avgon arc weldsad sluos
received wes completed in February 1945. OF approximately 104,000 slugs
tested, less than M% were rejected because of Jackets swollen or brokern
by oxide formation, excessive gain in weight, and pitled, scarred or
concave Jjackels.

. Since water was uscd as the coolant for the Hanford production
reactors, the susceptibility of the aluminum cans to corrosion under
operating conditions was investigated. Through a special experimental
chennel constructed to simulate a Hanford tube, water of composition
similar to that in the Columbia River was passéd through thé tube and
the corrosion rate of the slug jackets noted. "Although the radiation
did aflfect corrosion Slightly, ne unusual difficulty with slug failures
was anticipated as a result.

The Technical Division, in close cooperatlion with the Physics
Division, devoted a great’deal of time and effort to the préblem of
increasing the operating power level of the Clinton reactor. This
was quite important aé one of the main objectives was to prbduce the
maximun amount of plutoniunm in the Clinton reactor before the Hanford
plant went into production. Improved aluminum cans for the fuel slugs

permitted higher operating temperabures, which allowed operation at

o)

higher powecr. Other improvements included the installation of two

througn the reactor, sesling off unused fuel channels Lo give better
alr Flow through the tubos coontaining the uwranium Tucl, Toarronging

e ]

thoe fuel londing to cquulize the gevoration of healt. The coubined
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results of these various changes permitied reactor operation at a power
level of epproxzimately 000 KW, four times the original design powes
level.

Provisions were made for storing the irradiated uraniuvim afher the
plutonium had been recovered in the pilot plant. The uranium was stored
in large, underground tenks in order that it might be recovered and
made avallable for reuse at some later date. The Technical Division
was charged with the responsibility of performing fundamental research
and engincering development work required to develop a process whereby

the uranium could bhe recovered.

Radisation Protection and Hazards Evaluation

It was carly recognized that there would be serious radiation
hazards assoclated with the processing of large quantities of radicactive
materials, and also that the number of personnel experienced in handling
radioactive materials was quite limited. Therefore, it was nccessary
to procure qualified persconnel and conduct an intensive training
program to prepare them to cope with the meny problems which were antici-
pated. This area of responsibility was assigned to the Medical Division.

The first important function of the Medical Division was to lend
assistance in the design of most of the facilities at the pilot plant.
For each installation it was necessary to investigate the special hazards
involved and to incorporate in the desipgn sufficient protection Tox
personnel in the plant arca. It was usually necessary, at this time,
to dnclude a larpge factor Qf safcty since certain rediation effects

wvere not conplotely undevstood.
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The reactor was surrouvnded by concrete walls seven feet thick,

and the separation plant, most of which was vnderground, was controlled

g

n its intricate chemical proccsses from behind Live feel of concrete.
The large guantities of highly radioactive waste material evolved
were stored in underground tanks. Special research laboratories were
constructed so that chemical research could be carried on by remote
control, and the design and operation of this remote control rescarch
equipment marked a definite technical advance in coping with health
hazards.

To provide ample protection to personnel, it was necessary to
develop and construct special typés of instruments for measuriung the
different forms of radiation. As soon as operations started, é service
was initiated for the purpose of checking the radiation level at regular
intervals throughout the plant at all locaticns which were frequently
inhgbited. Each individual who entered the hazardous area wos reguired
to carry on his person a small instrument of special desipn to record
the amount of rediaticon to which he had been exposed while in the area.
These instruments were read daily and the results evsluated by personnel
trained in this partiéular field. All personnel subjeccted to the
hazards were given a rigid physical examination at frequent intervals
with special refercnce to the symptoms which cne might expect from an
over~-cxposure to radiation. Waste gases formed in the production
processes and exhansbod into the air by means of high stacks, wvere
continually monitored to determine the gquantities of hawzardons gases
wvhich werc released Inbo the abtmoosphere. - Likewlse, the voste wablonw
Trom the plant wern continuslly analyzed for hazardous elesenis.  Aunto-

matic recording instrunents were slso placed in the verlous illdings
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and at strategic points in the vicinity of the plant to assure that
sele working condlitions prevailed.

All these precautions required a great desl of reccarch and develop-
meat work. The special types of instruments required were, almost
without exception, unavailable before the start of the project. The
work required the formation of an instrument development section
whose work included the design and development of instruments for use
here and elsewhere on the project.

It was recognized when the pilot plant was first planned that
very little information concerning the biological effects of radiation
was available. Thiis information was urgently needed before the design
of the pilot plant was undertaken, however, a great dezal of it was of
such a nature thsat 1t could not be obtained until after the plant
had been put in operation. It was necessary to work as fast as possible
after the startup, and therefore it was decided to obtain most of the
data by means of experiments on animals. Tne necessary facilitiecs
for sccommodating some 10,000 animals were provided. Rather high
radlation intensity exposures were used to obtain results as quickly
as possible.

Radiation hazards studies were assigned to two groups to facilitate
and specd research. The Biology Division at Clinton Laboratories con-
centrated its efforts on radiations preduced externzally which penstrates
the body and produce s bioclogical change. There were several differcent
types of radiaztion to be considered in this class, each with its own

characterictices and hazard. A group at the Metallurgical Ioboratory
Py 2

e

1 enter the body by

u !

van assigned Lo study radioncbive clements whic

respirvation, ingeation, or through: conlanination of wounds and vhich
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can remain for long periods continuing to emit harwful radliations.

It was understood that the Biolopgy Division would supnly the Metallurgl-

cal ILaboratory group with most of the specilal materials pesded to cax

out their research program. The preparation of this material was one
of the most important functions of the Biology Division, and this work
was expanded to inélude the preparation of special materials Tor other
groups in Physics and Chemistry.

Radiations which caused some concern were those which were surspected
of being prescent in‘minute gquantities but could not be detected with
the instruments available. To investigate this possibility, animals
wefe subjected to the unknown radiation 24 hours a day, whereas the
personnel were expcsed for a maximum of 8 hours per day. nder constan
observation, and periodic sacrifice and examiﬁation, it was not possible
to detect any abnormelities in the animals. It was concluded that if
any unknown radiations were present, they were certainly not in sufficicnt
guantities to be harmful.

In addition, a program was undertaken in which animals were allowed
to breathe gases which contained some of the radiation producing elements.
Results showed that these gases are much less of a hazard than bad been
surmised.

While animal exposure methods were being developad and information
accumulated it became apparent that the possibility of having personnsl

exposed to very large doses of radiation wag remote. Mxperience taught

the value of precautionary measures and showed that any op

Fal e}

could be cavried oul with adeguantc safety 1f the rules were ohooirved.

It was also determined that it s possible to devise methods Tor doing

prachticolly «ll herzerdous werk by remobe conti when nocessary, oo
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that in almost all cases it was possible to keep the exposure of per-
scnnel well below the danger level.

The results of aniual experiments and the development cf operating
technigues and precautionary measures gave an insight into the way tlhe
various radistions cause damage, and thus allowed a more accurate eval-
uation of the hazards to be expected and the steps to be taken for the
protection of personncl both at the pilot plant and the Hanford Engineer

Works.

Brief Summary of Results Obtained Through June 1945

a. A pilot plant was designed, constructed, and successfully cper-
ated.

b. A sufficient guantity of plutonium was prcduced and concentrasted
for the purposec of investigating its furdamental chemical,

physical, and metallurgical properties.

0

A dependable separagtions process for use in the pillot plant
and at Hanford was developed and thoroughly tested.

d. Sufficient personnel were trained in various phases of plant
operation to operate the pilot plant successfully aud to form

the operating nucleus at the Hanford Engineer Works.

]

The operating characteristics of the graphite reactor were

determined and methods devised for improving its production

of plutonium.

. A method of recovering partially depleted uranivm wetal was
lavestigated.

g. A process was developed and Facilities were desipgned and corn-

structed for the prevavration of muszrous redicective sourcos

BN e
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h. A satisfactory health program was instigated and sdequatlec

measures adopbed and enforced to provide safe working condi-

tions for the personnel.



PART T3  POSTWAR TRANSTITIONS

REORTEWLATTION OF RESKARCH AWD DEVELOFMENT
ACTIVITIES AT CLINTON LABORATORTIES

By June, 1945, all thc initisl objectives for which Clinton Lobore-
tories was established had been successfully accomplished, and the Univer-
sity of Chicago, having fulfilled its responsibilities at Clinton
Laboratories, withdrew from its operating responsibilities. The Monsanto
Chemical Company was selected as the new operating contractor. The
contract negotiated by the Manhattan Engineering District with the
Monsento Chemical Company for operation of the Clinton Laborstories
became effective July 1, 1945,

Beczuse of the unigue facilities for pilot plant and research
work at Clinton Laboratories and also because the unusual talents of
the scientific research team already working at Clintoun Laboratoriecs
could not be duplicated anywhere else at that time, the accomplishment
of the original objectives did not mark the end of operations at Clinton’
Laboratorics as originally expected. Instead, the research groups
embarked on new projects of fundamental research and engineering develop-
ment concerned, primarily, with reactor desiga.

The transition from war-time plutonium production, processing,
development, and testing had begun in December, 194k, when both the
reactor and the chemical pilot plants were changed over from plubonium
production operations to experimental use. During the first nalf of
1945 under the University of Chicago, scientists at Clinton laboratories
gave serious consideration to determining what were the most Importent
and valid research and development sctivitices thatl should Le purcued

-

Lo the new (icids of nuclosy

in ordaer to waike the greatont conbributi
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science and technology. The need for many fundsmental rescarch activities
could be clearly recognized on the basis of experience in coping with
the problems encountered in developing production processes. Obther needs,
arising from the reguirements of the weapons developirent groups end from
the generally recognized desirability of obtaining basic information
for reactor design, were Lonolderod important and were reflected in the

lans for research and development activities to be undertsken at Clinton
P P

Llaboratories

Reactor Development

In particular, major effort was devoted to research and development
work leading to the design of a high flux ez porlmental reactor and to
larger scale preparation of radioisctopes for special uses within the
Manhattan Project, as well as to basic research in physics, chemistry,
and biology.

Under Mons anto, these programs were materially increased in scope.
The reactor development activities had been initisbed late in 194L by
the chemists who proposed the construction of a 50-kw homogencous
reactor, utilizing an aqueous fucl solution containing 5 kgs. of uranium
enriched to 12. Sp uranium 235, or containing 500 grams of plutonium.
They visualized this reactor ag a research Lool for the preparation of
large quantities of radioactive traccrs and radistion sources, Tor
studies of chemical radiation cffects at high power levels, and for
the accumulation of data on the operating chargcteristics, chemical
stability, and peneral feasibility of homogeneous resctors. T6 was
pointed oot that the aqueous fuel sclution could be wbilized very

- ‘~' -] P = - - ot - [ St
cifectively Tor clhicmical processi tudies an®y that the high neutren
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lux of the reactor would be useful Tor irradiating thorium in connection
with studiecs of the prepseation end extraction of uranivm 233.

The physicists were alsc interested in the homogeneous reactor,
particularly as a rescarch faclility which would provide a high neutron
Tlux for various experimental uses. The desirability of studying, or
demonstrating, if possible, the process of brecding had been msde espe-
cially atiractive by the recent data indicaling that uranium 233 emitted
more neutrons Tor each one absorbed than either vranivm 235 or plutoniun
239; and the physicists were guick to point out the possibility of es-
tablishiﬂg a uranium 233~thorium.breeding cycle which would create more
uranium 233 from the thorium than was consumed in the reactor. Thesce
potentialities were very convinecingly presented in FNovember, 19hk, in
a report entitled, "Tne Case for an Enriched Pile", (CF-hL-11-236).

The power output of such a breeder with a three-year doubling time
is about 10,000 kw, and this was established as a new goal for the howo-
gencous reactor. The reactor, then, was conceived to be a prototype
homogeneous reactor and thermal breeder; in addition, 1t was conceived
as an all-purpose experimental tool with a neutron flux higher than any
other reactor.

Work on the 10,000 kw homogeneous reactor was pursued vigorously
through 1945, and at the end of that year, several major problems had
not been solved. Perhaps the most serious of these problems was the
formation of bubbles in the homogeneous solution. These bubbles appear
a5 a result of the cvolution of gas formed by fission fragmnents and
other energotic particles. DBecause the bubbles cause Tluctuations in
the denuity ol the fucl sclution, they make it difiicult to control

the operating level of the reactor. Nuclear physics calculstions mwde
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at the time indicated that under certain conditions, it might be possible
to set up a power oscillation which, instesd of being damped, would get
larger each cycle until the reactor was completely out of control.
Minimizing the bubble problem by opsrating at elevated temperature and
pressure wag not considered seriously for two reasons. First, beryliium,
aluminum, and lead were the only possikle tank materials with sufficiently
low neutron absorption characteristics to be useful in a breeder reactor.
Of these metals, only lead was acceptable because of corrosion, and lead
is not étrong enough to sustain eievated temperatures and high pressures,
Sécond, there had been essentially no previous experience in handling
highly radiocactive materials under pressure, and cousequently, the idea
of constructing a completely new type of reactor to operate under high
pressure was not attractive.

Other major unsolved problems at the end of 1945 were those of
corrosion, solution stability, and large external holdup of fissionable
material. Because it appeared that the solution of these problemrs would
require extensive research and development without assurance of sﬁccess,
it was decided to return to the eérlier idea of a heterogeneous reactor
proposed by physicists at the Metallurgical Laboratory. Therefore,
effort was shifted to a high flux:heterogeneous reactor for experimental
purposes, one of which was 1o be thaining the additionzl information
needed to continue homogeneous reactor development.

In the latter part of 1945 ahd in 1945, at the same time work on
the high lux experimental reactor was being vigorously pursucd, a
smaller resesrch effort on the Daniels gac-cooled power reactor was

undertalken. Also, the radioisotopes production program was expanding,

o L

and by July 19h&, production capacity was sufficiently large to justify
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making radioicotopes gvailable to users outside the Manhattazn Project
instellations. On August 2, 19L6, the Tirst rzdioisotope shipment was

mzde vnder the new radiocisotope distribution program. The shipment

Sy

wes one millicurie of carbon 1k, which was scnt Lo the Barnard Free
Skin and Caznccr. Hospital in St. Louis, Missouri. At the same time,

the reactor development and radicisotope production activities waere
expanding, fundamental research was being pursued on asn increasing

scale in nuclear physics, chemistry of the heavy elewsnls, radiation
chemistry, and biology; and applied metsllurgical rescarch was initiated
on matertals problems in reactor techrology.

On Januzry 1, 1947, the newly formed Atomic Frnergy Commission,
created by the Atomic Energy Act of 1946, took over the responsibility
for thé atomic energy program, including the Clinton Lahoratories. 1t
is interesting to note that during the eightzcn months from the time
Monsanto Chemical Company sssumed the responsibility for operation of
the Clinton Iaboratories under the Manhattan Distriect until the Atomic
Energy Commission was established, 90% of the research and developrent
effort at Clinton Laboratories was centered in the Chemistry, Technical
end Physics Divisions, with Chemistry making up nearly L45% of the tétal
effort. The remaining lO% we.s divided among the power pile (5%),
biclogy (3%), and training school (2%). Cn a program basis, 38% of
the total resesrch and developunent effort was expsnded on the high flu:
reactor, 27% on fundamental research, 15% on service functicns for other
Manhattan Project installaticns, ]3% on radioisctope developnent and
production, 5% on the powver reactor, and 2% on the training school.

The accomplishments under tlhe major ressarch projects initiated since

the original objscltives were accomplished arve sunmnrized Lelow.



Heavy Blement Chemistry

The spectrum, sbability, and extractsbility of plutornium in per-
chlorate, nitrate, and chloride solutions were determnined.  Work was
done on the identification of rare earths by fluorescence spectrum
of aqueous solutions of thelr salts. A method of preparing a crystalline
uranium trioxide hydrate was determined. The reactions of hexavalent
uranium compounds in alkaline solutions were studied and reported.

The basic chenistry of plutonium was studied and results giving the
stablility of the valence states as a function of pH, sclution concentra-
tion, and other ions present were determived. Quantitative methods
for the recovery of plutonium from laboratory wastes were delermined
and put in operation. Methods for the recovery of plutonium and

- uranium from aqueous reactor fuels were investigated. BStudies were
made of the complexes formed by plutonium undef various solution condi-

tions.

Separations Processes

The work on separations processes was divided between the
Technical and Chemistry Divisions. Three main classes of separation
have been studied:

1. Separation, decontamination, and recovery of uranium 235
from fission products.

2. BSeparation of uranium 233 from irradiated thorium5

3. Recovery of uranium and plutonium From large volumss of stored
acid waste solution of Clinton pile slugs.

Class 3 has been a very minor part of the acltivity.
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The theory of solvent extraction was extensively studied and ex-

. ES

tended. The equilibrium constents, decontawmination factors, and other
fundamental data were determined for several organic solvents. The
theory of ion-cxchange absorption processes, using resins, was also
studied, and many constants were determined.’ Th: effect of radia-
tion on organic solvents and resins was studied.

Solvent extraction columns were designed, constructed, and tested.
Emphasis was placed on developing continuous processing methods, butl
batch processes have also been developed.

The éeparation processes were recognized as being of fundamental
importance to the cperation of proposed experimental and power piles
because of the value of the large quantities of enriched fissionable
material that must be processed. The primary objectives were 1o
achievg high recovery and good decontamination. The development and
design work on the separations processes for the experimental reactor
wes cstimated to be 61% complete in January, 1947.

Analytical methods were developed for the heavy elemenls encountercd
in the chemical research and process development. Typical of these

methods were those developed for the detection of (1) uranium and

plutonium in urine, (2) plutonium in K

.
2CO3 and hagco

solutions,; and

3

(3) 1L00-milligram concentrations of thorium.

Physical Cheristry

Spectrophictometric determinations were made of the coloration

duc to clectron and X-ray irradiation of various translucent crystals.
Y

The possibility of using atomic beams for the determinsticn of magnetic

ropesuies of radioccetive spreies was investigated. Apnaratus Tor tho
[ o N
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quantitative measurement of the molecular beams of alkeli compounds
was developed. A number of tprS of proton séurces were bullt and
tested. Colorimetric measurcments of (?th regctions were made as a
method of determining the binding encrgles of neuvlrons Lo various
nuclei. The effect of a number of variables on the steady state
pressure of gaseous products over pure water exposed to radisticon was

studied.

Regetor Chemistry

This work was done primzrily on the chemical problems of homogene-
ous reactor solutions. Investigations were made to determipe what
compounds of uranium and plutonium were suitable for aqueous fuel
solutions. The mechanism of gas formation and recorbination was
studied,; as well as olther physico-chemical problems of the dissociation
of compounds under irradiation. The results of this work indicated that

many serious difficulties would be encountered in the operation of a

high flux homogeneocus reactor.

Reactor Physics

Reactor physics included the development of the nuclear data needed
by the reactor design groups. Two major items claimed attention in this
field: control studies and critical experiments. Critical size calcula-
tions were checked agalnst actual measurements in critical assemblies,
using both heavy and light water as the moderstor. The effects‘of
variations of many factors were measured. Reactor control ealculations
wvere made for Various assunplblons,; and an electronic pile simulavor
was bulilt for fvudy solution of coantrol prcoblems. Miror investlgztions

ol neutron temperature asnd Tlssionability of plutonium 239 were carveioed:
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out. A rcporti describing the methods available Tor calculatine critical
sizes of slow and resonancce chain roacting systems wag published. A
method of calculating rulliple reflectors was developed and a report

summarizing the existing knowledge of an "average Tission" was publiched.

Theoretical and Experimental Nuclear Physics

A sensitive method of measuring neutron absorption cross-sections by
causing osciliations of the reactor flux was developed, and a program of
cross section measurements on clements and separated isotopes was started.
The production of photoneutrons by gomma rays from.Nagu, Ga72, Lalho,
and others acting on DpO was measured. The range of thermal neutrors
in walter from a Ra - -~ Be source was measured, and from this, the activity
of the source was determined.

A crystal spectrometer, using single or double erystals, was developed,
calibrated, and used for neutron diffraction and cross-section measurements.
The characteristics of varioﬁs nuclides produced in fission and by neutron
absorption were investigated, and a search was conducted for hard gamma
rays from short lived fisslon products, resulting in several being found
and measured. Various isotopes were examined for the existence of short-
lived isomeric states. An experimental program was undertaken to verify
the radioactive decay of the neutron predicted by theory. The criticality
of mixtures of fissionable materials in various vessels was investigated,
and safe dimensions and concentrations were determined.

Compilations and interpretations were made of available data on
crogss-secltions, Tissions, characleristics, and practical phacses of
reactor design. Mcasurements were made of neutron absorption in o

wodel layer of propoced thorium blanket for a rewctor. Also, meosturenerntsz
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were made of the average encergiles, and the most probable energies of

31 on

Feoy
o

delayed neubtrons From uraniuvm 235. A search for three-particle fic

was made. No definite evidence for this phenomsnon was found.

High Plux Reactor

The enginecring design and development of a high flux experimental
reactor was a major effort of Clinton Laboratories. Some consideration
was given to a homogeneous reactor, but this type was abandoned. A
heterogeneous reactor, using heavy water moderator and light water
qpoling, was next studied and developed to the point of preliminary
design. This design was modified to use light water as moderator and
coolant and beryllium as a reflector. This reactor, in the preliminary
design stage in 1946, appeared to be the final cheice. Two comprehion-
sive preliminary design reports were issued; the design and development

work was estimated to be 51% complete by January, 19M7.

Power Reactor

The Power Pile Division was formed in July, l9h6, and wvas msde up
almost wholly of engineers on loan from industry (graduates of the
Clinton Laboratories Training School). Its purpose was to design,
construct, and operate a pile to produce useful power, using the ideas
and the results of preliminary investigations made at Argonne National
Laboratory. The education of the personnel of the Division in this new
field took much of the time in the first months. The first preliminary
design study was issued in 1946, and a second was started. No decisions

as to the final form of the reactor werce made, however.

Y=

Radiocisolopes and Radioc 1

Ty

The radiochemistry work involved the deterwination ol thoe che

conscquences of disomeric transition, sclecetive precipitation of
3 JS I
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radioactive compounds, ilon exchange in radiocactive solutions, and

daughter decsy product ion forms in solution. Exlensive worlk was done

on the identification of various fission product sctivities and the deter-
mination of their decay chain. Blement "43" was produced in weigh-

able quantities for the first time, and was isolated and studied. The

[

element "61", unknown in naturc, was discovered at Clinton Laboratories
among the radioactive fission products, was identified as the heretoflore
"missing" element, and was separated in weighable guantities. It was

given the name of promethium, symbol Pm.

Physical Metallurgy

Metallurgical development work was undertsken in connection with
the preparation of fuel assemblies for the experimental high flux piie.
Ursniuvm~aluminum slloy fuel assemblics were dinvestigated. Some wofk
was also done on the use of thorium and its alloys in pile control rods.
Data on the results of this developmental work was included in the
experimental high flux pile reports. Aluminum alloys werc tested
for water corrosion resistance under conditions simulating rcactor
operating conditions. A separate Metallurgy Division was formed in

1946.

Biology Research

The Biology Division was established in 1946 and carried out
extengive cxperimentation with animals in a scarch for better methods
of radiation injury deteclion, and used animals as radiation monitors

in varions parts of the area. This work countiibtueted subslantizlly to

tion on the effects of ,ﬂ—rayj‘ﬁlray; and neulron

/, -

irradiacion on living orgonisms. A seporate Health Physicos Divialcn vau

the meager inforn

>lablighed foe personnel wronitoring and the detzetion ond controel of

radlation hazards.



CLINTON LABORATORIES RESEARCH AND DEVELOTMENT UNDER
THE ATOMIC ENIRGY COMMISSION

At the end of the transfer of atomic encrgy activities from the
Manhattan Distirict to the Abomic FEnergy Commission on January 1, 19hT,
serious plans were belng made for permanent research faciliﬁies to be
constructed at the Clinton Laboratories site in place of the temporary
war-time buildings which had been interded to last only until the
original objectives were accomplished. The name of Clinton Laboratories
was changed to Clinton National Laboratory to reflect the new stabus of
the organization under the Atomic Energy Commlssion. At the sawe tine,
consideration was belng given to the long range research and development
activities that should receive major emphasis at Clinton Nationz
Laboratory and to the size and composition of the scientific stafrl
required to carry out these programs.

It was recommended by the laboratory staefl that the high flux
experimental reactor development program and the power reactor continue

to be the Laboratory's major activity with strong emphasis being given

-to the radiolsotopes program and to fundamental research, particularly

in physics and chemistry. During 1947, the research end development
activities did, in faclb, continue more or less along the lines recom-
mended. o

Tumportant developments in the program aimed toward the construetion
of a high flux experimental reactor occurred during 1946 and 19LT as thé

development and planning activities wers intensified.
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First High Flux Reactor Design

In 1946, the heterogencecus reactor first pronosed was a heavy waotcer
moderatod, heavy water cooled cariched reactor designed for operation at
20,000 KW. FHowcver, investigations of this proposal led to the conclusions
that the corrosion of the stainless steel and aluminum parts of the system
might introduce enough iron, chromium, nickel, and aluminum to cause
deposition of these materials on the heat transfer surfaces, and that
abcut 15 tons of heavy water would be required for the pile. The large
heavy water requirement was a particularly serious drawback, since the
national éupply gt that time was only slightly greater than 15 tons.

There was also some guestion as to the safety of the pile at the
20,000 KW power level, although it was unquestionably safe at lower
power levels such as those planned for the present Argoane National
Laboratory CF-5 research reactor, which was essentially a copy of this
first proposed high flux pile.

The decision was made to change to cooling with ordinary water in

order to avoid the first two drawbacks mentioned gbove.

Second High Flux Reactor Design

In May, 1946, a feasibility report (Mon N-108) was published to
describe the heavy water moderated, light water cooled, enriched hetero-
geneous reactor to operatve at a power level of 30,000 KW. The fuel vas
aluminum clad U~Al alloy made into thin, flat plates and rolled in a
spiral inside a two-inch aluminum tube, through which a high velocity
streom of ordinary water was circulated for cooling purposes. About

30 aluminus tubes, containing the fuel, were arranged vertically
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in a triangular lattice immersed in the heavy water moderator. Around the

~

lattice were olher alumin um tubes, contalning thozium Tor breeding.

This resctor, called the high flux experimental reactor, was intended
to be built with its attendant chemical and metallurgical plants, at
Clinton National Laboratory. The proposed construction was to start on
July 1, 1946 and to reach complction of all facilities on October l,bl9th
with the reactor scheduled to start operation on July 1, 1947. The reactor
was designed "to have the highest thermal neutron flux obtainable wiih
present knowledge'". It was intended primsrily as a research tool and
éécondarily as a facility for the production of radioisotopes. A third
objective was to serve as a sort of pilot plant for breeder and converter
reactors.

Re~examination and evaluation of thig proposed reactor indicated that
the amount of heavy water required for the moderator, even with light
water cooling, was rather large and resulted in a large reacltor volume.
Since the fast neutrom flux is proportional to power per unit volume,
it was decided that, in order to get a better fast neutron flux, the

reactor volume should be reduced.

Third High Flux Reactor Design

In order to increasc the fast neutron flux and at the same time
maintain the highest possible thermal neutron flux, it was decided to
eliminate the hcavy'watpr, replacing it with ordinary water; to fabri-
cate the fuel elements in the form of flat, aluminum clad U-Al alloy
plates and place the plates closer together; and to make the reflector of
beryllium. Using ordinary walcr, which is a better moderator thon heavy
vater, would decrecase the volume of moderator regulred and would allow

the fuel piates to be placed closer ltogether, giving a smaller reactor
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volume and a higher fast neutron flux. Beryllium was chosen as a
reflcctor material because 1t again gives a smaller volume thon heavy
waber, its corrosion resistance is good, it i1s not so susceptible as
graphite to radiation damage, and, like heavy water, it supplies additicn-
al neutrons by virtue of tle gamma-neutron reaction in which neutrons are
emitted by beryllium under gamma irradiation.

Thus, in a rather natural series of changes, there evolved, by the
sumer of 1946, the essential design of the MIR — a design which was
guite similar to the original Metallurgical Laboratory U233 converter of
194k, This reactor, still intended to be constructed at Clinton National

Laboratory, was felt to be justified on the basis of the following

1. To produce a slow neutron flux equal to that required for
large-scale breeding and for the production of mobile thermal
power. This would allow testing of homogeneous reactor fluids
at operating conditions.

2. To produce uranium 233 at a sufficient rate to permit evaluation
of the advisability of basing a large segment of the atomic
energy program on this isotope.

3. To provide Clinton National Laboratory and the naticn with an
experimental reactor "second to none". (The Chalk River reactor
was nearly ready to operate at this time.)

4, To provide a fast neutron Tlux of magnitude comparable to that

encountercd in a small reactor in order to test radiation darise
()

effects.
Those were major metivations — the relative importance of the f{our
shifted froan time to Time. In addition, there were certain secondary

Justifications:
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-5. To provide an alternate polonium source.

6. To provide an isotope production mource.

These objectives were sufficient to Justify the Manhattan District's
assigning the Kellex Corporation to work on the reactor as designicon—
tractor; Monsanto Chemical Company, the contractor for operating Clinton
National Laboratory, was to be the construction manager. Throughout
1947, design work continued at a substantial rate, although Kellex's
effectiveness was somewhat impaired by the fact that it had many other
pioject responsibilities in addition to reactor design. Wevertheless,
it was believed in the fall of 1947 that design was sufficiently advenced
that by the end of the year, the first actual ‘construction drawings would
be finished. In anticipation of the new reactor, a water reservoir, an
electric substation, and a new steam plant were dbuilt at Clinton National

Laboratory.

Long Range Program Plang

During lQhT, the Atomic Energy Commission, as well as the Clinton
National Laboratory staff, gave serious consideration to the permanent
long-range programs that shouid bg pursued at various dnstalliations, to
the facilities already available,‘to new facilities that would have to be
constructed, and to the most logical division df respongsibility for
rescarch and development activities among the Nation;l Laboratories, so
that duplication of effort would be avoided and each laboratory would
pursue those lines of effort in which it was best qualificd. In
December, 1947, the Comission announced its plan to consgolidate reachor

development activities at the Argoune Netlonal Laboratory near Chicago and
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to maintain the Clinton National Laboratory as a strong center for basic

rescarch, applied chemical research, and isobopc production snd rescarch,

4

Yt
1

oy
-
-
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As a part of the Commission's over-all plen, it was interded
Clinton Nationol Laboratory's efforts on the high flux experimental reactor
and on the power reactor would be transferred to Argonne, and that mosgst of
the technical people who had been carrying oul these programs at Clinton
National Laboratory would also be transferred to the Argonne National
Laboratory. It was expected that most of the people would be transferred
from the Technical and Power Pile Divisions, together with others from the
Chemistry, Physics, and Metallurgy Divisions.

It was recognized that long-range plens for the Clinton National
Iaboratory research programs in chemistry, physics, biology, health
physics, metallurgy, and other fields had been developed on the basis of
the agssumption that the high flux experimental reactor would be constructed
at the Clinton National Laboratory and would be available for experimental
vse in the comparatively near future. The change in plans forvthe high
flux experimental reacfor necessitated a complete revision of plans Tor
future rescarch and development activities at Clinton National Laboratory.
The Atomic Energy Commission requested that aew plans be made on the basis
of major efforts devoted {to basic research in the fields of physics,
chemistry, biology; health physics, metallurgy, and others of direct
interest to the Atomic Bnergy Commission progrem. The Com: ssion recom-
mended that these programs be planned on the basis of "continuing indefi-
nitely and growing in strength at a healthy rate'". A second aspect of
the program recommended by the Commigssion for the Clinton National
Laboratory was a vigorous effort in applied chemical enginecring dircceted

N

towvard the solution of current problews that were vital to the atomic
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energy operations. It was the Commission's intention that the Clintoa
National Laboratory, starting from its chemical engineering work already
under way, should develop intd a:cenler of chemical technology for atomic
energy activities.

A third aspect of the work at the Clintoh National ILaborstory wag that
of radiolsotope production and development. It was planned that this ﬁork
should continue along the lines already established and should be expanded
as rapidly as pozssgible by the defelopment of new methods of productiorn,
the discovery of new and more usceful isotopes, and the progress in
finding new methods for their application.

In anticipation of this fundamental change in the program cerried

AAAAAAA out at the Clinton National Laboratory, the Kellex Corporation was
requésted by the Atomic Energy Commission in Novembgr, 19LT, to cease
all design work on the high flux experimental reactor. When the
Commission's decision to move the high flux experimental reactor to the
Argonne'National Laboratory was aﬁnounced, those who had been working
on the project at the Clinton NWational Laboratory pointed out that for
safety reasons, they would not congider it advisable to locate a reactor
of 30,000 KW close to Chicago.

The first meeting with the Reactor Safeguard Committee was in
January; 1948, Prior to that, th¢ Laboratory had masde some safely
investlgations of its own, and had decided that the reactor was safe for
the Ozak Ridge site. The opinion of the Safeguard Commlittee was that,
as a matter of principle, such high-povered reactors should be kepl away

views on the suiilablility

Vi

from Chicago; bat the Commitbece never stated it

of Oult Ridge as a site. Ao an outgrovwih of this view on safeby, the
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Atomic Energy Commission proceeded with its plans for establishing a new

reactor test station at some remobte location.

The Materials Testing Reacltor

Work on the high flux reactor was continued by the Laboratory, although
the responsibility for the construction and operation of the reactor no
longer rested with the Laboratory. Actually, since the main features of
design were already finished, the major achievements of 1948 were the
experimental verification of design cholices and construction of a fuil-
scale mock-up of the reactor for further testing.

There ensued, during 1918, a series of conferences between the
Laboratory and the Atomic Energy Commission, culminating in a proposal
that the Commission reconsider the site for the high flux reactor. The
Laboratory propesed a site about 20 miles from Oazak Ridge, provided the
Safeguard Committee considered Oak Ridge itself unsuitable as a site for
the reactor. These conferences ended with a statement by lhke Commiscsion
that the high flux reactor was to be constructed at the Arco, TIdaho reactor
testing station.

The reactor to be constructed at Arco was given the name Materials
Testing Reactor (MT'R) and was essentially identical with the high
Tiux experimental reactor designed at the Laboratory. An MIR Steering
Committee was organized in November, 1948, composed of representatives of
Argomme and Clinton National Laboratory, and was given the responsibility
Tor general direction of the project. The Loboratory was given specific
responsibility for completing the final reactor design, while Argonne
vas responsible for the desien of the reactor building and

ascociobod Pacilities.



REORIENTATION OF THE RESEARCH AND DEVELOPMENT PROGRAM 11 1948

Since most of the rescarch ond development work al Clinton Hational
Loborstory had been concerned directly with reactor development or
strongly influenced by plans for the conutrucblon of the high flux
experimental reactor, the Atomic Energy Commission's decision to move
the reactor development to Argonne Netional Laboratory and to construct
fhe high flux experimental reactor at another‘site required that the
entire research and development ﬁrogram planned for Clinton Natiornal
Laboratory be reconsidered. Another factor invelved in thevreorienta_
tion of the research and development program was the change of operat-
ing contractors on March 1, 1948, at which time Carbide and Carbon
Chemicals Company assumed the operating responsibilities. At the same
time, the pame of the Laboratory was changed to the Oak Ridge lNationzal
Laboratory. Carbide was alresdy the operaling contractor for the
gaseous diffusion plant anéd the clectromamgnetic plant in Oak Ridge,
and also had the advantage of its strong corporation background and
interests in chemical engineering research and development, which were
to be major activities of the Osk Ridge National Laborabory.

During most of the year of 1948, reorganization of the scientific
groups, transferring of personanel to Argonne National Laboratory, and
other activities assoclated with the changes that were being made at
the Laboratory contributed to a rather large turnover in the scientific
staft. Toward the end of the year, most of the major changes had been

accomplished, and the new research and development progroa was not as

much difTerent from the one previously in progress as wpighl Love been

expected, The research and development of the porer reasctor was moved
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completely to Argonne National Laboratory, but the Ozk Ridge National
Laboratory continued its responsibility for the detailed design and testing
of the high flux experimental reactor which came to be known under the
Atomic Fnergy Commission as the Materials Testing Reactor. The full scale
mock—up that was constructed at the 0ak Ridge National ILeboratory was used
for tests of hydraulic and mechanical characteristics of the reactor core
and controls systems. Particular attention was devoted to detailed study
of the cooling water flow through the reactor core, and some modifications
were made to improve the flow characteristics.

As ;n outgrowth of its own original interests and problems and in
line with the Atomic Energy Commission's broad objectives, the Osk Ridge
National Laboratory gradually developed a new program of research and
development. The progress that has been made, the advancements and
contributions coming out of the Laboratory's activities since 1948 will

be covered in some detail.



OAK RIDGE WATTONAL LABORATORY
MAJOR FACTLITIES COMPLETED OR TRANSIERRED BY CALENDAR YIAR

Year Bldg.
Completed o, Title Original Cost
1943
' 2011 Original Steam Plant $ 186,000
2013 Medical and Biological Building (now storage) 157,000
2068 Administration Building (now ORSORT) 222,000
2069 Cafeteria (now ORSORT) 10%,000
2500 Patrol and Fire Headquarters 51,000
2506 Instrument Shops _ ; . 135,000
2516 Central Stores ‘ 122,000
2517 Safety Departument Offices 15,000
3001 Pile Building (including Graphite Reactor) 3,485,000
3019 Separations Building , 681,000
3022 Training School -(now torn down) 192,000
3026 C By-Product Process Bulilding and Chemistry
Separations Laboratory 423,000
3550 Chemistry Laboratory 8ok, 000
19k4
2005 Physics Laboratory (now torn down) 246,000
1945
3026 D Dismantling Cell for Power Reactor Development
Experiments : 413,000
1946
1000 Administration Building (now P & B Division Offices) 370,000
2008 Health Physics Low Level Ahalysis Laboratory 33,000
1947
3012 Rolling Mill 180,000
3004 Research Shop 103,000
o 9207, 9210 Biology Reseaych Facilitics Token over from Y-172 6,759,00@

and sur-
voundiyge
Buildings



Year Bldg.

mpleted No. Title Original Cost

1948
0902 Reservoir $ 304,000
90T Interim Low Level Facility 130,000
2000 Metallurgy Laboratories 765,000
2001 Health Physics Laboratories 397,000
2519 New Steam Plant 912,000
3503 High Radiation Level Chemical Laboratory 566,000

1950 (Transferred from Y-12)
92173 Criticality Laboratory 148, 000
9201-3 Reactor Design and Lnginecer Development 3,558,000
920hf1 Reactor Experimental FEngineering 3,857;000
970L~-1 Reactor Division Offices 93,000

1951
2007 Health Physics Test Building 79,000
2010 New Cafeteria 284,000
2518 Change Hoase 137,000
2521 Sewage Treatment Plant 109,000
3010 Bulk Shielding Building 308,000
3019 Addition to Separations Building 706,000
3025 S0lid States Laboratory 878,000
307h North Field Service Shop L2, 000
3500 Instrument Laboratory 135,000
3504 Health Physics Waste Research Laboratory 20k, 000
3505 Reactor Iuels Processing Plant LET7,000
3508 Chemical Technology Alpha Laboratory 513,000
L500N Central Research Building L, 966,000
4501 High Level Radiochemical TLaboratory 3,070,000
7001 General Stores* 179,000
7002 Garage and Utility Shop* 129,000
7500 Homogeneous Reactor Experiment Building 320,000
3029-3038 Radioisotope Area 2,603,000

DO Area Buildings built by J. A. Jones for construction headguarters and tronslerred
Lo ORWL atter commletion of constructicn.



Year Bldg.
Completed No.

19

1952

1953

195k

1955

1956

-

P

Title

1 (Transferred from Y-12)

9201~2
920L4~3
9T711-h
9731
973k
9735
9766

3005
3017
3592
5500
7503

T012

7702

2523
3027
3044

202l
3025
3019

no
N
48]
AWl

|8

A
[
;
e
co

Thermonuclear

Electronuclear

Techniéal Litrary - Ecology Laboratory
Stable Isotope Separations
Spectrdscopy Research Laboratory

Mass Spectrometer Laboratory

Ceramic Laboratory ~ Photographic Laboratories

LITR (including Reactor)

Reactor School Laboratory

Unit Operations Volatility Laboratory
High Voltage Laboratory

Reactor Experiments Building (ARE)

Central Machine Shop

Tower Shielding Facility (including TSR-1)

Decontamination Laundry
Source and Special Materials Vault

Special Materials Machine Shop

Metallurgy Laboratory Annex
Addition to Solid States Laboratory
High Radiation Level Analytical Facility

Regearch Shops

Process Waste Treatment Plant

Original Cost

$ 2,542,000
3,479,000
278,000
968,000
137,000
160,000
237,000

$13,000
146,000
3k4,000
1,0k4k,000
375,000

34k ,000

1,672,000

70,000
17,000
68,000

95,000
622,000
285,000

L65,000
287,000



Year. Bldg.
Completed No. Title Original Cost
1958
3042 ORR (including Reactor) $ L,607,000
3517 Fission Product Development Laboratory 1,916,000
L4507 High Radiation Level Chemical Development
Laboratory 281,000
1959
2528 Low Level Waste Pilot Plant 84,000
7018 Salvage Yard Facility 65,000
1960
3103
Cooling Tower Increase in ORR power to 30 Mw 892,000
3010 BSF II (reactor) 104, 00C
7702 TSR II (reactor 577,00C
L5001 US00N - Wing 5 - Administration 1,577,00C
3500 Addition to Instrument Laboratory 589,000
9207 Biology Additions
Mammalian Radiation Injury and Protection Facility 523,000
1951
2621 Tool Stores 67,000
3104 Reactor Services Field Shop ok, 00¢
9204-3 Expansion of Stable Isotope Production Facilities 846 ,00C
9207 Biology Additions
Chemical Protection and Immunogenetics Laboratory 170,00C
1962
M5OOS Central Regsearch Building Additions (including
Compressor House and Ccooling Towers) T,h95,000
4508 Metals and Ceramics Building 6,5C0,000
9201 -2 Project Sherwood Relocation 612,00C
Biology Additions
9207 Biochemistry Laboratory 511,00C
9207 Low Level Rediction Experimentol Facility WLz, 000

9207 Pathology and Physiolegy Laboratory 690)000



_ Year Bldg.
Completed No. Title Original Cost
1963
3047 Radioisotope Development Laboratory 1,489,0C0
3525 High Radiation ILevel Examination Laboratory . 4,202,000

Addition to
Bldg.. 5500 10 Mev Tandem Van de Graaff Accelerator

(including accelerator) 2,400,000
6000 Ozk Ridge Relativistic Isochronous Cyclotron

(including cyclotron) 3,718,000
1709
7710 Health Physics Research Reactor 1,409,000

Biology Additions
9207 Cell Physiology lLaboratory 500,000
‘9210 Mammalian Genetics ILaboratory 57,000







































































































PART IIL THE OAK RIDGE NATIONAL LABCRATORY
1948 to 1958 '

A PRERMANENT BASTS

In March of 1948, the newly formed Atomic Fnergy Commission, then
just over a year old, gave to the Carbide and Carbon Chemicals Company,
a Division of Union Carbide and Carbon Corporstion, the responsibility
for operating the Oak Ridge Natlonsl Ieboratory. Since that time, the
Laboratory has becn operated by Carbide for {the Atomic Energy Commission.

In the first yesr after its establishment, the Atomic Energy Commnis-
sion tock positive action "toward the repair of those areas of adminic-
trative and physical erosion which resulted from the period of natiounal
uncertainty following the cessation of hostilities of World War IIL."
The Commission took a number of specific steps "to establish the
(atomic energy) program on a sound, permanent basis of operation in
both physical plant and organization." Under the Comaission's new
plan, the Ogk Ridge National Laborstory was corncelved to be a center

for chemical and chemical engineering research, both basic zad applicd,

. with emphasis upon industrial applications.

In addition, the Laboratory was responsible for broad programs
in physics, biology, and metallurgy snd for the production and processing
of stable and radioactive isotopes under the Commission's Isotopes
Distribution Plan. Another major function ol the Laboratory strongly
supported By the ALC was the training program carried out in cooperation

with the Oak Ridge Institute of Nuclear Studies.



RESEARCH PROGRAM I 1948

o

The major Tields of rescarch at ORIL in 1918, were well established

in accordance with the plans of the Atomic Energy Commission and with
the specisl gqualifications of the Laboratory from the standpoint of
buildings, ecuipment, and experienced scientific personnel. Major
emphasis during World War II had been placed upon the development of

a chemical process for use at the Hanford plutonium production plant
and upon demonstrating its successfu} operation on a pilot-plant scale.
For this purpose, the grapvhite reactor had been built to produce small
amounts of plutonium and serve other rescarch needs, a chemicel pilot
plant had been built and operated for the development and testing

of chemical processes, and programs of fundamental research in physics
and cheumistry had been cstablished to zid in the solution of difficult
problems that arose. During the war years, the necd for funcdamental
information in other fieldé became apparent as the basic problems in-
herent in atomic ensrgy operations were learned from experience. For
example: failures of uranium fuel pieces cwmphasized the need for
metallurgical research on reactor fuel elements and other reactor
components; as the high intensities of radiation associated with
reactors and radiosctive materials were encountered with increassing
frequency, the nced for information relating to radiatlon exposure

and its elfcels. became urgent; expansion of the nalional atomic

energy cffort required the training of scientists in this field so new
and so clouded with sccrecy that it was not tought in the universities.
3

Yo mect these needs, ORWL had cstoblished resesich programe in metal-

lurgy and biology and a training program.

J
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Thus, by 1948 ORNL recearch programs in chemistry, chenical engire-

ering, physics, mebtallurgy, and biology had becn established as well as

a tralning program and an isotope-production program. Because of its
major wartime efforts in chemical and chemical engineering‘research and
development, the Leboratory was designated by the AEC as center for
these activities and for isotope production, which had %cgﬁ entered

into to meet research needs of atomic energy installations during the

war.



REACTOR DEVELOPMENT

In 1948, the Oak Ridge National Laboratory's reactor develop-
ment efTorts were concentrated entirely upon the design of the
Materials Testing Reactor (MIR) which was to be constructed at
the new National Reactor Testing Station in Idaho. At this time
in 1948, ORNL had no reactor of its own, nbr plans for any, other
than the original graphite reactor. As a part of the MIR develop-
ment end design program, a full-scale mock-up of the reactor tank
and majof core components was constructed at ORNI for the per-
formance of hydraulic tests to assure that the design provided
adequate cooling for the reactor core. Since the MIR was designed
to be the highest perfTormance reactor to date, it was particularly
important that the cooling system be designed to avoid "hot spots™
in wvhich inadequate cooling might allow the high power density
to melt the fuel. When hydraulic experiments had been completed
and had demonstrated the adequacy of the design, ORNL had a full-
scale mock-up of the MTR with a cooling system and all the basic
features necessary for an operating reactor.

The Laboratory obtained AEC authorization to perform critical
experiments in the MIR mock~-up to check out the nuclear characteris-
tics of the new reacter design. A small amount of beryllium was in-
stelled to simulate the beryllium reflector of the MIR, and fuel
assemblies and o simplified control system were provided for the
criticol experiments. The critical cxperiments demonstrated that the

recctor wvould indecd perform os planned.
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Having all the other essential ingredients of a reazctor, the
Laboratory requested ARC authorizstion to provide shielding around the
MIR mock-up and moke othor modiflcations neccessary to operate 11
routinely as a research reacltor. AREC authorization was grented for
operation at power levels to 10CO kw, and the mock-up was provided with
a shield containing provisions for experiments. The reactor was called
the Low Intensity Testing Reactor (LITH) and was placed in operation
in 194%9. Because it had a comparatively smazll core of highly enriched
uranium, it offered the highest neutron flux available and therefore
Vas a particularly valuable addition to the ORNL research and radio-
isotope production facilities. In this reactor the besubiful blue
glow of Cerenkov radiation svrrounding the fuel of a reactor operating

________ in water was seen and photographed for the first time. The "blue glow"
photograph of the LITR was widely acclaimed as the first photograph of
a reactor core during normal operation. Modifications and improvements
have been made to permit the LITR to operate at higher power levels, and
in 1963 it is still in routine operation.

A serious problem in the early post-war years was the fact that
there were no universities with the necessary fecilitics and teaching
staff 1o offer training in nuclear energy fieldso The problem was
complicated still further by the fact that much of the information

-

developed under the Manhattan District during the war was still

<

-

clagsiflied secret under the security regulations. The problem of pro-
viding wiversity lraining in nuclear cnerpy fields woas considered acubte,

espeelally from the standpoint of assuring the availability of froined

4

persomel. for expanding ARC coperetions throughout the covabey. COREL

vbothe bhasic MIR design to o rencior

undertoox a minor study to ad:



wvhich would be inexpensive, unusually safe and stable in operation, and
as flexible as possible Tor teaching and research use in universities.

L¥.0

1 a minfnun of effort, the basic featurcs of the MIR were incorvorated

e}

Wit
into such a reactor which was designed to operate submerged in a large
pool of water which provided shielding, cooling and moderation for the
neutrons. Because of the pool in which it operates, the reactor wacg
popularly known as the "swimming pool" reactor from its earliest days.

A swimming pool reactor was constructed at ORNL in 1950, primarily for
Laboratory rescarch activities, but, almost as important, also for the
purposa 0f demonstrating a low cost, versatile research tocl which
universities could use in their nuclear education programs. This was
the third reactor to be constructed at ORNL. The same blue glow around
the fucl, first seen in the LITR, can also be seen during operation of
the swinming pool reactor. The new swimming pool rescarch reactor was
immediately used to study, in bulk, various materials for use in im-

. proved radiation shields. The reactor therefore became known officially
as the Bulk Shielding Reactor.

MTR Type Reactors

The basic design developed at ORNL for the high performance
Materials Testing Reactor has proved, in actual operation of the
MIR, the LITR, and the Bulk Shielding Recctor to be very flexi-
ble and to possess numerous advantages. ORNL has continued
erfforts to improve various aspects of the design of MI'R-type

SR

reaclors and out of these eflforlts have come fairly standardizecd
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designs Tor research reactors of the "swinming pool" variety. It is
gratifying to the Laboratory to note that many reactors of this type
have becen constructed at universities and other resecarch cstablish-
ments.

A cohtinuing program al ORNL has been pursued not only to improve
this reactor type, both in utility and safety of operation, but also
to facilitate the design of similar reactors. An examnple of the im-
provements is the development of better control rods and mechanisms
for their manipulation. 5 a resuib; 1t was possible to increase the
approved operating power level for the ORNL swimming pool reactor from
the original 10 kw to 1000 kw. The higher power made necessary a
special scheme to disperse the radioactive cooling water rising from
the reactor, and water jets vere designed and installed for this
purpose. Tie reactor improvement progran also: included development
of stainless-steel-clad UO2 fuel elements, which have a grestly
lengthened lifetime against corrosion. The original aluminum elements
lasted only about two years.

In addition, an effort was made to reduce the number of costly
experiments required for the design of each new swimming pool type
reactor. As part of this program, a method was developed for pre-
dicting theoretically the critical messes ol such reactors. A number
of calculations were performed foﬁ comparison with three cxperimental
loadings of the Bulk Shielding Reactor which vere arrvanged in as
simple a geomelry as was possible. The predicted critical masses

o

agreed to within 1% with the experimental masses.

In addition, a Pool Critical Asseibly was desigued and censtruc-

ted in s corner of the Balh Shielding RBescbor Pool so that exi
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experiments or others requiring very little power can be conducted
without tying up the full facilities of the larger reactor. In this
wey the critical assewbly can be operated while cxperiments are being
installed or other work is being done on the Bulk Shielding Reactor,
althcugh when the Bulk Shielding Reactor is in operation, the PCA

must be shut down.

TSF Reactor

The Tower Shielding Facility waé developed for shielding research
at ORNL. It incorporates a reactor of modified MIR design, developed
for this specific application at ORNL. Constructed in 1953, the
reactor is completely enclosed in a spherical contasiner and is sus-
pended on cables between 300-foot towers so that it can be raised
from ground level to nearly the full height of the tower. It is a
tribute to the designers of the reactor that it has operated at full
design levels very satisfactorily in every respect even though the
reactor is suspended in midair and is controlled from a control room
a considerable distance away. ©Since the reactor was constructed for
use in shielding studies related to the development of improved
aircraft reactor shields, there is no built-in shielding around the
reactor proper. Therefore, when thé reactor is in opcration, opera-
tors and observers must stay inside a shielded control room some
distance away, from which point they can view the reaclor by means
of a television system installed for that particular purpose. The
Tower Shiclding Tacility has contributed significantly to the out-
standing achicvewents in shielding research that hove made possible

the design of improved resctor shields that arc CTar wmore




-1
and lighter than previously thought posgible. This achicvenment in
shielding research i1s one of the technological advances now finding

application in the nation's space program.

Army Package Pover Reactor

Still another modification ol the MTR design is embodied in the

Army Package Power Reactor developed al ORNL. In the fall of 1952,

a suggestion was made that another way to exploit the compactness of

the nuclear power unit would be the development of a small nuclear

power plant that could be installed at remote or relatively inaccessible
lbéations where the nuclear power costs would be competitive with
conventional power costs for the area and where the fuel, because of

its compactness and potentially long life, would have logistic advan~
tages over conventional fuels.

Early in 1953 a small group at the Oak Ridge National Isboratory
started work on selecting a reactor type which would permit the
design of a reliable, inexpensive system which could operate long
perilods of time without refueling. The reactor chosen was a hetero-
geneous, pressurized wabter, slbainless steel system. The conceptual
design on the system was completed by July 1954. An artist's concep-
tion of the plant 1s shown in TFigure 1. The net eleclrical power and
steam heat were sclected to be 1000 kw and 3500 kw fespectivelyn The
reactor core contalned highly enriched uranium in flat, plate-type
elements which were clad with stainless steel. Standerd components
were used wherever possible, and the special componcnts were designed
for reliability and lony life.

At the tinme the ORNLD study wes being made, the U. 9. Aruy Conps

of Engineers, because of the military interest in remoto boses,
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established a group for investigating nuclear power for application
in remote military stations. This group becéme intercsted in the
pockage resctor work at ORUL and decided to hazve a full-sczle prototypo
generating stalion based on the ORNL conceptusl design built ab Foot
Belvoir, Virginia. The ORNL packsge reactor conceptual design was
used, aflter certain modifications of the specificatlon, as the basis
for obtaining bids for construction of the Army Package Power Reactor
(APPR-1). The contraclor selected was Alco Products, Inc., and a
fixed price contraét was awarded to them on December 10, 195L. Ground
"breaking at the Fdrt Belvoir site occurred on October 5, 1955. A
vear and one half later on April 8, 1957, the APPR-1 went critical
{see Pigure 2). During the design, development, and construction
stages, the Package Reactor Group at ORNL advised on the reactor
program, reviewing the design end performing experimental, develop-
ment, and testing work including the critical experiment, simulator
studies, the development of the fuel element and control rod, contrel
rod drive developmerlt, and the materials irradiation testing program.
Fuel clemeants and control rods for the first core loading were fabri-
cated by ORNL.

The APPR--1 operation performance exceeded expectation. VWaen
the reactor was taken up to full power (10 MWR), the load response

characteristics were found to be excellent.

CRMT: Reseaveh Reactor

Additional improvements in the baslc MIR design have been

developed by the Ieboratory and incorporated into the very [flexible

hich performence research reactor (ORR) conctructed at ORVI.  Tnis
reactor incorporates fesburces that make it particulerly wseful lox
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engineering resesrch as well as irradiations and neutron hean studies
of various types. Althourh the ORR will not reach the high power
levels and neutron Ifluxes of the MIR, it has Tar more flexibility
for experimental use and provides greater access to the reactor core
for irradiations and experiments.

The ORR went critical on March 21, 1958. The complete reactor
installation, including buildings snd auxiliary eqguipment, cost
approximately five million dollars. It is s high-Tlux, light-wabter-
moderated and cooled reactor with the core enclosed in a tank so
that it can be cooled by a high velocity flow of water. The entire

>reactor tank is also dmmersed in e pool of water. The reactor can
therefore operate at high power, similar to the MIR, and still have
the ready access of a swimming pool type reactor.

The ORR is designed to operate al a power level of 30 megawatts
with a maximum neutron flux of approximately b x ]_Ol)Jr n/cm?/sec.

The power level was limited at first to 20 megawabtts by the external
water cooling system, but the cooling capacity was subscquently
increased to permit operation at 30 mw.

The ORR has been given thorough performance lests and has beeun
operated routinely at 20 to 30 megawabtts since July 1, 1958. The
recactor provides unusual flexibility for perlforming engineering scale
teste ol reactor systems or compornents under conditions of reactor
operation. The MIR-type reactor cove ia contained in a cylindeical
tank which is Tlatbeooed on one side. The reactor core tank itself
is surrounded by water. One side is used for besm hole tubes which

extend throush tho conerebe shield: the £lat side is clewr of clbstruc-

tions and faces the maln pool of water. This perwmits experimernts or

i
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materials to be irraedieted in a zone of high neutron flux simply by
lowering then through the water to the level of the rcacltor core.
Trradictions can be slurted or terminated in this location without
requiring that the reactor be shut down. Two very large holes, 18" x
24" in crosé section, provide access for experiments to be placed
along other sides of the reactor core for high flux irrasdiations.

In most high flux research reactors, there is a delay of from 10
to 15 hours in starting up after a shutdown because of the time re-

Fn

gquired for ‘the xenon poison in the fuel to decay. ZXenon continuies to
build up in concentration after the reactor is shut down because other
fission products form xenon in their decey chains. However, after a
few hours the xenon councentration reaches a peak and thereafter

4

ve

2y

decreases rapidly. Thus, after a shutdown, a reactor could be star
up agaein in a short time - before the xenon concentration builds up -
or it must wait 10 to 15 hours for the xenon to pass ils maximm con-
centration and start to decay faster than it is formed. In the ORR

a unique and very valuable Teature is that the rods for reactor control
are operated by mechanisms located belcow the reactor core level,
leaving the top of the reactor unobstructed and readily accessible

for easy rcplacement of fuel. This feature permits fuel to be changed
completely within two or three hours so that by having a spare Tuel
loading on hand, the buildup of xenon poison when the reactor is shut
down is not a problem. The poiscned fuel elements can simply be
replaced and held in storage in the pool around the reasctor tank

until the xenon decays.
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Gag-Co0led Power Reactors

In 1958 ORNL initiated developuent work on gas~cooled power
reactors. Initially a2 design study vwas made fo determine whother
reactors of the genersl type buillt by the British could be advanced
in design and technolcgy to compete economically with reactors of the
other types beirg develcped in the United States. The principal con-
clugions from this study were:

1. Gas-cooled, graphite-moderated power reactors hgzve good

future prospects for application in the United States.

2. Enriched gas-cocled reactors will produce power more cheaply
than natural’uranium reactors.

3. Gas~-cooled reactors are'technologically and economically
compétitive with pressurized-water reactors for power produc-
tion.

4. Helium-cooled, graphite-moderated reactors utilizing 2%
enriched UO2 fuel elements clad with stainless steel and
having a maximum gas temperature of lOOOOF represent a good
starting configuration comparable with current technology.

Following this study, ORNL accepted responsibility Tor developing the
fuel element to be used in the Ffirst gas-cooled power reactor planned
for construction in the United States and for continuing advanced

studies aimcd toward developing a reactor of improved performance.
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Homogeneous Reactors

It is probably no exaggeration Lo say that the MIR idea (para]lel
plates with weter moderator and coolant) has had as profound an in-
Tluence on the whole development of power reactors as any concept
advanced. Butl when the MIR design and development program was nearing
completion in 1949, ORNL had no other major reactor development projects
planned for the future.

New information had been developed and technological sdvances
had occurred in materials and components fields since the early homo-
geneous‘reactor development efforts had been dropped in 1945 because
the problems appeared insurmountable. It was decided, therefore, 1o
take 8 new look at the feasibility of homogeneous reactors to see
whether the problems which had sfymied further development in 19L5
could be overcome in 19L9.

Perhaps the most scrious of the problems which caused the abandon-
ment of howogeneous reactérs in lQMS was the formation of bubbles in
the fuel solution as a result of the decomposition of water in the
strong radiation field. Minimizing the bubble problem by operating
al elevated temperatures and pressure was not considered seriously
in 1945 because the only materials then known to have sufficiently
low ncutron absorption cross sections to be useful in a brceder reactor
were beryllium, aluminum and lead. These materials were not considered
suitable for & reactor system opecrating atl high tempsrature and pressure.
By 1949 the very low neutron absorption cross section of pure zirconiﬁm
(free of hafnium) had been discovered and zirconiwum wos considered a
very promising structural material for homogencous reactors. Its

strength and corrosion resistance, as well as its low neutron absorption
G > I
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cross seclicon, appeared very favorable for homogenecous reactor appii-
cations. Alsc, considerable experience had been gained in handling

raediooctive liguids at high temperabure and pressure and many compenents

-

N

for high pressure, high tempersture systems had been tested in actual
use. Further, considerable rescarch had been performed on uranyl
sulfate-water golutions and had indicated that these solutions showed
favorable characteriétics for use as fuel solutions in aqueous homo-
geneous reactors. Conceptual designs of possible systems for homo-
geneous reactors indicated their feasibility and appeared very promising
for further development.

By the end of 1949, the Atomic Energy Commission had given
approval for a program of research and development leading te the
construction of a homogeneous reactor. About the middle of 1950, the
status of the entire homogeneous reactor development program was
reviewed and a proposal was made to construct a small homogeneous
reactor as an experiment. It was proposed to construct the experi-
mental reactor as quickly and cheaply as possible tq demonstrate the
feasibility and operating characteristics of homogeneous reactors.

It was expected that the howogeneous reactor experiment coﬁld accemplish
the following objectives:

1. To demenstrate the operational feasibility of a circulating

fuel chain reaction at fairly high power.

2. To gtudy radiation decomposition and corrosion in a homno-

geneous chemical reactor at power densities of the same
order as those which might be encountered in a power reactor.
3. To dewmemstrate elecctrical power production from a cireulating

fuel sysben.
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i,  To obtain direct and complete operating experiences in the
handling of a homogencous reactor at high temperature and
high pressure.

Approval for the construction of the HRE was received from the
Atomic Energy Commission in September‘l950. The HRE building was
completed in March 1951, and construction of the reactor was completed
in January 1952.

During the later stages of construction, a thorough and rigorous
program of testing and inspection was carried out to assure the satis-
factory'operation of the entire system. 8ince leaks were considered
to be a major problem in the high temperature, high pressure system
which was designed to contaln large quantities of radicactive matecrials,
major emphasis was placed on inspections and tests to assure that the
system would be leak-free under full operating pressure.

Simulated operation with natural uranium fuel solution at 25OOC
and 1000 psi pressure was carried out to continue testing the system.
The testing program lasted through January, February and March of 1952,
and at the end of this periocd it was believed that the system had been
demonstrated to be leak-~tight and to be in good operating coandition.
Critical experiments were carried out through April, May and June with
low power, high #emperature operations and reguired seversl months for
cleaning oul the system, making repairs and retesting the entire system.

In October, operation was resumed, going almost lmmnediately to
the kilovatt pover level to create sufficicent activity in the fuel to
facilitate the detection of Jeasks. Minor leaks werc discovered and
rejpoired wvithout difficulty, and oporation convinued af incroasing

217

pover levels. The IRE was brought to its full design power of oans
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nmegawvatt on Febrvary 24, 1953. A%t this power level, high pressure
steam was generated by the reactor to operate a turbine generastor and
produce 150 kilowatits of electricity. This was only two moaths after
the first demonstration of electric power production from nuclear
energy in the Argomnne National Laboratory's Exzperimental Breeder
Reactor. The HRE was operated through a complete program of tests
to determine its charascteristics and behavior. Operations continued
most successfully through all of 1953 and the early part of 195L. In
195k the HRE, having accomplished all of its objectives with very
promising results, was dismantled so that a larger homogeneous reactor
éould be bullt in its place to continue the development of large-scale

pover reactors.

HRE

Among the important results obtained from operation of HRE-1 were
demonstrations of (1) a remarkaeble degree of inherent auclear stability,
(2) the lack of need for mechanical control rods, (3) the direct
dependence of reactor power upon turbine demand, (&) flexibility snd
simplicity of fuel handling, (5) the ability to attain and maintain
leaktightness in a small high-pressure reactor system, (6) the safe
handling of the hydrogen and oxygen produced by the radiation decompo-
sition of the water and (7) the usc of copper sulfate as a howogeneous
catalyst for recombining these gases as they formed in the fuel.
These results, ﬁlus other encouraging results from the concurrent
‘development programs, resulted in the expansion of the program, with
the development oif a large thorium breeder pewor reactor as the

ultimate goal.
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As a step toward this goal, the Homogeneous Reactor Test (1)
or Homogencous Reacter Bxperiment No. 2 (HRE-2) was built. Homngencous
Reictor Experiment No. 2 was a two-region, forced-circulstion agueocus
homogeneous reactor. Located at the site formerly occupled by HRE-1L
at Ozk Ridge National Laboratory, it was an advancement over its
predecessor in power, physical size, and gualivy of construction.
Cperating at the design level of 3OOOC and 2000 psia, the reactor
produced 5 megawalts of heat. Uranyl sulfate solution containing

1¢ grams, of uranium (93% UESS)

per kilogram of heavy water circulated
through the reactor core at a rate of 400 gallons per minute. The
fluid entered the core at 25600 and leaves at 3OOOC. Copper sulfate
added to the fuel solution served as a dissolved catalyst for the
internal homogeneous recombination of the radiolytic gas. The first
experiment with HRE-2 utilized heavy water &s the blanket.

The objectives of HRE-2 were (1) to demonstrate that a homogencous
reactor of moderate size can be operated with the continuity reguired
of a power plant, (2) to establish the reliability of fuels, engineering
materials, and componcnts with features which can be adapted to full~
scale power plants, (3) to evaluate equipment modifications which will
lead to simplifications and economy, (M) to test maintenance procedures
and, in particuvlar, maintenance under water, and (5) to develop and
test methods Tor the continuous removal of fission and corrosion
contaminants, for which HRE-Z2 was supplied with an integrated fue
proccssing plant.

Degion of IRE-2 was started in Januafy 1954 and construction wes

beoua in July of the same year. Construction of the rcactor and the



high-pressure system of the assoclated processing plant was comploeted
in the summer and carly fall of 19560. Both plants went throusgh periods
of cleaning, opreliminary testing, ard non-nuclcar operation belore the
first'cfiﬁical experiment was performed. The reactor reached cricicality
on December 27, 1957, and was first operated at full power in February
of 1958.
Construction of HRE-2 would not have been possible without the
developnent of new or improved equipment for handling the uranyl
sulfate solution fuel at high pressure and temperature. These develop-
ments were made by Laboratory persomnel or by Laboratory personnel in
cooperation with equipment manufacturers. Notable examples were the
S5-ft-diameter 2000~psi reactor vessel which contained the first reasctor
,,,,,,, core tank made of Zircaloy, the canned-motor circulating pumps which
. were modified especially for HRT use, the bellows-seated high-pressure
valves and liquid-level indicstors, the feed pumps used to inject
fluids into the reactor against a pressure of 2000 psi, the hydroclones
used to remove fission product and corrosion product solids at high
temperature and pressure from the reactor system, and many instruments

and other items of special reactor equipment. All of the reactor

equipment was designed and fabricated to achieve reliability and leak-

rr

tightness much superior to those found in normal industrial: operations.
Non~radio-active testing facilities in which many of the reactor coper-
ating conditions could be simlated were constructed' and operated for
thousands of hours in developing and testing eguipnent.

Maintenance of a homogencous reactor system presented many new

and unique problems becsuse the eguipnent was lovge and highly roadio-

active. bpecial tools and technlques were developed; and DRE-Z was
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designed so that the ecquipment cen be submerged and maintained while
using water for shielding against radiation. These direct maintenance
methods were an ORML innovation which promised to solve many of the
most difficult problems of making repairs on highly rediosctive systems.

At the time that HRE~]l was built the severity of corrosion at
QBOOC was believed to limit the operating temperature and the feasibility
of nomogeneous reactors. It was later established that the corrosion
is less severe as the temperature is increased above ESOOC to BOOOC,
and HRE-2 was designed to operate in that temperature range. The
higher operating temperature greatly increased the attractiveness of

homogeneous rezctors for producing power.

HRT Operations

The power experiments were started during the last week in March
end were continued through April k4, 19587 The power level was raised
to 3 Mw and then up to 5 Mw. The reactor had operated for only =a
short time at the 5-Mw level when a leask developed that permitted
fluid to be transferred from the core to the blanket. Operation was
continued for a short time with fuel transferring between core and
blanket while it was being determined that a leak existed, and then
the reactor was shut down to permit an examination of the damage.

The reactor was inspected to determine the location and the
cause Tor the leak. Periscopes were used to view both the inside and
outside of the corc tank, but it was not possible to identify positively
a hole or crack large enough to account for the leak, even though the
location in the lower diffuscr sectlon of the core vessel appeaved to
hoove been established by means of ligquid level wmeasuvrercnts in the

systan. After many unsuccessful attempts, the work on viewing was
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discontinued, the reactor system was scaled again and experiments were
performed to deternine how best to resume nuclear operation. These
tests involved circulating heavy water and uranyl sulfate solubtions
in both the core and blanket systems while investigating the problems
of maintaining liquid level and chemical stability in the systems.
1t was shown that the reactor could operate satisfactorily with fuel
in both tThe core and blanket regions and that fuel concentrations
could be controlled to produce 60% of the power in the core.

On the basis of these tests, 1t was concluded that no modifications
were necessary for reactor operation to continue. On June h, 1958 the
reactor was started up agaln and,the‘reactor tehavior was explored atb
core average temperatures of 240, 260, and 275°C and at total power
outputs ranging from 250 to 3500 kw. Following this, tﬁe reactor was
operated routinely for 30 days at 280°C and 1750 psi. Duving the run,
1600 Mw/hr of thermal power was generated, bringing the total thermal
power gencration by the HRT to approximately 2000 Mw/hro

The period from July 7 through July 18‘was spent in attempting to
make satisfactory examination of the reactor core tank and the interior
of the pressure vessel. Although detailed observations were made of
parts of the interior and exterior of the core tank, it was not possible
to identifly the region of failure. Accumulations of solids were found
in the core at the junction between the diffuser screens and the wall.
There wag nothing unusual in the appearance of the metal surfaces or
the welds that could be cbgserved.

The HRT operated intermittently from August 1958 through 1959 at
power levels ag high as 5 Mw. The reactor performance was fres of

major mechanical difficulties. Cilrceulating pumps, feed pumps, valves,

A
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and the many other items of eguipment within the reactor cell perforumed
exceptionally well. Experience with reactor maintenance was surprisingly
good. The simple tools for remote maintenance performed well when
replacing valves, removing samples Trom the circulating pump lines,
opening and closing the piping systems, and inspecting the reactor vessel,
core tank and piping.

However, operational experience with the HRE-2 during 1959 served
to call attention to important questions that were not fully resolved.
These quecstions were related to the phase stability of uranyl sulfate
solution fuels under reactor operating conditions, the use of austenitic
stainless steel for containing uranyl sulfate solutions, and the design,
operation and metallurgy of the Zircaloy core tank. Experience in the
operation of HRE-2 and in the research and development program both in-
and out-of-pile indicated that the uranium was separating from solution
and concentrating at spots along the core tank wall. Fission of the
uranivm that was concentrated at spots on the tank walls evidently
generated more heat than the normal flow of fuel through the core could
remove and overheating of the tank walls occurred at these spots.
BEvidence accumulated that the mixing of fuel and blanket observed
after the first high-pover runs had occurred because at high power levels
uraniuwm on the tank wall had generated enough heat at one point to melt
a small hole through the wall.

During 1959, experimental operation of HRE-2 achieved a uniquc
fecord for reactors of all types by operating continuvously for 100 days.
This achievement demonstrated clearly a unique advantoge of the fluid
fuel system: new  fuel could be added and Tiesion prodvet polsons

removed while the reactor continued normal operation. The continuoug
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run of the [RE-2 actually lasted for 105 days, after which it was
terminated because of clear indications that a second hole hzd developed
in the core tank. The hole actually developed on Jenuary 21, 1060 after
several weeks of operation al high power levels (about 5 MW), which
sugeested at the outsel that agesin uranium deposits on the tark walls
had overheated, burning a hole through the core tank.

The.most probable explanation for the burning of the hole was
based on the relationship between the hydrodynamics of the reactor
core and the chemistry of the uranyl sulfate solution fuel. The upper
two-thirds of the reactor core tank was a spherical shell and it was
jéined to a truncated cone. TFuel entered the core tank at the bottom,
was diffused by perforated plates, flowed upward through the cone so
there would be a uniform temperature rise as it flowed through the
sphere and out the fopt. Flow velocities were so low that corrosion-
and fission-product solids on which uranium was sorbed could be
trapped in the core. The flow distribution caused the solids to
accumulate along the wall. During nuclear operation, the conditions
of low flow, flow separation and recirculation where diffuser screens
were attached to the wall, and accurulation of uranium-bearing solids
along the wall are believed to have caused local wall temperalbures to
excced the maximum design temperature. As the power level was raised,
local bolling cccurred and uranium deposited as a solid or, if the
pressure was high enough, as a heavy liquid phgéen A characteristic
of uranyl sulfate soluticns 1s that they separatc into a heavy phase
rich in urenium and a light phase depleted in uranium at high
temperatures which depend on the concentrations of salts in the solvbion

and on the ratio of sulfate to ercess sulfuric ocid., Pover excursions
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resulled from rapid nmovement of some of the material into or through
regions of higher nuclear importance. When local accwmlations became
large enocugh, the heat production rales exceceded thoge which couid be
remcved by boiling heet transfer, and the tank wall melted at the point
of overheating.

The reactor core tank was inspected by the use of a periscope
which showed a new hole just below the equator of the core tank. With
a radiation fiecld of about 100,000 rads in the reactor core region,
workers were nevertheless able to perform a detalled examination of
the core tank using remote control devices. The flow-directing
screens in the bottom part of the core tank were removed, all surfaces
of the tank walls were systematically photographed for corrosion
examinations, wall thicknesses were measured, and the two holes in the
core tank wall were plugged, all by remote maintenance techniques.

The direction of fuel flow (originally from bottom te top) through
the core was reversed so that solids which entered or were formed in the
core would be flushed out. Introducing the fuel into the top of the
core as a Jjet was expected to induce higher circulation rates over the
core tank wall.surfaces and to promote better cooling. The acidity of
the fuel was increascd to raise the phase separation temperature.

Work on modifications to the HRE-2 lasted through most of 1960,
and the reactor was ready to resume opcraticns early in November 1960,
with the flow reversed (now from top ‘o bottom) in the core. During
the period of the shultdown and repair of the HRIE-2 Congressional
hearings on the ALC budget were in progress. Congressional reaction

to the overall Licmogencous reactor situalion was unfaovorable becruse
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it appeared that the large expenditurcs for homopgenecus reactor develop-
menrt over a period of ten years had culminated in an experimentsl reactor
which had encountered some fundemental problems. Under sharp atlack
from Congress, the AEC instructed ORNL on December 28, 1960 to terminate
the homogeneous reactor development and testing program by July 1, 1961
and to close oul research actlvities as guickly as could be done in
an orderly msmner. The ARC also requested that the HRE-2 be operated
al a near full power for twolor three months prior to shutdown.

ORNL, vigorously protested these decislons, pointing out that the
problems encountered in HRE-2 had been greatly clarified by the recent
studies and examinations and that solutions for these problems
seemed straightforward and easily incorporated into plang for future
homogeneous reactors. The labcratory argued that the long range
goal of developing a thorium breedsr reactor to produce economical
electric power should still be pursued as vigorously as before.

In the end, the AEC agreed to continuing support for thorium
breeder technology, but insisted that the agqueous homogencous reactor
research and development be dropped. The HRE-2 operated at full
power in Januvary, February, March and April until operations were

terminated on April 28, 1961, when 1t appeared that the plug in the
hole of the core tanﬁ wall had disintegrated. HRE-2 was then dismantled
for detailed inspection of its components to determine the full exteat
of corrosion, wear, radiablon damage and other changes throughout the
system. Tinal reports werc prepared on all important phases of the work
to closc out the homogencous reacbor program in 1961.
Resecarcen and development on thoria slurries and other aspocts of

thoriwn breedoer reactor developmont bueame the objective of thoe ncow
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thoriwn utilization program which was started in 1951 to pursue

promising systems indicated by the work of the previous ten years.

The thorium vbilization program wes greatly rcduced in level of

effort from the homogeneous reactor progrsaum.
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ATRCRAFT NUCLEAR PROPULSYION PROJECT

In 1946, the U. 8. Air Force awarded to the Fairchild Engine and

Alrplane Corporation a contract which established Fairchild as the

.responsible directing agency of the Nuclear Energy for Propulsion of

Arcraft (NEPA) Project. The purpose of the project was twofold:

(1) to perform feasibility investigations and research leading toward
the adaptation of nuclear eﬁergy,to the propulsion of aircraft, and
(2) to educate the aircraft engine industry in the field of nuclear
science and its adaptation to aeronautical propulsion.

From midyear in 1946 until the early part of 1948, the NEPA
Project in Ozk Ridge, Tennessee, was the only agency actively investigat-
ing and developing nuclear propelled aircraft. In 1948 the Lexington
Project, a group assembled by the Massachusetts Institute of Technology
at the request of the Atomic Energy Commission to evaluate the possibili~
ties of nuclear-powered flight, spent the summer in reviewing the exist-
ing knowledge of the subject and in appraising the problems to be solved
and the prospects for success. The members of the Lexington Projzct,
in their report, "Nuclear-Powered Flight" (Lex P-1), reached the
conclusions that"although success cannol be guaranteed, therc is a
strong possibility that some version of nuclear-powered Tlight can be
achieved if adequate resources and competent manpower are put into the
deﬁelopment; that intensive effort will be needed if a nuclear-poweraed
ailreraft ic to fly within fifteen yeurs; that intepgration of work
on reactors, power plante, moterials, and other components is essenbial

Tor efiicient progress toward the goal; and that a vigorous and realistic
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aircraft reactor developmenlt program during the next few years should

contribute to and benelit from other aspects of the Reactor Developrmant

Program of the Atomic Inergy Commission.

The Lexington Report also made the recommendsztion thal a strong
development program on nuclear-powvered flight be undertaken, 1 it
is decided that as a national policy the high cost in technical manpower,
fissionable material, and money can be Justified.

On April 27, 1949, a conference was held at Oak Ridge, attended by
representatives from the AEC Division of Reactor Development, the Office
of Oak Ridge Operations, the Carbide and Carbon Chemicals Division, the
Alr Forde, and the NEPA Project. The purpose of the meeting was to
consider the part which the Osk Ridge National Laboratory could play
in the Aircraft Nuclear Propulsion program.

As a result of the meeting, it was decided that the Oak Ridge
National Laboratory would submit recomnendatltions to the ABC regarding

the participation of ORNL in the Alrcraft Nuclear Propulsion program.

The ANP Program at ORNL

Numerous conferences between representatives of ORNL and the AWC
took place in the following months in an effort to establish a suitable
ANP program at the Laboratory. During this period the Laboratory
increased its arcas of cooperative effort with the NEPA Project,' There
had been cooperative programs of research and development in shielding
and radiation damage whereby both ORNL and NEPA personncl worked together,
making use of ORNL facilities. Soveral other projects at OLNIL wore so
closely related to ANP that thelr major emphosis could be applied to this

S S

program with very little change in plans. The muber of HIL'A esployces

vorting cooperatively with groups at ORVL iucrcasced appeocial
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'''''''' On September 1, 1949, the Cak Ridge Netional Laboratory received
from the AFC instructions for the esteblishment of an Aircralt Nuclear
Propulsion program at ORNL. n Sepltember 20, l9h9? the Cak Ridge Netlonal
Laboratory notifilied the AEC in writing of ites willingness to accept the
proposed ANP responsibilities and to carry out the.program to the best
of its ability with a priority second only to that of the MIR project.

Having acceplted rather heavy respongsibilities for the nuclear
aspects of the Alrcraft Nuclear Propulsion program, the Osk Ridge
National Leboratory established aﬁ ANP Project and made plang for
building up sultable groups of research and development personnel.

One of thé major initial activities planned for the early stages of the
ANFP program was the establishment of a Technical Advisory Board of out-

e standing scientists who would meet at ORNL during the summer of 1950 for
an intensive session to evaluate the various aircralft reactor designs
under consideration and attempt to esteblish certain basic design
points from which an alrcraft reactor could be developed. The
Technical Advisory Board coﬁsisted of sclentists whose competence in
their respective fields was nationally recognized. Chosen for their
ability to meet and cope with new problems in théir fields as well as
their known contributions to recent scientific adveancement, these men
were perhaps the most highly qualified group of specialistsypssenmled
for concerted effort on a special séientific pfoject since the end
of the war.

At the conclusion of their intensive review of the status of all
factors influencing the feasibility of muclear powered aircraft, the
Technical Advisory Board lssued a report reflecting opbimism for

achicvenent of supersonic Tlignb. They recommended that an experiasntal
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aircralft reactor be constructed in Oak Ridge as soon as possible. The
rork performed in the bulk shielding (swimming pool) facility had per-
mitted significant refinements and improvements in shielding for an
aircraft reactor and had given encouragerment that further improvemants
could be realized. Because the ghield for an alrcraft reactor vas
recognized as being by far the heaviest component of a nuclear~powered

4

plane, the progress toward reducing shield welght was a particularly
important advance which greatly improved the outlook for feasibilitly
of nuclear-powered flight. :

With the initiation of a major effort on ailrcraft nuclear pro-
pulsion under the AEC at ORNL, the Air Force program at the NEPA
Project in the K-25 area was closed out. In 1950 NEPA groups were
brought into cooperative efforts with ORNL ANP groups and in 1951
the NEPA facilities at K-25 were closed, with most technical groups
transferring to ORNL.

The ORNL idea of building reactor experiments was considered
especially well suited for an aircraft reactor. This philosophy
represented a return to the more normal industrial practice of bullding
a pilot plant for thorough testing and further development before a
major new type of installation is constructed. The Laboratory staff,
therefore, formulated plans for constructing an experimental aircraft
reactor to operate at a power level of 1000 KW, but otherwise to
duplicate as nearly as possible the essential features of a full-scale
aircraft reactor. This method of approach was based upon the belief
that by constructing and operating a small-scale aircraft reactor, it
will be possible to speed up the development program and thereby
assist in establishing a feasible design which will lead to the con-
struction of a full-scale test stand aircraft reactor.

Since no reactor operating at such high temperatures as those
required for an alrcraflt reactor had ever beecn constructed and since
liguid metlal cooling in the reactor had never becn utillzed before,

Tt

it was expected that the uvltimate perfoimance of a Tull-scale alrcralt

-+

reactor could be pursued wilh more confidence 1f a pilol model



93w

embodying these and cother unusual Teatures had been operated and
thoroughly evaluvated. The Laboratory gained much confidernce in the
ultimate operation of the MIR as a result of experiments with the
full-scale MIR mock-up.

With the optimistic TAB report, the Leboratory obtained AREC
support and Initiated construction of an aircraft reactor experiment.
A new.building to house the aircraft reactor experiment was constructed
close to the homegenecus reactor experiment building which at that
time was also under construction. Installation of the comporents

of the experimental aircraft reactor was started in 1953 and completed

about the middle of 195L.

The ARE

Operation of the ARE took place in October 1954. The ARE operated
at full design power for approximately 100 hours, as planned. Opers-
tion was completely satisfactory in every respect and provided a most
convincing demonstration of the feasibility of a very high temperature
fluid fuel reactor. Perheps the simplest way to illustrate the magni-
tude of the engineering achievement reflected in successful operation
of the ARE is to point out that while the reactor is in operation,
every part of the fuel system 1s literally red hot, including the
reactor core, piping, pumps, valves, heat exchangers, and all other
components.

The fuel consisted of a molben mixture of UFu'with NaF and ZrFu,
The fuel fiowed in serpentine Inconel tubes through the reactor,
surrounded by BeO blocks which acted as a wmoderator. The ligquid fucl

vas pumped by means of a high tempereture centrifucsl punp and, aftor

3
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lesving the reactor, went through a heat exchenger. The heat ultiwately
was removed by woater, however, between the fuel system hest exchanger
and the water heat exchanger was a stream of recirculating high-velocity
helium which served as an intermediate heat exchanger fluid so that
vater and fuel could not mix in the event of a healt exchanger leal.
The heat generated in the BeO reflector-moderator was removed by cir-
culated sodium. This healt also was removed by water after passing
through an intermadiate helium heat exchanger. Due to the inherent
self-regulating characteristics of the reactor, the only controls
needed were a stainless steel regulating rod and three boron carbide
safety rods. The active region of the reactor was a right circular
cylinder, 33.3 inches in diameter and 35.8 inches high. The reactor
was designed to operate at 1500 kw but actuslly ran at a peak output
of 2500 kw. The exit temperature of the fuel from the reactor to the
hecat exchanger was-about lSOOOF; the inlet fuel temperature was about
1200°F. A total of about 90 megawatt hours of high-power, high-
temperature operation was accomplished before the scheduled shutdown

and dismantling of the ARE.

Research and Development for the ARE

Successful operation of the ARE represented major achievements
in numerous fields of research and development activities. For
example, the development of a molten salt fuel mixturce that was chen-
ically stable, non-corrosive, fluid over the proper range of temperea.-

ture, and satisfactory in its heat transfer properties, was an

outstis

Ling accomplishment. The molten salt fuel had an attractlive

advantage over the agueous fuel of the homogencous remctor in that it



could be used in a reactor system operating with little increase over

normal atmospheric pressure. The development of materisls that would
resist corrosion by ?ed hot fluoride salt mixtures, and the development
of mebthods for fabricating these materials into a reactor system that
would operate reliably at 15OOOF were metallurgical achievements of

the greatest importance. The design of a reactor of this comparatively
new type, to operate under these heretofore unheerd of conditions, and
the development of compenents to go into the reactor system were
engineering problems of unparalleled difficulty which were solved with
very encouraging success.

In operation, fhe ARE demonstrated again the advantageous features
of fluid Tuel reactors, including excellent nuclear stability, strong
coupling between power demand and power level, and ease of operation
and controllability. It is not exaggerating to say that the ARE was
the most advanced reactor type thé Labhoratory had developed and, con-
sequently, ils successful operation represented perhaps the greatest
achievement of the combined research and development staffs of the

Laboratory.

The ART

Following the successful operation of the ARE, research and
development efforts on a molten salt reactor for aircraft propulsion
were intensified with the objective of building a 60 megawatt prototype
reactor at the earliest possible date. The ARE building was enlarged
and‘modified Toxr phe installation. of the second experimental reacbor.
As the work progréssed, an improved aircralt réactor”design was

-

benelits of cxpericnce with the ope

developed incorporating the
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of the ARE, plus other advances, pafticularly in materials and compo-~
nents development, achieved since the operation of the first reactor,
Within two years, design of the ART was esscntially complete, and
orders for the fabrication of major components had. been rlaced. An
Engineering Test Unit, designed to be essentially a noan-nuclear replica
of the ART, was being constructed on a schedule slightly shead of the
ART so that the benefits of experience in the construction and operation
of this test unit could be incorporated into the ART.

Ea;ly in FY 1958, the nationai program of alrcraft nuclear propul-
sion development came under Congressional fire because of the high
cost of the program and because changing military requirements made the
achilevement of nuclear powered aircraft less important as a national
goal. The President of the United States ordered an extensive review
of the current status of the program, re-evaluation of the military
need for nuclear powered alrcraft, and consideration of the additional
time, effort and cost involved in developing and coastructing a nuclear
powered aircraft. Upon completion of this program review, the President
cancelled major portions of the national ANP program and the Commission
curtailed the aircraft reactor development program, eliminating the
molten salt reactor phase entirely. With this decision the Oak Ridge
National Laboratory ANP effort was changed in purpose and scope to
provide dirccet support for the main dines of atlack being pursued by
Pratt Whitney and General Blectric. Design of the ART was conpletced
and "pul on the shelf.”" The enlarged and modified ajrcraft reactor

oy

cexperiment bullding in which the ART was to be installed was put in

slandby Tor possible uwse to housce a futurce reactor cxporimont, and

the components and other materials on order for the ART were cuncelled
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and closed oul in as orderly a manner as possible. The national ANP
program was terminated op June 30, 1961. ORNL's rescarch and develop-
ment efforts in this field were shifted to the Space Power Program and
to high temperature materials research.

Because it had already been shown that many of the most difficult
technological preoblems associated with the molten salt aircraft resctor
arose from the ultra high performsnce reguirements and the stringent
limitations on size and welght of the entire reactor system, it was
apparent that the adaptation of this type of reactor to serve as a
central station electric power plant would involve significantly less

difficult technological problems.



MOLTEN SALT REACTOR

During the ORNIL: development of ANP technclogy for molten salt
reactor systems, it became apparent ﬁhat this type of reactor offered
inherent advantages that made it attractive for electric power produc-
tion. ANP work was pursued on a high priority basis with an urgency
of scheduling that left no opportunity to divert effort into civilian
power reactor adaptations. This opportunity became a#ailable, however,
in 1958 when the decision was made to drop the development of a molten
salt aircraft reactor and to concentrate ORNL ANP effort on support
Tfor the Pratt-Whitrney and Generzl Electric ANP eflforts.

The ANP molten salt reactor groups were able to provide personncl
for a much smeller scale effort to adapt ANP technology to achieve
the geoals of a civilian power reactor. The decision to continue
development of molten-salt reactors for civilian power production came
as a result of the fact that they, almost uniquely, combine the advantages
of very high temperature, wide solubility limits, and low pressure in
a liquid system. Because of their low pressure, the mechanical parts
of the system were relatively uncomplicated. There was no need for
complicated core structures, for control mechanisms, or an explosion
containment vessel, and this basic simplicity, it was hoped, would
offset the cost of the required heating and remote maintenance equipment.
The molten~salt reactor capital costs thus might be nearly equal to
those of other power reactors when compared on a heat generation basis.
The hipher thermal efficiency (wL0%) of the salt system would then
give an appreciable advantage in capital charges over agueous fusl

systems. The use of a fluid fuel had always been expected to achicve
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lower fuel cycle costs through the elimination of fuel element
refabrication costs. The very high thermal efficlency also tends
to reduce fuel costs. Thus there was substantial reason to believe
that the molten salt system could lead to over-all power costs wnich
would be less than those of other, lower efficiency, nuclear power
systems. It was these basic considerations which justified the
original interest of ORNL in molten salt systems for civilian power,

and which justified continued pursuit of the development effort.

Advances in Technology Under the ANP Program

ORNL developed a nickel-molybdenum alloy, called INCR-8, for
containment of molten salts at high temperature. Out-of-pile INOR-8
thermal convection corrosion loops had been operated for thousands
of hours at l2SOOF peak temperature with no corrosion attack whatso-
ever. The INOR-8 alloy was considered to be a most promising struc-
tural material for molten salt reactors. Commercial production of
the alloy had been achieved, with several firms willing to supply
tubing, sheet and bar stock on a purchase order basis. ORNL had
established iNOR-B that made it resistant to oxidation as well as
corrosion, gave it good welding properties, and provided high-temperature
strength. Wide interest had been shown in the alloy for other important
high-temperature uses.

Phase studies of salt mixtures of Li¥, NaF, Bng, UFH’ and thh
had shown ranges of composition with suitable melting ppinta for both
blanket and fuel uscs. Gas solubility studies indicated a basis Tor
the continuous removal ofvfissionjproduct gases Trom molten-saltb
react@rs. PuFB solubility studies established that plutonium can be

burned in a molten-salt reactor.
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Although reactor cost studies showed thet it was economically
feasible to use only the fluoride volatility process for chemical
reprocessing and to discard the ureniuvm-Tree salt with ils contained
fission prcducts at each cycle, it was obvious that recovery of the
salt with its Lfi.rr is desirable. Two salt reprocessing schemes
affording recovery of the Li7 had been demonstrated in small-scale
laboratory work.

Remote maintenance experiments revealed two types of flange
worthy of further development. Hand welding by remote manipulators
was demonstrated in such operations as assembling and disasseumbling
a molten-salt pump by using a remote manipulator.

A conceptual design study of a power reasctor showed a feasible
arrangement of a reactor cell cquipped for remote maintenance, suitable
methods of handling the off-gas, and arrangements for draining and
otherwise handling the fuel. A cost study indicated power costs
somewhat lower than those calculated for gas-cooled or water~cooled

reactors.
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o GENFRAL REACTOR TECHNOLOGY

The MIR, being the First truly high performance reactor constructed
for purposes other than the production of plutonium, incorperated many
features which were the result of extensive research and development
perforned at ORNL from the end of the war until the early 1950's. As
research and development groups completed their respensibilities on
the MIR project, many of them continued their fruitful werk on a more
general basis to benefit all reactors rather than a specific reactor.
Eor example, the reactor control system developed for the MIR was the
most advanced of its day and after its performance in the routine
operation of the MIR had been assured, the reactor control development
group undertook the improvement of controls for existing reactors at
ORNL and the design of a modified MIR control system "package” which
could be used With little change for other reactors of a similar type.
Most swimming pool and other research reactors constructed since 1950
have made use of the generalized reactor control system developed by
ORNL as an outgrowth of its work on the MTR controls. Similarly,
studies of corrosion, heat transfer, shieclding, metallurgy and radia-
tion damage all began or were redirected as a result of the particular
information needed for the development and design of the MTR. In all
of these areas of rescarch, work continued after the completion of the
MIR project.

The work in general reactor technology was responsive not only
to problems encountered in existing reactors but also to needs Tor
information which would result in advances in technology. VWhile many

reactors had been buill and operated duving the war, much fundamentual
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information of great importance to reactor technology had never been
developed because the urgency of wartime projects allowed no time for
the research to be performed. In the early postwar years in particu-
lar a great deal of research effort was needed simply to provide
fundamental data which had never previously been developed.

From the fundamental studies of this sort performed at ORNL,
numerous continuing research and developuent programs were started to
pursue areas of research and development where particularly difficult
problems were encountered or where opportunities for advancement of

technology appeared especially promising.
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Removal Cross Sections

The phenomenological concept of an experimentally derived Tast-
neutron removal cross section, first introduced at ORNL, has consti-
tuted the practical basis of most fast-neutron shielding since its
inception. In addition, the concept has given a physical picture of
the attenuation process which in large measure has served as a guide
in developing more recondite theories. The experimental data from
which the removal cross sections have been derived were obtained at

ORNIL: in- the Lid Tank Shielding Facility.

Fission Gamma-Ray Spectral. Measurements

The complex emission of gamma rays from fission represents a
major source of these radiations in reactors and atomic weapons and
gives rise to important probleﬁs in reasctor shielding, reactor heating
after shutdown, and civil defense shelter design. Before the ORNL
measurements, only the spectra of the long-lived portion of these

gamma rays, which represents less than 10% of the total energy release,

-had been studied. Now data are available for almost all time regions

from a preliminary analysis of the ORNL data. The final analysis is
still in preparation but the results of the preliminary analysis have

alrecady been applied very widely.
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Proolf of ¥easibility of Breeding in Nuclear Reactors

The possibility of making more fuel than is consumed in nuclear
reactors or "brecding" is dependent fundamentally on the ratio of

neutrons produced to neutrons absorbed in the fuel material itself.

1" 7"

was in serious gquestion in 1958 for thermal

233

necutrons on ithe most promising reactor fuel, U , as a result of

This ratio called “eta
measurements made in the United Kingdom which gave much lower values
-than had previously been measured in the United States. The Cak Ridge
National Laboratory undertook a broad program Lo settle the matter
with finality and accuracy. In one series of experiments a sample of
uranium,was made to fission by thermal neutrons and the resulbtant
neutrons were counted by the activation they produced in a very large
surrounding bath of a manganese salt.

In another series of experiments, large containers of sclutions
of U233 or U235 salts werc adjusted in concentration so that they just
sustained a chain reaction. From this concentration and from estimates
of the neutron leakage {which was kept low because of the difficulty
of this estimation) it was possible to derive the value of eta for
the two uranium isotopes. An even more accurate result was the com-

2
U 33 in terms

parison of eta for the two isotopes, which gave eta for
of the better known eta of U235.
In the third series of measurements, the effcel of inscrting small

samples of U233, U235, and Pu239

on the rcactivity of a small choin-
reacting system gave an additional indication of the comparison of the
three fuel isolopes in regard to their values of eta.

These éxperiments, plus considerable cross-calibration of sarmplces

with the British, scrved to reveal the vesason for the original
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discrepancy and to establish firmly that, at least on this fundamental
score, breeding reactors with the thorium-uranium-233 cycle were

feuasible.

-

Neutron Absorption Cross Sections

The problem of xenon poilsoning in the HanfTord reactors very
dramatically demonstrated the need for fundsmental information on
neutron absorption cross sections of all materials which might be used
or formed in a nuclear reactor. At the end of the war, very little
was known sbout the neubron cross sections except Tor the commonsst
structural materials. The most essential cross sections had been
measured during the war at least for some neutron energies, but such
work really had only been started. The Laboratory initiated a program
of neutron cross section measurements in the graphite r.actor using a
"pile oscillator" to measure absorption cross sections to 5% accurscy
for all elements which could be obtained in pure form. As this program
progressed through tﬁe chemical elements which were available in pure
form, it was extended to include measurements on the separated isotopes
which had been prepared by electromagnetic processing at the ¥-12
Plant. For research purposes, calutron isotope separators had been
used to prepare significant guantities of separated stable isolopes
of most elements that were amenable to electromapgnetic separation.

In the course of cross seclion measurcwents on the separated stable
isotopes, 1t was found that zirconiwn exhibited a remarkably low
neutron absorption cross section — much lower than the cross section

vhich had been measured Tor chemically pure zirconiuwm in the previous

experi ts. Turther inveotigotions showed thot the hafnius which
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invariably accompanies zirconium as an impurity which can only be
removed with great difficulty has such a high neutron absorption
cross section that even though it is present in zirconiuvm only in
small amounts, it made the zirconium cross section appear much higher
than it actually was. The new cross section observed for hafnium-
free zirconium was so low that i1t made zirconium appear most attrac-
tive for use as a reactor structural material. A process was developed
at ORNL: for removing the hafnium impurity from zirconium, and commerzial
production of hafnium-free zirconium was soon undertaken by industrial
organizations so that low cross section zirconium became available

in quantity for use in reactor coamstruction.

Determination of the Sources of Radiation

In order to design shields for reactors accurately it is essential
to know the amount and nature of the radiations produced. Many loose
ends which were left in the wake of the wartime development program
are now being cleared up. Among these are the radiatigns from very
short half-life fission products, which are of great importance to the
nevw circulating-fuel reactors (e.g., aqueous homogeneous, or fused salt
reactors). Two experiments, one with a rotating uranium-laden belt
and another with‘a Tast pneumatic tube, have been carried out to
measure these short-lived radiations.

Another poorly known quality is the number and energy per phofon
of the prompt gamma rays produced by a fissioning nucleus. A three-
crystal spectrometer is currently being used to measure this component.

The energles of ncutrons produced in Tission, while quite well

o lal . A Cx Srr2 R . .
known Tor U235, have been somewhat uncerbain For ULjJ, which will be
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produced from thorium in breeder reactors. Some rescarch has improved

this gitusaltion and more is anticipated in the near future.

Development of the 1161 (Eu) Spectrometer

A thorough study of a fission reactor includes the cataloging by
energy of the neutrons given off by the reactor. Further, the change
in energy of those néutrons as they penetrate various materials must bé
known. The lack of a suitable spectrometer to measure neutrons in the
range of from 1 to 14 Mev in the presence of the high gamma-ray fields
encountered in and near reactors has in the past precluded such an
investigation; therefore, a program to develop a satisfactory instru-
ment was initiated. Two types of spectrometers were studied: (1)
proton-recolil spectrometers, whiéh, though useful, are limited by very
low detection efficiency, and (2) scintillation spectrometers in which
the energy released in a neutron-induced nuclear reaction is measured.
Of the few reactlons available for the second type of spectrometer,
the Lié(n,Q)H3 reaction appeared the most promising, having both a
large cross section and large energy release. A nunber of experiments

&

were performed with single crystals of europium~activated LiYI crystals
and various monoenergetic souvrces. It was found that the response of
these crystals was most satisfactory for crystal temperatures below
about -140°C; therefore, a system was devised in which the erystal

was cooled by ligquid nitrogen. The experiments indicated that a

Li6I(Eu) crystal will be suitable for measuring fission-like nculbron

spectra above an energy of approximately 1.5 Mev.
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Theoretical Reactor Research

A series of reactor codes for use with high-speed computers has
been developed. The most elaborate of these, which is a consistent Py
approximation to the Bolltzmann equation, will ensble an improved
representation of the slowing down of neutrons in water. This ccde will
be used to analyze the results of clean critical experiments at ORWL
and should improve our‘understanding of the behavior of critical
assemblies.

A greatly improved theory of resonance absorption has been ob-
tained hy including the effects of the statistical fluctuations of
level widths and of Doppler broadening. Further progress has recently
been made by including interference between potential and resconance

scattering and by extending the theory to wide resonances.

Radiation Damage

A question which caused serious concern in connectlon with the
operation of the Hanford reactors was whether radiation would cause
changes in the materials inside the reactor in such a way that the
performance of the reactor would be impaired. It had been recognized
from the earliest studies with radiocactive materials that radiation
would cause changes in the physical properties of many materials and
under some circumstances in their chemical behavior. Although the
HanTord reactors were built and operated at high power without the
beneflit of information on the damaging effects of radiation, no serious
operational difficulties were encountcred. However, it was not known
how long the reactor could bLe operated until the cunumlative effects

of radiation would create a dangerous situation, or vhetler vedietion
A w b
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s _ effects would even be dangerous. Consequently, this was considered a
very important field for reséarch.

One of the earliest postwar research activities was the study
of radiation damage in materials used in reactors. ORNL resecarch
groups were the first to undertake extensive studies of radiation
damage making use of the graphite reactor facilities for irradisting
samples of various materials. It wasrquickly recognized thal pest-
irradiation examination of materials whiéh had become highly radio-
active in the graphite reactor required specialized facilities with
heavier shielding and more extensive provisions for remote control
operations. Lack of such facilities would require that radiation
damége studies be limited fto the low levels of radiation and the

“ small samples which could be handled behind comparatively lightweight
shields with the simple remote control tools that were t?en availsble.
These limitations meant that new facilities would be required for the
type of research that was needed to answer questions on radiation
demage. Accordingly, a '"hot laboratory" for physical and chemical
measurements on irradiated materials was included as an adjunct to a
Physics of Solids research laboratory in the construction program 1o
provide the first permanent facilities at ORNL.

The radiation damage hot cells were completed énd placed in oper-
ation during 1952. Thercafter the work proceeded on a much broader
scale. It had been known that such physicel properbties as length,
eleclric current resistance and elastic modulus would change quite
significantly with radiation in many materials. The radiation damage
rescarceh program yiclded data not only on the way various msterials

reacted to radiation domuge bub also on the mechauisws by which
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radiation damage occurs in various types ol materials. As knowledge
was gained in this new field, it became possible to select materials
which would show least damage with exposure to radiation and to devise
new materials with special characteristics to minimize radiation

damage.
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Aluminum Fuel Element Technology

Successful operation of the MIR in 1952 brought to‘fruition the
advances in reactor design and materials development, and slso dem~
onstrated the technlical feagibility of the High Flux Reactor concept.
One important product of the materials effort was the development of
an aluminum-base fuel element that embodied the following uniqﬁe
features: (1) exploitation of the compactneés of nuclear energy by
employing highly enriched fuel; (2) a major deviation from the class~

ical natural uraniuvm slug canned in aluminum toward an extended surface

‘element to facilitate heat removal; and (3) dilution of the fuel in a

sultable diluent and use of composite plate-type construction with
metal-to-metal bonding to further maximize the heat transfer capability
of the product. Practically all of the domestic and foreign pool- and
tank-type reactors built for the purposes of education; radioisotope
production, engine¢ring testing, and research employ aluginum»base
fuel units in their operation. In addition, the criteria established
served as the underlying basis for the development of stainless steel
and zirconium core components for the pressurized-waler reactor programs
of the Army and Navy. The fabrication facility at the Oak Ridge National
Laboratory was the first inlegrated plant designed specifically for
the manufacture of nuclear fuel and conﬁrol comporents and served as
the principal source of supply in the United States during the period
1948-1955, supplying the initial loading to some thirty-five different
reactors.

An important adjunct of the matcrials efTort for the MIR was lhe

)
L.

al reacbor

!

development of berylliuvm metal of suilable guality for ini

application in the reflector. Priocr to that time,; berylliuwa metal was
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produced via the melting-casting-extrusion route, which resulted in a
product with poor ductility when compared to beryllium produced vig
the povder route. Despite the rescrvations of msny, the inherent
advantages of the powder product were expounded and were finally used
with the Brush Beryllium Company to produce massive pieces and with
the Y-12 Mechanical Operations Division to machine the toxic metal
into a'variety of shapes to fit around beam holes and other perturbances
in the reflector area. A key accomplishment was the development of a
reliable deep-hole drilling technique at ORNL to provide the 3/16~in«—
dia, LO-in.-long cooling channels in beryllium metal. This latter
achilievement permitted the use of massive Deryllium pieces and thereby
saved an estimated cost of $ 1.5 x 106 from the over-all cost of the

beryllium reflector.

Thorium and Its Alloys

In 1950 an extensive review of the project literature covering
the metallurgy of thorium was completed. This was used as a basis
for starting a comprehensive program on the physical metallurgy of
thorium and its alloys. A four-prong attack as follows was to be made:
1. An elucidation of the effect of impurities such as oxygen,
nitrogen, carbon, and hydrogen on the mechanlical and physical
properties of thorium.
2. An extensive investigation of the mechanical properties of
thorium and its alloys.
3. An alloy development program.

L. A fobrication and cladding program.
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This program was quite successful and showed that thorium had a
yield point similer to that of iron, which was due to the impurities
in thorium. The first determinations of yield strength, tensile
strength, modulus of elasticity, Poisson's ratio, and creep strength
came out of this work. The extensive investigation of the alloys and
fabrication procedures of thorium was extremely useful in the Materials
Testing Accelerator Program; however, at the demise of this program,

233

and because of the lack of interest in the U cycle, all work on
thorium was stopped for several years until interest revived in breeder

reactors utilizing U233 fuel and a thorium blanket.

Liguid Metal Technology

It was recognized very early in the study of reactor technology
that liquid metals offered the most attractive heat-transfer medias for
high-performance reactors. This focused attention on the fact that
virtually no information existed on the high-temperature compatibility
of structural materials and various alkali metals. Technigues were
developed by which the many facets of the problem could be studied
and pioneering work was carried out on lithium, sodium, and NaK, and
later the first work on rubidium and potassium was undertaken.

One of the most significant results from this work is the bbscrved
phenomenon of mass transport of metal and the effect of numerous varia~
bles on the rate of mass transport. Thesc variablcs inciude solubility,
maximum temperature, temperature gradient through the system, dissimilar
metals, and impuritics. DBased on the;c results, it has been possible
to select appropriate materisls to contain various liguid metals and
to predict the limitiug operating conditions for the heat-tranclfer

system.
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The techniques and knowledge developed have continued to serve
as the basis upon which subsequent research groups at other sites
have Tormulated their programs.

Advances in Metallography

The utilization of color in metallography to a practical advantage
in the nuclear Tield was pioneered at the Laboratory in the early
1950's. Techniques for the anodization of some metals and alloys
were established to permit preferred orientation studies which other-
wise would not have been possible by conventional methods. Metallo-
graphy in color has also proved to be a tremendous asset in grain-
size determinations and in the identification of microconstituents.

Vibratory polishing 1s another noteworthy achievement in which
the Liboratory played a dominant role. This recent development has
automated the arduous task of specimen preparation and is destined to
contribute significantly in the field of remote metallography. Two
supply houses are now marketbting vibratory polishers which are patterned
after the Oak Ridge National Laboratory model, and both give recogni-
tion to the Laboratory in their sales literature.

Stainless Steel Dispersion Fuel Elements

Another significant advance in the field of reactor materials was
the development and manufacture of an experimental core loading for
powering the SM-1, formerly designated as APPR.

The corc consisted of enriched UOQ—utainless stecl Tuel elements
with a high burnup capability and control components of BMC dispersed in
iron for neutron absorption. The loading, containing g burnable poison
dispersed in the fuel, has performed exceptionally wéll by excceding the

decign lifetime of 15 Mwy and achieving a burnup greater than 100,000

Mwd /ton.
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More recently, two innovations have been developed for incorpora-

ticn into the sécond core loading. These are europium-bearing absorber

rods and control-fuel section with an integral flux suppressor to

avoilid flux perturbations at the absorber-fuel interface due to the

"Wilkins Effect."” The chief advantages in the use of the costly

europium oxide are (1) radiation stability, by virtue of the fact

that europium does not undergo and (n, <) reaction, and (2) éxtension

of burnout lifetime becsuse europlum inherently generates a chain of

four high neutron-absorbing isotopes in its decay chain.

Mechanical Metallurgy

There were threé areas relating to mechanical metallurgy in
which virtually no informabion existed prior toc 1955. One was the
AAAA effect of gaseous and liguid environments on creep, a second was an
understanding of thermal fatigue, and third was the effect of multiaxial
stresses on the creep, fracture, and ductility of metals. In order
to study these variables, it was first necessary to develop new and
unique testing devices. The populsr analytical models were examined
against data obtained from the new test conditions with the result
that new and important Information regarding the behavior of metals
under general as well as nﬁclear-service conditions was revealed for
the first time. Therefore, new analytical tools were provided the

engineer and stress analysh to sssist them in solving their design

problems.

Nondestructive Test Development

One of the most persistent provlems which beset the englineer is

that of obtaining high~quality malerials Tor constructional purposes.
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The problem becomes more acute in nuclear technology because of the
sensitivity of the public regarding reactor failures and because of
the unusual nature of many of the materials which are used. The Non-
destructive Test DeVelcpment Group in the Metallurgy Division was
formed to develop methods to ensure that all materials for use in
the Oak Ridge Nztional Laboratory would meet the necessary standards
of quality. This need was recognized when industry was unable to
inspect tubing to the high levgl of quality required by the Aircraft
Nuclear Propulsion Program.

Research and development for both ultrasonic and eddy-current
types of inspection have resulted in significant improvements in the
sensitivity and interpretation of such tests. Thus, it has become
possible to reliably inspect very thin-wall tubling and clad materials.
In addition, techniques were developed for inspeciing beryllium and
graphite; two materials which present unusual inspection difficulties.
Many of the techniques and equipment developments of this group have
been adopted by commercial vendors. Remote inspection of the HRT core,
accurate gaging of the HFIR fuel plates, and low-voltage radiography
of beryllium are among the recent specific accomplishments of this

group.

Reactor Materials Development

The primary purpose of reactor materials rescarch and development
at ORNL has been the selection and development of suitable materials
of construclion for reactor components. The reguircments of high
temperature reaclors and converter or breeder reactors concernine

N

echnnical glrength and corrosion resistonce, in addition to noutron
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economy, are frequently beyond the capabilities of the usual engineering
materials. Consequently, in addition to the conventional metallurgical
assistance in the selection of materials for particular applicstions,
the program comprises an intensive study of the metallurgical propertics
of elements of special interest (uranium, thorium, zirconium, titanium)
and the development of fabrication methods for the unusual shapes and
combinations of materials requlired in nuclear reactors. As much of the
work as possible is done under controlled and simple conditions leading

to an understanding of the phenomena concerned.

Homogeneous Reactor Materials

In homogeneous reactors reliability of structural materials under
rather severe operating conditions is of particular importance. Metal-
lurgical development and testing of materials, accordingly, has received
much attention, emphasizing the developﬁent of better characteristics
of corrcsion resistance, strength, ease of fabrication, and weldability.
The scope of the metallurgical effort extends Trom the development of
new and improved alloys through the establishment and control of
suitable metallurgical processing methods (fabrication, heat treatment,
and welding) to the inspection and testing of the final components
of the reactor system.

Materials exploréd in this connectibn have been stainless steel,
zirconium, and i1ts alloys, and titaniuwm. OF outstanding importance has
been the developnent of welding techniques that do not require use of
dry boxes, thus permitting construction of large vessels, and the dis-

covery of the usually good corrosion resistance alloys of the Zx-Ub
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system in uranyl sulphate under irradiation. It has also been found
that the usuzl correlations in mechanical properties determined by con-

ventional means do nolt apply to the hexagonal metals.

Molten Salt Reactor Metallurgy

The successful construction and operation of a high—temperaﬁure
reactor for aircraft propulsion depends upon the solution of associated
materials problems. The purpose of the metallurgy group is to determine
the suitability, properties, and methods of fabrication and handling of
structural, moderator, fuel carrier, control rod, shielding, and coolant
materials for use in such reactor systems.

The very high heat fluxes involved require thin-walled metal in
all heat exchange situations. The use of such thin-walled metal is
opposed by the combination of corrosion and mass transfer by the high
temperature liquids (fused fluorides and liquid metals) employed, by
the metallurgical defects occurring in commercial materials, and by
the mechanical stresses 1lmposed. As a consequence the metallurgical
work has proceeded chiefly along the following lines:

(1) The mechanism of corrosion and mass transfer in fused
fluorides and liquld metals has been investigated and the
effect of additives to the liguid and alloy additions to
the container materials detcermined. Among the commercially
available materials Inconel and Hastelloy B have been found
to be best suiled but have cerlain deficiencies which have
been overcome by the development of a new alloy INOR-8

(i -Mo-Cr-Fe).
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(2) Continued progress has been made in the development of new
methods and materials for welding énd brazing heal exchangers
and radiators for high temperature service. An outstanding
new development has been in methods for brazing cermels to
metals for valves and bearings.

(3) Entirely new and sensitive methods for non-destructive
testing of small, thin~-walled tubing have been devised and
applied in the inspection of all material used in test
assemblies. These are of the ultrasonic- and eddy current-
types.

(4) An enormous amount of data has been obtained on the high
temperature creep and stress rupture properties of Inconel
and other materials in various environments, particularly
under multiaxial and cycling stressing. Application of .
these data should permit better design of component parts.

In addition; two special high~£emperature shielding materials have

been developed for this reactor: ByC-Cu for the neutron shield and

WC-Hastelloy C for the ¥ shield.

Heterogeneous Reaclor Malerials

The feasibility of exploiting the compactness and low fuel
transportation reguirements of nuclear energy to power plants to provide
economical power in remote locations, such as the arctic, has been
demons trated by the construction and successtul operation of the
10 mr, pressurized plant at Fort Belvoir, Virginia. The ORNL-designed
plant is powered with highly enriched UOo» incorporated into stainless

steel components of compact-core-design. Control of the high
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uranium-investment core is accomplished by the employment of a bank
of seven control rods, and the utilization of a burnout poison uni-
formly dispersed in the fuel.

Metallurgical assistance required in support of the program included
material evaluation and sclection, development of specifications and pro-
cedures for powder-metallurgy processing, cladding and the joining of
the composite fuel plates into an integral assenmbly by brazing, pre-
operational corrosion, hydraulic and mechanical testing, as well as a
final demonstration of performance under irradiation. A similar program
was carried out in the development of the enriched boron- 10- bearing
stainless steel rod for the absorber secltion of the control rod assem-
Lly.

The initial core loading was fabricated in accordance with the
specifications developed and adopted, and delivered to the site for

startup of the reactor.

Plate~Type Fuel Element Development

In support of the Atoms for Peace Program there was an urgent
need to develop a highly reliable aluminum plate~type fuel element
which utilized 20% enriched U-235 materials for service in foreign
reactors. Three types of materials have been investigated in an
attempt to arrive at an optimum serviceable and economical fuel
element. These combinations include fuel plates containing A1~U-Si
alloy, U308~Al cermct, and UCo-Al cermet. Procedures have been estab-
lished for melting and casting highly concentrated U-Al alloys and for
fobricating these into fuel elements. The UAl), compound in such alloys

. E A cva P . . . -
I1s complelely suppressed by a 3% Si addition resulting in improved
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workability. Highly concentrated U3O8-Al and UCo-Al cermets have been
Tound to be more compatible than UQp~Al and UC-Al cermets.

For the Special Power Excursion Reaclor Test requiring stronger and
more rigid fuel elements of the MIR-type, it hag been demonstrated that
age-hardening aluminum alloys 6961 and 6061 could be substituted for
1100 aluminum with the desired results,

There also have been developed several other new composite plates
which appear promising for fuel or control componenis:

uranium clad with zirconium

thorium clad with zirconium

thorium clad with aluminum

dispersion of BLC in copper clad with
stainless steel

dispersion of boron in iron clad with
stainless steel

dispersion of Eup03 in iron clad with

stainless steel
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REACTOR FUEL PROCESSING

Jartime Program

The strong tradition in chemical engineering begun during the va
years when the entire Laboratory was operated as a pilot plant for the
Hanford, Washington, plutonium-production plant, influenced the AKC in
establishing ORNL as the center of chemical and chemical engineering
research in 1948. The bismuth phosphate process developed at the
University of Chicago Metallurgical Laboratory for separating and puri-
fying plutonium from the reactor fuel in which it is produced was
carried through successful pilot-plant stages at ORNL. The first gram
of pure plutonium was produced, separated, and purified here. In
addition, the Laboratory had wartime responsibility for producing
thousand-curie amounts of the radioisotopes barium and lanthanum, for
use at Los Alamos as a very strong radiatiocn source. Process-improvement
research and development on these processes continued through the war

years, even after successful performance had been demonstrated.

Postwar Development — The Redox Process

The successful operation of the Hanford plutonium~production
facility attests the contribution of wartime research at ORNL to the
atomic energy program. Soon after the war, ORNL was requested to use
its pilot-plant facilities to test and improve the Redox process
developed at Argonne National Laboralory for separaling and purifyiag
uranium and plutonium by solvent-extraction methods. The Argonne pro-
cess showed great promise of being much more simple and economical tﬁun

the biszuth phesphate precipitation process, which served to sepurate
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and purify only plutonium, but it yielded uranium of insufficient purity.

ORNL modified the process and demonstrated on pilot-plant scale how a

sufficiently pure uranium product could be produced. A new chemical
plant to use this process was constructed at Hanford in 1952 at a cost

of $60,000,000.

"25" Process

The Materials Testing Reactor at Arco, Idaho, required a new chemi-
cal process to recover the highly enriched uranium from its used uranium-
aluminum alloy fuel elements. ORNL chemists and chemical engineers
developed a process, called the "25" process, and demonstrated it in the
pilot plant. The Laboratory was responsible for the design of the Idaho
chemical plant and for supervising its construction and initial operation.
The philosophy of direct maintenance was used in this plant for the first
time, all previous chemical plants having used remote-control maintenance.
The $28,000,000 pPlant was completed in 1952. The plant and process were
sufficiently versatile to permit fuel elements from the EBR, STR, or

other reactors to be processed routinely, as well as MIR fuel elements.

TBP Process (Metal Recovery)

During the war and afterward, large amounts of radioactive wastes
containing many tons of uranium were stored in tank Tarms at ORNL and
at Hanford. 1In 1949, ORNL undertgok the development of a process for
the recovery and purification of uranium from its metal wastes in the
tank farm. The process that was developed ulilized tributyl phosphate
(IBP) as a solvent for extracting uraniwm, and was later adapled to

processing Hanford wastes. Still later, the process wos further melified
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to permit the recovery of plutonium as well as uranium from ORNL wastes.
The TBP metal-recovery process was adopted at Hanford and installed at
a cost of $35,000,000 in an unused facility oriﬁinally built for the
bismuth phosphate process, which was repleced by the Redox process. A
new waste-processing facility, the Metal Recovery Facility, was con-
structed at ORNL at a cost of $650,000 to use the TBP process. The
new facility was first used in the Commission's high-priority program
for separating uranium and plutonium from Chalk River reactor fuel
elements purchased from the Canadians and was later used for recovery
of the qranium stored in waste tanks at ORNL. The Metal Recovery Facility
was alsc used for the recovery of uranium and plutonium from the Brook-
haven National Laboratory reactor and Argonne National Laboratory's

CP-2 and CP-3 reactors.

Purex Process

On the basis of the work carried out in developing the TBP process
for recovering uranium from waste solutions, it was decided to investi-
gate the possibilities of using this type of process for recovering,
separately, plutonium and uraniwn from Hanford plutonium-production
metal. It was shown in the summer of 1949 that such a process was
feasible, and that it probably would be more economical than the other
processes which had been or were being developed at that time. In
addition to uranium and plutoniwm, the Purex process also isolated the
fission products, thus greatly simplifying radioactive waste storage
problems. In 1950, the process was selected as the one to be uscd by

du Pont at the Savananah River Project.
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The major chemical development work for Savannsh River was done at
ORNL. Some supplementary studies were carried oul at Knolls Atomic
Power Laboratory and at Argonne National Laboratory. KAPL developed the
pump mixer-settler to be used at the Savannah River Project as the con-
tacting device.

In addition to the main-line solvent~-extraction process, called
the Purex process, ORNL was responsible for the development of an ion-
exchange Plutonium~-isclation scheme;, a process for recovering plutonium
from miscellaneous metallurgical wastes, a method for recovering nitric-
acid from the solvent-extractionkwastes, and a process (fumeless dis-
solving) for removing radiocactive fission gases from dissolver fumes,
permitting the recovery of the oxides of nitrogen as nitric acid which
could then be reused.

The Purex process was used in the two separations plants at
Savannah River in 1954 costing about $TS,OO0,000 each., Also, a Purex
plant was constructed at Hanford at a cost of about $73,000,000 in

1956, using a slightly modified process.

Thorex Process

The Thorex process separates protactinium, uraniuvm-233, and thorium
from fission products and from each other. The process is of interest
for the isolation of fissionable uranium-233 for weapons development
and fTor power—breeder reactors which are expecﬁed to employ thorium
blankets. It will moke it possible to return irradiated thoriws to
production channcls, to provide quantities of protactinium~-233, and

to provide a source of isotopically pure uranium-233.
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The -process was demonstrated at ORNL on a pilot plant and semi~

production scale in 195k,

Interim-23 Process

The Interim~-23 process isolates uranium~233 from irradiated thorium
and associated fission products.

The INT-23 process was developed for the production of kilogram
gquantities of uranium-233 requifed for weapons testing. An existing
development facllity was modified to provide adeguate shielding, and
supplementary shielded waste tanks were constructed to receive the
radioacfive thorium wastes. Slugs irradiated at Hanford were shipped
in special shielded carriers to ORNL and processed at a rate of 70
kilograms of thorium per day.

A total of about 2.5 kilograms of uranium-233 was isolated in

1952.

Slurrex Process

The Atomic Energy Commission's uranium raw-materials purification
program was expanded in 1951, and a search was made for an alternate
1o the ether extraction process being used by Mallinckrodt Chemical
Works. In 1950, ORNL was asked to make a preliminary evaluation of
various solvents which could be used for the recovery and purification
of uranium from ore concentrates. Ethyl ether had been used for this
purpose, but a less hazardous and less volatile solvent was highly
desirable. TBP proved to be the most attractive alternate.

The Slurrex process using TBP as solvent was developed in conjunc-

tion with Mallinckrodt Chemical Works and Catalytlic Construction Co.,
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and demonstrated at ORNL. In addition to the use of a less volatile
solvent, the process permifted the use of ore-digest slurries as feed
material in pulse-column contactors. The process was adopted by The
National Lead Company for use 1n the Feed Materials Production Center
at Fernald, Ohio. A plant costing approxinately $20,000,000 was

constructed.

Excer Process

The uranyl nitrate product of extraction processes, such as Purex
and Redox, must be converted to uranium tetrafluoride as the first
step of its preparation for recycle through the gaseous diffusion
plant at K—25.> This was accomplished by costly reduction with hydro-
gen and hydrogen fluoride. The Excer process converts uranyl nitrate to

uranium tetrafluoride at a much lower cost.
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Fuel and Blanket Processing

Since 1953, studies of reacfor fuel processing have included
the continuing development of the Thorex process for ursniuvm-233 re-
covery and the initiation of the Fluoride Volatilily process for
uranium-235 recovery.

Thorex studies were made to evaluate the effects of irradiation
level, up to 4000 de/t, and decay times as short as 30 days. Various
solvent extraction procedures were studied to achieve maximum separa-
tion with a minimum number of process operations. During the develop-
ment work approximately 80 kg of uranium-233 was separated along with
LS metric tons of thorium. The separation of protactinium-233 as a
specific product was an early objective of this program that was not
achieved. However, in the runs on short-decayed material, isotopic-
ally pure uranium-233 resulting from the decay of the protactinium was
recovered by reprocessing the waste.

The Fluoride Volatility process used the high volatility of uranium
hexafluoride to separate the uranium from less volatile fluoride salis.
At ORNL this process was developed for the recovery of uranium-235 from
molten salt reactor fuels and Trom other reactor fuels soluble in molten
salts. In the initial phase of the pilot plant test 56.6 kg of uranium-
235 was recbvered from the ANP molten salt fuel. This represented a
recovery of greater than 99.5% with a decontamination factor of greater
than 10°.

The 25-TBP process was developced for the recovery and decontami-
nation of enriched uraniwe-235 for use at Savannah River. This wvas
carried through experimental chemical and enginecring developrent along

with a detailed design study.
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Processes for the continuous removal of fission and corrosion pro-
ducts from the Homogeneous Reactor fuel system were tested on a pilot
plant scale. Some of the.fiésion and corrosion products precipitate in
the fuel solution. These precipitates were continuously removed by
ceﬁtrifugation in a hydraulic cyclone separator. Iodine was removed by
chemical absorption on silver while the rare gas fission products,
xenon and krypton, were adsorbed on a charcozl bed. Homogeneous Reactor
studies also included the definition of the properties required to pro-

duce a satisfactory thorium oxide slurry to be used as a blanket to

’prOduce uranium-233. The studies involved chemical and engineering

development to produce thorium oxide slurries with specified properties,
to develop techniques to evaluate the behavior of these slurries under
conditions of high temperature, pressure, and radiation, and finally

to develop large-scale procedures for production of satisfactory

thorium oxide. Results of large scale pumped loop tests and in-pile

bomb experiments indicated that this work produced a satisfactory thorium
slurry. The Thorex process can be used for the recovery of the uranium-~
233; however, alternate procedures were studied to achieve a more direct
recycle of both uranium and thorium.

The development of reprocessing methceds for nuclear pover reactor
fuels has been a major effort. The principal work covered dissolution
procedures for the stainless steel- and zirconium-clad fuels. The
resulting solutions were converted to forms compatible with the
established solvent exﬁraction purification technology. The Darex
process has been developed for stainless stecl-clad fucls,’and it is

beling considered for use at Hanford and Idzho.
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An alternate process Tor stalnless steel jacketed fuels, called
Sulfex, dissolved the stainless steel jacket with sulfuric acid. The
fuel material was then dissolved directly in nitric acid. This reduced
the quantity of material going through solvent extraction and may
simplify the waste disposal problem. A similar process for zirconium
Jacketed fuel, Zirflex, used NHL4F-NH|NO3 solution. The coating removal
step was again followed with the nitric acid dissolution of the core.
It appeared that both Sulfex and Zirflex could be carried out in the
same equipment. These procedures were particularly applicable to fuels
with urapium and thorium oxide cores such as Commonwealth Edison,
Yan#ee Atomic, and Consclidated Edison.

Additional studies with the Darex Process showed that complete
dissolution of the stainless steel fuel with a mixture of HCI1 and
HNO3 was possible, and that chloride ion could be removed in either
a batch or continuous system. The Zircex Process, in which HC1l gas
is usedfto remove zirconium from clad or alloy fuels, was operated
successfully on unirradiated zirconium-bearing fuel elements to give
a zirconium-free solution of uranium.

The Thorex process development program at Oak Ridge National
Laboratory has been completed; the final phase of this study proved
the feasibility of the tributyl phosphate solvent extraction process in
a 200 kg thorium/day’pilot plant. Other studies during this period were
concerned with processes for separation of the transuranic elements.
Processes were developed for the transuranic elements. Processes werc
developed for the separation of neptunium-237 from irradiated enriched
uraniun-235 fucl elements, from irradiated natural uranium by modifi-

cation of the Purex process, and from the fluorination ash of recycled
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Hanford and Savannah River uranium. In pilot plant tests of the processes
about 40O grams of neptunium-237 were separsted. The separation of
another transuranic element, americium-2h1, has been studied. Pilot
plant tests on its separation from plutonium metallurgical waste has

produced sbout 40 grams of americium.



RADIOACTIVEE WASTE DISPOSAL

Control of Waste Off-Gases

The handling and disposal of high-level radiocactive liquid wastes
prresented major problems of air contamination. Airborne radioactivity
must be removed from the air or off-gases, trapped in some way, and con-
tained sufficiently to prevent its being dispersed to the atmosphere.
Informatlion and techniques from earlier basic investigations of aerosols
were utilized in the development of methods for the remcoval and contain-
ment of off-gas contaminants.

A pilot scale aerosol entrainment well was developed and operated
to investigate the evolution of radicactive aerosols from hot and boiling
radiocactive solutions, and to study the effectiveness of sand and other
filter media for wet aerosols. The decontamination factor by evapora-
tion (condensate vs liquid in well) ranged from about th to 106.
Experimental evaluation of sand and glass fibers showed that these
filter media when dry provide decontaminaticn factors greater than
105 per Tfoot of filter; but when the filter media became saturated with
condensable vapors, the decontamination factor was reduced to 103 per
foot or less.

For decontamination of high temperature sintering off-gases, a
simple multibed filter system was developed. The gases flowing at a
velocity of 0.1 centimeters per second were passed through a deep sand
bed and then through soda-lime and activated carborn. More than 99.99%
of a particulate matter was removed in the dry portion of the sand bed.

Nitrogen oxlides, iodine, and other reactive gases were absorbed and
) 2 3
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retained in the soda-lime or activated carbon. A laboratory model of
a recirculating caustic-~absorber system for off-gas contaminants from
sintering processes was developed and evaluated. In this system aerosols
and reactive gases were retained in a céustic solution and nonreactive

gases held in a separate container.

Process Waste Water Treatment Plant

The process waste éystem at ORNL is made up of a2 network of under-

ground pipes, tanks, and surface collection basins which collects the

large volume (TS0,000 gallons per day) of waste water throughout the

Laboratory area. This large volume, including water from laboratory
floor drains, operating areas, and process cooling, 1s normally low in
redioactivity but is potentially subject to greater contamination from
accidental spills or faulty equipment. In the original system the
waste passed through an excavated settling basin and, after sampling,
was discharged to the Clinch River through White Oak Creek.

Built during World War II with only minirmum monitoring and control
facilities, this system has contributed the bulk of the contamination
discharged into the Clinch River by the Laboratory. In earlier years the
discharge of radiocactive materials to WhitSVOak Creek averaged 2 to §
curies‘per day which, diluted by normal river flow, did not exceced
permissible concentrations of radiocactivity for drinking water.. With
improved monitoring and control, and mere complete segregation of
intermediate-level effluents for soil disposal, the quantity of radio-
activity released to the river was reduced to approximately cne-half

curie per day. Even this ten—fold reduction in radioactivity released to

"the Clinch River.was not considered adequate on a long range basis
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because the system lacked the necessary hold-up capacity‘to control
accidental or emergency discharges. It was considered essential to
guarantee that even in the event of a major accidental release of large
quantities of radioactivity in the Laboratory, the radiocactivity reaching
the Clinch River could be kept at very low levels. For these reasons
treatment of the waste before release to the river was considered essential.

A new process waste water itreatment plant with a capacity of 500,000
gallons per day was added to the waste system in 1957. An 800, 000-
gallon equalization and hold-up basin was provided for the incoming
waste; that require treatment. A radiation monitoring station was
installed to actuate an automatic valve which would divert the more
radiocactive flows to the equalization basin and bypass the uncontami-
nated wastes directly to White QOak Creek without treatment.

This plant utilized a modified lime-soda softening process, which
proved effective in the removal of strontium by coprecipitation.
Operating experience showed the plant to be capable of removing 90%
of the radiocactive strontium and rare earths; and in case of abnormally
heavy contamination the effluent can be recycled for further treatment
to obtain higher efficiencies if necessary. This waste treatment plant
is unique in that it is the first to be designed specifically for the
removal of radioactive strontium from large volumes of low-level wastes.
After treatment the wastes are monitored, sampled; and discharged to

White Oak Creek.

Soil Disposal of Intermediate-Level Wastes

The continually increasing quantity of intermediate-level wastes

at ORNL required either an expansion of existing tank storage facilities
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or a change in disposal methods. Extensive laboratory research and field
investigations were carriedout to determine the feasibility‘of soil
disposdl of these wastes. Consequentiy, an experimental soill disposal
system consisting of three one-million-gallon surface pits was constructed
in the local shale formation.

The radiocactive chemical-process wastes with other highly radio-
active liquids were at one time collectea-in the underground storage
tanks, reduced in volume by evaporation, and hauled to the disposal
pits by truck. A significant change in the system was the construction
of a l l/Z-mile pipeline and pumping station by which the wastes are
pumped directly to the disposal pits. Pumping wastes to the pits’
elimina’t'e d tdhe radiation hazards of hauling the wastes in
trucks.

Through December 1957 a total of 8.5 million gallons of waste
containing 68,000 curies of Csl3T, 19,000 curies of Ru106, and lesser
amounts of Sr89, Sr90, Co6o, Sblzs, and the rare earths were discharged
to the pits. The predominant stable ions in the waste were sodium and
_n?trate. The dispersion of wastes seeping from fhe pits was studied
extensively. The quality and extent of waste movement through the
shale formation, primarily through the weathered zone and along the
strike, was correlated with separate and total pit inventories,
surface runoff, and basal ground-water flow. The purpose was to
determine the safety factors and probable period of usefulness of the
present pits, and to develop more satisfaétory'methods of using the

capacity of soils for disposal of radioactive wastes.
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Fixation of High-Level Liquid Wastes by Sintering

Potentially one of the best means of ultimate disposal of radio-
active wastes is Lo fix the hazardous fission products in a relatively
insoluble solid form and store them under conditions that will assure
minimal dispersion for several hundred years. Ceramic materials and
techniques have been used in the development of methods for incor-
porating fission products in a mixture of waste chemicals, shale,
limestone, and soda ash which, when dried and heated to a high tempera-
ture, will produce a durable nonleachable sinter. The radiocactive
sinter may be stored near the earth's surface above the ground-water
table or deep underground; as in dry caves or cavities in natural sali
formations.

The self-fixation process, which has been studied in the laboratory
and in field experiments, would utilize the heat of radioczctive decey to
evaporate the water from the waste mixture, decompose the unstable
compounds, and raise the temperature of the ceramic sinter to about
800 to 900°C. The studies already completed, using simulated acid
aluminum-nitrate wastes and artificial heating, have determined the
thermal regquirements of sintering. They have also provided data on
the engineering problems involved in large-scale field experiments
which would utilize thé energy in a high-level waste to provide the
heat for sintering.

A large number of ceramic materials and various mixtures have been
investigated for their effectiveness in fixing the fission products
present in wasle solutions. From these studies it appears that illitic
clay materials 2re most promising for the retention of cesium which is

one of the most leachable long-lived radioelements.
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Disposal of Wastes in Natural Salt Formations

Ultiﬁate disposél of highly radioactive wastes by storage under-
ground in natural salt formations is considered a promising method
because of the impermeability, tensile strength, and thermal conductiv-
ity of salt, and its widespread distribution and abundance in areas of
a low degree of séismicity in the United States. A major concern in
salt disposal is the structural stability of the cavity or’opening in
the salt formation.

The physical properties ofvsalt are influenced by pressure, tempera-
ture, radiation, and chemical interactions. The degree to which the
desired structural properties and stability of waste storage facilities
woula be affected by liquid waste chemicals, pressure, heat generation,
and radiation will in large part determine the role that salt is to
pléy in the disposal of radioactive wastes. Preliminary invgstiga—
tions have shown that the solubility of sodium chloride in the already
highly salted waste solutions varies from 50 to 90% of its solubility
in distilled water. The plasticity of salt i1s increased by higher
temperatures and pressures. The heat generated in the wastes and heat
losses by natural conduction in salt asra function of fission product
concentrations have been calculated and are to be checked-experimentally.
The effects of prolonged exposures to 1lntense radiation are being

studied.

Disposal of ILiquid Wastes in Deep Wells

The disposal of liguild radiocactive wastes at depths of several
thousand feet through injection wells has great potential if the

technical problems involving waste pretreatment, plugging of the
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injection well, and reactions of specific wastes with the connate waters
or constituents of the aquifer matrix can be solved. Large volumes'of
oil-field brines have been desposed of cheaply and safely by this
method.

Extensive studies must be completed in order ﬁq develop deep
well disposal practically and safely. The natural movement of ground
water in most deep porous formations can be shown to be a few feet
per year, far too slow to be hazardous. The wastes and typical
disposal formations must be stﬁdied to determine the danger of plug-
ging from suspended matter or precipitates, the possibility of exces-
sive temperatures due to adsorption of fission products near the point
of injection, the pressure increases due to injection of wastes into
the formation, and the preliminary treatment of dilution of the wastes
that may be essential.

Studies have been carried out to characterize the aged, neutralized,
and filtered wastes that may be amenable to deep well disposal and the

types of geological formations that will be suitable.
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PHYSICAL RESEARCH

Physical research activities at ORNL include major efforts in
physics, chemistry, metallurgy, and solid state physiecs. In each of
these major fields, ORNL's responsibilities’have increased steadily as
the Laboratory has pursued promising fields of research which were
particularly suited to investigation with the Laboratory's facilities
and sclentific staff capabilities. The flexibility that ORNL has always
sought to maintain in its research organization and research facilities
‘ﬁade i1t possible for the Laboratory also to undertake research on new
problems of particular urgency as they arose in various Commission
programs. While the scope of research efforts in each field is broad,
nevertheless there are areas in wﬁich ORNL has specialized because of
its own interests or program needs, because of the frultfulness of the
work, or the particular suitability of facilities available at ORNL.

In the field of chemistry, ORNL's major efforts have been on high
temperature inorganic systems of interest to reactor technology and on
the fundamental chemistry of separations process for nuclear energy
materials. In physics, ORNL's work is mainly neutron physics and low
energy accelerator physics. In the field of metallurgy, the development
of plate-type solid fuel elements and the development of new structural

material alloys have occupied major attention, along with the study of

-welding techniques and other factors involved in the fabrication of

materials of particular interest.
Major efforts in the solid state physiecs have been devoted to the
study of radiation effects in pure metals and special materials such

as the semi-conductors in which radiation effects can be studied
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especially fruitfully. ORNL solid state research has placed emphasis
on temperature effects such as the annealing of radiation damage and
ﬁhe lov temperature "freezing in" of radiation effects. Specific

activities in these fields will be discussed in the following sections.
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PHYSICS

The wartime physics program dealt with rgsearch and development
related to reactor design and operation. Since then, the program has
broadeﬁed to include basic studies which exploit reactors as neutron
sources, és well as applied studies of importance in reactor develop-
ment. In the first category are neutron diffraction and radiatioh
damage to semiconductors; in the latter category are reéctor criticality
experimentation, shielding research, and measurement of such importanf

cross sections as that of radiocactive xenon-135.

Xenon Experiment

At the startup of the first Hanford reactor, it was found that
""""""" the pile "went to sleep"” after a few hours of operation, and "woke up"
again a few hours later. This peculiar performance was found to be due
to the buildup of a radicactive fission~product poison, identified as
xenon-135, and its subsegquent decay. The existence of this poison’
has affected the design of all high-powered reactors that have subse-
quently been contemplated, and it was clearly of vital interest to
learn with accuracy the neutron absorption cross section of xenon and
how the cross section varies with neutron energy.

At ORNL, the xenon experiment was performed in 1950 over as much
of the énergy range as could be covered by thé use of a neutron crystal
spectormetef. The source of the xenon-135 was solid fuel slugs which
were processed in a hot cell to obtain fission product xenon for study.
__________ Later'work was conducted to repeat and extend the measurements by

making use of the mechanical velocity selector. The second experiment
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utilized thousand-curie quantities of radiocactive xenon drawn off
from the agueous fuel of the homogeneous reactor experiment. The
xenon was purified in chemical hot cells and compressed into a small
cell about one cubic centimeter in volume. The tiny capsule of xenon
was placed in a lead shield weighing twelve tons, and moved to the LITR,
where the sample was téken from the shield and placed in the neutron
beam ahead of the velocity selector. This machine chops the neutron
beam into intermittent bursts. The neutrons travel a distance of
4O feet, and in doing so they sort themselves out according to their
velocities, so that some arrive at the detector earlier than others.
The absorption of the neutrons in the xenon was determined as a function
of energy and accurate dafa were developed for use in reactor physics.
All of this work had to be done within the time permitted by the nine-

hour half-life of xenon-135.

Reactor Physics

It was recognized that, to facilitate studies like these, a
research reactor providing a higher neutron flux than any in existence
was needed, so the Iaboratory in 1946 embarked on a program of design

r

and development for a "High-Flux Pile."” Out of this work came the
basic information used in the design of the Materials Testing Reactor
(MTR), for whit¢h ORNL was given responsibility under the AEC's reactor-.
development program. The MTR, designed in cooperation with Argonne
National Laboratory and constructed at Arco, Idaho, under ORNL super-
vision, incorporated many new features that have been adopted for other

reactors. The basic idea of the MIR has been used in the Low Intensity

Test Reactor, originally a mock-up of the MIR, the Bulk Shielding Reactor,
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the Osk Ridge Research Reactor, the Tower Shielding Reactor,-the Sub~
marine Thermal Reactor, and low=~cost reactors for university research.

To assure continued advancement in reactor technology, the Labora-
tory established programs of research and development in instrumentation
and controls, critical-mass studies, reactor shielding, and radiation-
damage physicé. In shielding and critical -mass studies the Laboratory
perforns major work for all AEC installations. These applied-physics
programs supplement the studies in basic physics, exploiting the
information alreédy avallable and making important new contributions
in the specialiéed fields. The control system developed at ORNL for the
MTﬁ received wide acceptance and was used almost without change in many

other research reactors.

Neutron Physics

Basic physics research since the war has been primarily concerned
with studles of neutrons and their interactions with matter. Out of
this research have come many significant contributions to nuclear
science.

From theoretlical considerations, it was predicted that neutrons
should be radiocactive and decay by the emission of an electron to form
a proton. At ORNL, evidence of neutron decay was found in a complex
experiment in which a beam of neutrons from the graphite rgactor was
analyzed to detect the electrons énd protons resulting from meutron
decay. It was definitely established that neutrons decay in the manner
predicted, and the half-life associated with the neutron-decay process

wag determined to be about 19 minutes.
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A érogram of measuring the neutron absorption cross sections of
all elements and isotopes was carried out first in the rather simple pile
oscillator in the Graphite Reactor and later in more sophisticated ways
using neutron velocity selectors, accelerators and improved instru-
mentation. The discovery of the low cross section of pure zirconium
was the starting point of an intensive program of development that led
to the use of zirconium-clad fuel elements in the submarine reactor
and its application in other reactors.

Neutron diffraction studies of crystal structure have become an
exceedingly powerfui tool for determining how atoms are arranged in
crystals. The peutron diffraction technigue overcomes some limitations
of X~ray and electron-diffraction methods and permits the structural
analysis of materials that cannot be studied satisfactorily by any
other method. One of the earliest contributions of the neutron
diffraction studies was to establish conclusively the crystal structure
of ordinary ice — a matter of some controversy which could not be
settled by previously known experimental techniques.

~ A program of low-~temperature physics research was initiated to
show the effects of polarization upon the interactions between neutrons
and atomic nuclei. By strong magnetic fields at temperatures within a
tenth of a degree of absolute zero, atomic nuclei can bte polarized,
and their reactions with a beam of polarized neutrons can be studied.
Differences between "polarized reactions"” and theee in which the neutrons
and targel atoms are not polarized were demonstrated. In particular,
it was observed that the absorption of polarized neutrons in & polar-

ized targel is somewhat less when the polavization of the beam and the
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target 1s antiparallel than in the same situation without polarization,

and somevwhat greater when the polarizations are parallel.

Charged Particle Physics

Studies of nuclear reactions were extended to include those in-
volving bombarding particles other than neutrons. The Laboratory
designed and constructed three cyclotrons of U4h-inch, 63-inch, and 86-
inch sizes, respectively, for use in its nuclear physics research
program. These nuclear particle accelerators, coupled with two Van
de CGraaff accelerators which develop potentials of 2.5 and 6 million
volts respectively, permit the study of nuclear forces and nuclear
reactions as well as the production of certain radioisctopes obtain-
able in no other way.

The 86—inch cyclotron produced the world's ﬁost intense proton
beam, four times higher than that of any other cyclotron, and was
used in studying the baslic physics of proton-induced nuclear reactions,
in supplying a source of fast neutrons for biological research, and
in producing certain isotopes that camnot be produced in nuclear reactors.
This cyclotron proved to be the most economical machine for making
cyclotron-produced isotopes.

The 63-inch cyciotron was uéed for basic physics research on the
reactions between accelerated heavy particles and light element tar-
gets. it was thié cyclotron in which the fusion of nitrogen atoms
was demonstrﬁted, ’

The hl-inch cyclotron was used primarily for technological
development work, testing new ionisources, new beam~Tocusing methods,

and methods of increasing the intensity of the accelerated beanm.
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These ORNIL cyclotrons were probably the most economical ones ever
built because the magnetic-field facilities from the Y-12 electro-
magnetic process equipment were used with very little change. Other
unique features were the vertical mounting (instead of horizontal)
of the "dee" units that are the heart of the cyclotron, and the high
beam currents that were produced. These cyclotrons were used to develop
the high beam current technology which was the basis for the high per-
formance ORIC constructed at ORNL in 1962.

The Van de Graaff accelerators have been primarily used in fundamental
studies of the reactions between charged'particles and target nuclei.
Both the Van de Graaff accelerators and the cyclotrons have been used
in radiation-damage research to show the effects of radiation under
various conditions.

These research tools supply a large proportion of the basic

data for increased understanding of the field of nuclear physics.

New Research Tools

The study of nuclear reactions involves the measurement of radi-
ation of all types, and consequently, physics research at ORNL includes
strong emphasis on instrument development and modification. Of the many
new instruments developed at ORNL, perhaps the outstanding examples are
the scintillation spectrometer and the multichannel analyzers. The
scintillation spectrometer was developed at ORNL after it had been
observed in Germany that certain types of crystals emitted a flash of
light when struck by a beam of radiation and that the intensity of the
light flash is proportional to the energy of the radiation. The

scintillation spectrometer measures the number and intensity of 1ight
b
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flashes emitted by a crystal exposed to radiation, and by electronic
analysis of the measured flashes gives a precise determination of the
intensity of the radiation and its energy distribution. Multichannel
analyzers are a part of the electronic equipment used in analyzing
the data from scintillation spectormeters and other radiation counters.
The multi-channel analyzers count simultaneously and separately the
number of particles or gamma rays of each of many energies detected
by the crystal, and thus enable a complete energy analysis of the
radiation beam to be made in a short time.

Further iﬁformétion about atomie structure and nuclear forces
is obtained through a strong program of research in spectroscopy.
This research has bgen particularly successful in demonstrating the
effects of isotopic mass differences upon the spectrum of light
emitted by an element under the excitation of an electric arc. The
"isotope shift" observed in hyperfine spectroscopy is proving a valu-
able tool for igotopic analysis.

The analysis and interpretation of large guantities of nuclear
data are aided by well-qualified groups of theoretical physicists
and mathematicians who have access not only to the most recent data
but also to the Laboratory's high-speed computing machines. The
Laboratory obtained an electronic computer designed and constructed
by the NEPA project and turned over to ORNL at the termination of its
work.

An advanced type ol digital computer, the ORACLE, was constructed
for ORNL in 1954k by the Argonne National Iaboratory. At that time it

was perhaps the fastest machine in existence and for several years it
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"was surpassed by only a relatively few. After first being installed,

it was improved in several ways to increase its versakility: storage

was doubled, from 1024 words of 4O bits each to 2048 words; a magnetic
tape auxiliary memory of extremely rapid access was added; an on-line
cathode ray tube curve plotter with a photographic recording, an improved
console with monitoring typewriter, a rapid magnetic tape output, and
facilities for handling alphabetic inforamtion were added.

Such a machine can, of course, carry out only the laborious,
repetitive éteps of a computation, and effective utilization was pos-
sible only after céreful and détailed mathematical analysis. 1In
particular, the evaluation of certain standard functions, the solution
of systems of equations, the determination of eigenvalues and eigen-
vectors, were types of computation that recur in many physical settings,
and the design of efficient routines for them was a ﬁajor activity of
the mathematicians. Many such routines were developed, and, to mention
a single example, that for computing the eigenvalues of a symmetric

matrix was widely used in computing centers, here and abroad.

Reversibility in Nuclear Reactions

The failure of some time-honored symmetry theorems (such as parity
conservation) re-emphasized the need for careful. experimental evalu~
ation of the wvalidity of all such theorems. The theorem of "time reversal
‘invariance"” has been of particular interest, not only for "weak inter-
actions" (such as radioactive beta decay and certain reactions with
mesons) but also for "strong interactions" (for example, neutron capture
by a nucleus followed by charged particle emission). One method of

determining the validity of "time reversal invarisnce" for the casc of
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strong irteraction is the measurement of a nuclear reaction and its
inverse. First, let particle A bombard nucleus B, producing particles
C and nucleus D. The (measured) behavior of this reaction, if time
reversal is indeed invariant, can be used to compute the behavior of
the "inverse" reéction where particle C bombards nucleus D, producing
particle ‘A and nucleus B.

At the Ozk Ridge National Laboratary, the development of a flat-
respbnse neutron flux integrator has made possible the investigation
of total neutron yields from charged particle reactions. The results
on the B3 (p,n)He3, LiT(p,n)Be’, LiTec,n)B0, H36c,n)148 and 812%¢c,n)s32
reactions as compared with the reactions going in the reverse direction
are, within experimental erfors, entirely consistent with the assump-

tion of time reversal invariance.

Orientation of Nuclei

Nuclear orientation has been produced through the use of enormous
crystalline eleciric and_magnetic fields oceurring in suiteble solids and
by the direct application of the field of a large magnet. Using these
techniques, studies of the spin dependence of neutron capture by’Mn55,
Smlh9, and Inl'? have been made. Also, these techniques have been

2kl and Np237 alpha particle emission and to

applied to U233, U23h, Am
U233 fission. These experiments help to establish a connection between
the "cigar-like" shape of these nuclei and the detailed nature of the

alpha particle emission and fission processes.

Germanium Fission Counters

The study of spin dependence in nuclear reactions is facilitated by

forcing the spin axes of the nucleil in a sample to orient in a direction
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common to all. These nuélear orientation techniques have been generally
developed and, in particular, extended to fission studies in work at
ﬁhe'Oak Ridge National Leboratory. These investigations must be per-
formed at temperatures near the absolute zero where the fission fragment
detectors that are useful at room temperatures are found to become un-
satisfactory or inoperative. For this reason, a very compact and
efficient germanium solid state counter has been developed, which
detects alpha particles and fission fragments over the temperature
range 1 - 77° K. This device has an exceptionally fast response time
and may be used to measure fragment energies up to one hundred million

volts or more.

Fissgion

The fission cross sections of all the isotopes of uranium have been
measured in the Mev range with relatively good energy resolution and
with good statistics. These careful measurements have shown up the
maximum and minimum, and the inflections in the cross sections of
the even isotopes which heretofore had been overlooked. In seecking an
explanation of this phenomena, Bohr and Wheeler have re-investigated
theoretically the fission process. Their explanations are based on the
ideas that inelastic neutron scattering is competing with various modes
of fission. As a further check on their ideas, angular distributions
of fission fragments are being measured as a function of energy for

several of the uranium isotopes.

Fission Fragment Spectrograph

A fTission-fragment magnetic spectrograph utilizing the ORVNL zgraphite
[ (o] o o

recactor was constructed and operated. Measurements were made of the
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energy distribution and nuclear charge distribution of fragments of a
given mass~--this information 1s of great importance in fission theory--
of the scintillation respose, range-energy curves, and equilibrium
charge of fiésion fragments in gases, and of the energy distribution
and fregquency of long-range alpha particles ffom fission. A new princi-
ple for fission fragment mass separation was evoived, and its limitations

were studied.

Sensitive Neutrino Recoil Experiment

A sensitive recoil experiment has been carried out using the electron-
capturing radioisoctope A37, a monatomic gas, that was allowed to flow
through a veséel under essentially high vacuum conditions. The energy
of the recoils was found to agree within about one per cent with that
expected from the emission of a neutrino having a mass of less than cne

per cent of the mass of an electron (the next lightest particle).

Neutron Cross Sections

It has been found that neutrons and protons bound in certain nuclei
are usually stable (016 is such an example), so that for interpreting
many phenomena, one can consider this stable core of nuclear matter as
behaviﬁg-as an ave?age attractive force to a neutron or a proton. Thus,
by studying the scattering of neutrons from O16 and by use of knowledge'
of the bound states of OlT, one is able to obtain clues as to the size
and shape of the neutron and effective strength of the interaction of the
Ol6 core on a neutron,v

For elements above the very lightest ones, the cross sectional area
) .

of a nucleus, as seen by neutrons used as probes, shows resonance peaks
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at various neutron energies. From the measured ﬁroperties of these
resonances, one can deduce other properties of the nucleus such as, for
example, its probability of capture of a neutron with emission of garma
radiation. For neutrons at around room temperature, with velocities of
about 2200 meters/sec, capture cross sections deduced from analyses of
neutron resonances agree reasonably well with that found by experiment.
Recent results with neutrons at higher energy, having velocities around
2.2 million meters/sec, show much higher probability of capture than
expected, which indicates that information on resonances in this higher

energy region is needed.

Neutron-Capture Cross-Section Measurements

The significant work in this field, especially that of importance
in reactor design, is centered on the rare isotopes and those obtainable
only with difficulty, both radicactive and stable. TFor these messure-
ments of relatively high precision, the pile oscillator, time-of-flight
spectrometer, and crystal spectrometer are utilized. Among the impor-
tant contributions are, (1) the xenon-135 cross section (¢) vs. energy
data, which are extremely important for the kineties of high-flux
reactors; (2) the complete survey of separated stabie isotopes, with,
for example, the discovery thal elemental zirconium, potentially an
important structufe material, has a low cross section; and (3) the
data on radioactive isotopes ionium (thorium-230), actinium-227,

uranium~234, and uranium-236.

Milli-microsecond Time-of-Flight

At ORNL, a new instrument has been developed for measuring cross

sections for neutrons with velocities arcund 2 million meters/sec. This
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involves accelerating pulses of charged protons $ to 10 milli-microseconds
in duration (..000,000,005-0.00000001 sec) with a Van de Graaff machine,
and measuring the time it requires for neutrons, produced by the protons
in the LiT(p,n)BeT reaction, to traverse a distance of a few meters. In
obtaining the data on the neutron cross sections, time intervals of a
fraction of a millionth of a second in duratioﬁ are measured to an

accuracy of a few per cent.

‘Neutron Diffraction

-Investigations by neutron diffraction have furnished a unique
approach to a study of magnetic phenomena at the atomic level. This is
the only method for obtaining the detailed magnetic structures of mag-

netic materials and for obtaining the spatial distributions of the

electrons which contribute to the atomic magnetic moments. Over

sixty different magnetic materials have been investigated, including
elements and compounds of nearly all the types of atoms in which the
eléctronic configuration produces an atomic magnetic moment. Results of
the neutron diffraction experiments are primafily responsible for recent
theories of the mechanisms involved in the indirect coupling of the

magnetic electrons via the nommagnetic anions which surround them.

Nuclear-Alignment Studies

The spin dependence of nuclear forces is being studied in a direct
manner by measurements of the cross sections of polarized nuclei,
bombarded with neutrons polarized by passing them through highly mag-
netized iron. By using a method which utilizes the enormous magnetic
Tield that can be createq at the nucleus by the atomic electrons and =

sample tewperature of 0.2 degree above absolube zero, a W change in
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cross section of manganese has been observed. Resulis in this field
of experimentation may give an increased understanding of nuclear forces

and nuclear structure.

Instrumentation

The basic physics research at ORNL contains a program of instru-
ment development and modification. In addition to the development of
equiﬁment for the physicists' use, a program of instrumentation for
medical diagnostic use of radioisotopes has been carried out; This
program includes a one-chassis scintillation spectrometer, focusing’
collimatars for high resolution, in vivo localization of radioisotores
and a surgical scintillaticon counter probe for use in surgicsl pro-

cedures.

Coulomb Excitation

Excitation of nuclei by a long-range electric interaction which does
not involve a direct collision with the nucleus is a process known as
coulomb excitation. This process has recently been developed into a
powerful tool for the systematic study of nuclei. Because this ex-
citation depends on the well-understood electric interaction, the
measured probabilities for producing excited states are more easily and
reliably interpreted. Hence one is able to extract from the experiments

information on some of the finer details of nuclear structure.

Effect of Radioactive Decay Upon Atomic and Molecular Structures

New evidence has recently been obtained relative to the structural
changes that take place in the electron shells of atoms following a

radioactive change in the nucleus. Two kinds of effects are observed.
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The first is encountered with pure beta emitters,. or beta-gamma emitters
in which there is no internal conversion, and in these areés there is
usually no loss of extra-nuclear electrons. The second is encountered
when one or more of the inner atomic electrons is removed, and this
effect therefore accompanies radioactive decay by electron capture and
decéy processes that involve internal conyersion. In these events the
damage to the atomic electron structure can be severe. When more
molecules have been surveyed, embodying different kinds of radioactivi~
ties, the resulté promise to be of gréat interest to basic hot-atom

chemistry.

Neutron Time-of-Flight Chopper

In completing our understanding of nuclear structure, as well as in
predicting the behavior of high flux reactors, it is necessary to ac-
cumulate information on the nuclear properties of radiocactive nuclei.
Significant'research’with such nuclei has been performed by use of the
neutron chopper at ORNL. Neutron total cross sectioms of the radio-
active fission products, Zr93, 1129, PmlhT-and SmlSl, have been measured
far neutron shaving velocities in range from 2;200 meters/sec to about
12,000 meters/sec (thermal energies to 30 ev).

For carrying out this type of measurements on unstable as well
as on stabie nmuclei, a greatly improved mechanical chopper‘allowing

considerably better resoluﬁion has been installed in the LITR.

Molecular Studies Using Tritium

Careful measurements carried out on the spectra of the isotopic
species of hydrogen have been of considerabtle value in proving the

secrets of molecular styructure and binding forces. The relatively large
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scale availability of tritium, the radicactive hydrogen isotope of mass
three, has now made possible a further valuable extension of this
research technique.

The current program in molecular spectroscopy is concerned largely
with the study of simple molecules, such as ammonia and some of its
derivatives into which both tritium and deuterium have been selectively
incorporated in various combinations. Through mathematical analysis,
using the Oracle, additional insight has been provided into the proper-

ties of these fundamentally important compounds.

Cyclotron Development

Over a period of years Oak Ridge National Laboratory has established
a position of leadership in the design of cyclotrons of high performance.
The Lhi-inch cyclotron constructed at ORNL holds the world's record
for beam strength at'one Mev. During the course of performance tests
of the 4h-inch cyclotron, a maximum beam of 200 milliamperes was attained.
Work on a new approach to c¢yclotron design culminated in the design of
the Cak Ridge Relativistic Isochronous Cyclotron (ORIC) whose performance,
first tested experimentally in electron analogs, and later demonstrated
in actual operation of the ORIC itself, far outstrips that of any
existing cyclotron in regard to strength of beam and flexibility in
accelerating a variety of particles over a wide range of energy. This
cyclotron design represents a technological breakthrough of the first
magnitude and promises to open areas of nuclear research which previously
could only be explored on a limited basis. The electron analog tests
demonstrated that the energy limit encountered with fixed-frequency

cyclotrons can be overcome by the introduction of azimuthal variations
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in the magnetic field. In the conventional fixed~frequency cyclotron the
relativistic increase in the mass of the ions with energy makes it
increasingly difficult to keep the ions both in focus and in resonance.
As a result, the practical energy limit for protons is about 25 Mev. 1In
the frequency-modulated cyclotron the frequency of the accelerating
voltage is programmed to maintaln resonance for the orbiting ions. It
is then possible to go to much higher energies (over TOO Mev), but at
the expense of a con;iderable reduction in beam currenf. In the new
development, the use of an azimuthally varying field introduces strong

focusing forces which make it possible to design the magnetic field to

"keep the ions in resonance to high energies, up to 900 Mev.

The AVF cyclotron retains the great advantage of both fixed
frequehcy and.fixed magnetic field. The azimuthal variations provide
sufficiently stréng focusing to overcome the defocusing effect of the
radially incressing average magnetic field which is necessary to com-
pensate for the relativistic increase in masé. Large currents of ions
can thus be accelerated to very high energies.

The AVF cyclotron has been under investigation at the Oak Ridge
National Laborafory since 1950. Theoretical studies and Qalculations
with the ORACIE showed the feasibility of such high energy fixed-
frequency cyclotrons. A Cyclotron Analog, operated to test the
theoretical ideas of new designs, accelerated electrons to an energy
of l90jkev (comparable to 350 Mev for protons). That the Analog per-
formed;exactly as predicted was strong substantiation of the basic
theoreﬁical work. A larger magnet, with an eight-fold azimuthal

configuration, was built to be used in an analog for a proposed 850-Mev
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proton cyclotron. A 10-Mev electron synchrotron analog was moved to
Oak Ridge from Brookhaven National Laboratory for use in studying
problems associated with injecting protons from such a high energy

cyclotron into a protoen synchrotron.

High Energy Accelerator Studies

Theoretical studies of the newvtype of accelerator system indi~-
cated its promise of very high perfofmance. The system was composed
of a spiral-sector fixed-frequency cyclotron, acting as the injector for
a rapidly_pulsed alternating gradient synchrotron. Each component was
complex by comparison with previocus accelerators, and careful studies
were performed, both analytically and numerically, of the orbits in
the cyclotron, beam extraction from the eyclotron and injection into
the synchrotron. The studiles indicated that it would be possible to
perform the extraction and injection much more efficiently than has
previously been possible, and detailed plans were made for experimental

tests with an electron analog.

AVEF Proton Cyclotron-Cyclotron Analog

The Laboratory pursued the design and development of an unusuzl
accelerator system which consisted of an 850~Mev~high-intensity,
azimuthally-varying-field cyclotron injecting its heam into a pulsed
synchrotron ring. The system would yield 12-Gev protons at an intensity
considerably exceeding that available from conventional machines. To
gain design experience and to study some of the problems of orbit
dynamics for the 850-Mev injector, a cyclotron analogz was built and

operated. The analog accelerated electrons to an snergy of 200 kev
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utilizing an air-cored magnetic field designed entirely by analytical
techniques with the aid of the ORACLE. The low threshold voltage and
the fact that operation is almost exactly as predicted proves the sound-

ness of both the theory and the design techniques. A new analog with

- 8 spiral poles was designed to model the 850-Mev AVF cyclotron almost

exactly. The outstanding performance of the more advanced analog pro-
vided the basis for ORNL's proposal to construct a full-scale accelerator
of this sort. The large acgelerator proposed for construction to in-
corporéte these advances i; cyclotron technology has been named the

Mc2 Cyclotron in the Laboratory's proposal for authorization to

construct the machine.

86-Inch Cyclotron Beam Deflection

A beam deflection system was incorporated into the 86-inch
Cyclotron to provide an intermediate-intensity focused proton beam in-
side the shielded area and a less intense beam outside the shield. Both
beams are used for nuclear physics experiments. The deflector does not
interfere with the use of high-current internal targets for isotope
produection. The deflector system contains many novel features which

increase its flexibility and reduced the cost.

25-Mev Nitrogen Accelerator

The 63~inch-pole-face-diameter, Tixed~frequency cyclotron for
accelerating triply charged nitrogeh ions provides a new and unique
means of studying nuclear structﬁre. For light nuclei espécially, the
direct experiméntal observation of the geometfical properties (i.e.,

angular distribution, momentun, etc.) of nuclear-reaction products
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permits important deductions to be drawn concerning the nature of coulomb
interaction of nuclei and the detailed mechanism of nuclear reactions.
Additionally, impprtant studies of range-energy relationships and the
charge-equilibrium mechanism of the interaction of heavy fast-moving

ions in matter are possible.

Internal-Conversion Coefficients

One of the most important procedures for the determination of spins
and parities of nuclear energy states is the comparison bvetween measured
and calculated values of the internal-conversion coefficient. The values
of these ccefficlents, representing the relative yields of K-conversion
electrons to gamma rays emitted in a transition from an excited nuclesar
state, were obtained by using the exact gquantum mechanical theory of
the electron. These results have been used extensively for the purpose
of establishing decay schemes of radioisotopes, thereby providing the

data for testing current theories of muclear structure.

Internal-Conversion Electron Spectra

Radioactive nuclides produced by proton irradiation of rare earths
(G4 through ILu) were chemically separated with ion-exchange resin
columns and their internal-conversion spectra studied with a 180-deg
rermanent magnet spectrograph. More than a dozen transitions pro-
ceeding between postulate rotational levels in even-even nuclei were
observed. For the region of neutron number 94 to 108, it appears that
the value of the moment of inertia has a dependence on proton number,

and is slightly smaller for ﬁigher Z elements with the same neutron number.
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Light Particle Emission From Nitrogen-Induced Nuclear Reactions

- Light reaction products, proton, deuterons, tritons, and alpha-
particles, were detected from nitrogen reactions on Li6, Li7, Be9, A127,
and 016. The energy distributions of these particles were measured to
provide information on the level densities of the residual nuclei.
Angular distributions, in the case of particles from Al2T targets,

proved to be nearly isotropic.

Anomalous Inelastic Scattering in Heavy Elements

An unexpected péak in the energy distribution of inelagtically
;cattered protons was found. There are striking regularities in its
cross section and angular distribution in neighboring elements. The
effect has been studied in great detail in a variety of experimehts but

as yet no completely satisfactory explanation has been evolved.

Neutron Transfer Reactions

Transfer reactions were investigated in which a neutron transfers
from the incident nucleus to the target nucleus. Excitation functions
were measured in the 63-in. cyclotron for ten such reactions and a syste-
matic dependence of the cross section on the energy was found. Angular
and energy Qistributions were measured in one case. The angular distri-

bution was found to be peaked at 60 deg in the barycentric system.

Excessive Charged~Particle Emission by Medium and Heavy Nuclei

In a series of experiments, a greatly excessive emission of protons
and alpha particles was obseryed from proton~induced nuclear reactions
in medium weight and heavy nuclei. Various possible explanations for
the effect were studied but almost all of these have proven incurrect;

no good explanation has been found yet.
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Fusion of Heavy Nuclei

A new type of nuclear reaction in which heavy nuclel fuse was
observed and described for the first time. These fusion reactions are
produced in the 63-inch cyclotron by bombarding various target nuclei
with 28-Mev nitrogen ions. The two nuélei fuse and result in a final
nucleus a few mass units lighter than the sum of the masses of the two
incident nuclei. An example of such a'reaction is O16 + N14“”.9 A128 + 2p.

The total cross sections for many such reactions have been measured.

Range-Fnergy and Charge Distribution for Heavy Ions

The behavior of fast (28-Mev) nitrogen ions passing through matter
was investigated. The range-energy relations in various materials were
measured. The average charge, the charge distribution, and the electron

capture and loss cross sections were also determined.

Diffraction Scattering of Protons by Nucleil

The diffraction nature of the scattering of protons by nuclei was
observed for the first time in the 86-in. cyclotron; all of the quali-
tative features of the process were studied. The maximum was found to
occur at the same energy, and with the same cross section and angular
distribution in a large number of elements. Thé evidence indicates
that it is probably due %o some type of collective motion of the pro-
tons and neutrons in the nucleus. This has led to a large amount of
similar work at other laboratories, and its theoretical analysis has pro-

vided most of the basic elements of the optical model of the nucleus.

Elastic Scattering of Nitrogen by Nitrogen

The elastic scattering of nitrogen by nitrogen was investigated.

The differential cross section for this process, at several energies,
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was measured and the results were explained by a>simple semi-classical

total absorption model.



CHEMICAL PROCESSING TECHNOLOGY

The chemical technoclogy phase of the Laboratory's research and
development program has been in support of the processing requirements
 of nuclear energy. Its purpcse has been to develoﬁ processes which
will prepare the unique materials required for nuclear reactor com-
ponents, processes to separate and recover the valuable materials
discharged from reactors, and to treat radicactively contaminated
wastes discharged from the reactors and associated processes. These
processipg operations represent a new industrial activity which has

become an important part of the chemical industry in the United States.

Raw Materials

A very valuable chemical technology discovery in the raw materials
area wés solvent extraction reagents for recovering uranium from sulfate
solutions used to leach uranium from ore. Ore processing plants using
these solvent extraction reagents, in the Dzpex and Amex processes, are
now in operation in the United States and Canada (see table). The
solvent for the Dapex process is a dialkyl phosphoric acid and is used
for both uranium and vanadium recovery. The solvent for the Amex
process is a long-chain alkyl amine and has been used for uranium re-
covery. These solvent extraction processes have increased uraniwunm
recovery with decreased chemical cost.

A second development in this field was the application of the
Higgins continuous ion exchange equipment to uranium recovery from ore
leach lJiguors. This promised significant reduction in cost since the

uranium can be extracted directly, without the necessity of claorifying
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the liquor. Following successful pilot plant tests, the process was
"put on the shelf" because uranium processing plants were operating
well bélow capacity and further improvements were not of interest.

The Monex process for the recovery of thorium from Brazilian sludge
was developed and carried through engineering tests with satisfactory
results. This solvent extraction process employed tributyl phosphate
to extract thorium from unclarified leach ligquor. The program was

terminated when the Commission's requirements for thorium were reduced.

Feed Materials

An ion exchange technique for the recovery of uranium from metal-
reduction bomb liners and slag was developed through a pilot plant scale.
A pilot plént for recovery of slightly enriched uranium from this waste
is now in operation at Y-12. A Higgins contimuous ion exchange unit
is used with the unclarified sulfate leach liquor.

The Excer process study was completed. This involved aqueous-phase
hydro-fluorination of uranium to uranium tetrafluoride. The process
did not have sufficient economic advantage to justify replacement of the
existing gas-phase process plants in the United States. However, a pilot
plant employing this process 1s being constructed in Japan.

The chemical kinetic studies of uranium tetrafluoride (UFA) reaction
with oxygen to produce uwranium hexafluoride (UF6) and uranyl fluoride
(UOQFQ), the Fluorox‘process, have been completed, and engineering
'tests are in progress. This process promises economies by using oxygen
instead of elemental fluorine to convert UF, to UFg.

Continuous procedures for direct reduction of uranium hexafluoride

and thorium tetrachloride to metal by sodium metal and sodium or lithium
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have been stﬁdied. Results of chemical and engineering tests now in
progress are very promising. The Metallex process for reduction of
ThC1), with sodium amalgam appears to be competitive with other proposed
| reduction methods. The reduction of UF6 by sodium, the Druhm process,
or by lithium amalgam have demonstrated yields of 80% and 85%,

respectively.

Chemical Plant Criticality Studies

In the design of chemical plants for processing fluids containing
fissionable material, it is essential to ensure that the fluids not
collect‘in either an individual container or several contiguous con-
tainers in such a way as to constitute a eritical mass. A new type of
tank has been experimentally verified which utilizes the anaular space
between two process pipes for solution storage, with water and cadmium
as neutron absorbers in the interior pipe. This arrangement will afford

a considerable saving in required container and building space.

Transuranic Elements

Chemical separations studies for recovery of neptunium and americium
have been carried through pilot plant scale operation at ORNL. Gram
quantities of both elements were successfully separated as a result
of these studies. The neptunium was recovered from the fluorination
ash of recycle uranium going from nuclear reactors back to the guseous
diffusion plant for enrichment. The americium was recovered from

plutonium.

Uranium-233
A special scparation of high purity uranium-233 was carricd out at

Oak Ridge National Laboratory to provide material to Argonne National
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Laboratory for nuclear cross-section measurements and for other research.
Waste streams from the Thorex process which contained uranium produced
exclusively from protactinium decay was reprocessed in the Thorex pilot
plant for uranium recovery. This product was further purified by electro-
magnetic isotope separation at ¥-12 to give a U-233 product essentially

free of U-232, U-234, U-235, and U-238.



CHEMICAL RESEARCH

The general field of chemistry and chemical technology research
covers ORNL's largest basic research efforts. This stems from the fact
that ORNL. has been regarded from the earliest days of the AEC as the
center for chemistry and chemical technology research and also from the
fact that ORNL's major program interests in reactor development, radio-
isotope production, and other activities involve the application of
methods or techniques that are largely in the field of chemistry or

chemical technology.

New Research Technigues

Research on the chemistry of heavy elements has been especially
fruitful in connection with the development and improvement of chemical
processes for use in the fissionable and raw materials production plants.
An example is the discovery that,vby causing uranium to form a complex
negative ion in solutions instead of its usual positive ion, one can
effectively separate and purify uranium using the ion-exchange technique.

Research on the fission-product elements required the development
of improved methods of separating them from each other and from the
heavy elements. The ion-exchange process developed at ORNL was the
Tfirst method to be used successfully to separate gram amounts of the rare-
earth elements in pure form. These fifteen elements are so much alike
chemically that their séparation is exceedingly difficult. In the
progress of this work, a new element, technetium, was prepared in welgh-
able amounts for the first time by other methods developed at ORNL in

the fission-product research. The lon-exchange technique of separation
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and purification has been used with outstanding success in widely
different applications, such as the sepafation of nucleic acids and
other biological compounds and the final product purification step in
the Purex process for separating and purifying uranium and plutonium.

Anion Exchange. A new technique involving the use of anion

exchange resins and solutions of the metallic elements has been developed
and intensively studied. This technique has important applications in
analytical chemistry and the isolation and purification of uranium,

including recovery of uranium from extremely dilute solutions, and

.shows great promise for general industrial application.

Some elements are very strongly held by these resins, permitting
the processing of large volumes of solution with very small amcunts of
resin. For example, iron could be removed from tons of commercial
hydrochloric acid with only a pound of resinkand, similarly, tons of
uranium~bearing solutions under the appropriate conditions could also
be processed‘with only relatively small amounts of resin.

Many elements which are generally considered very sinmilar show
large differerices in their ability to form negatively charged complexes.
Anion exchange takes advantage of these differences, thus permitting
many separations with extremely simple equipment in a very short time.
For example the essentially complete separation of cobait and nickel
can be achieved with a very short column of resin by paésing the mixture
in‘the appropriate solution throﬁgh the column. The nickei appears
immediately, while the cobalt is held by the resin but>tﬁen can be
removed rapidly by the use of a second reagent (water). Many similaf
separations are poséible. In some cases, for examplie zinc and uraniwm,
separzbion from practically ali elements 1is possible in less than an

hour uwsing only common chemicals.
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Ton-Exchange Research

The basic concepts involved in ion~exchange phenomena, with both
cationic and anionic resins, have been extended and used in important
and diversified applications, such as (1) the separation of the rare-
earch elements in up to multigram amounts for chemical and physical
properties research; (2) the separation and isolation of nucleic acids
and other biological compounds important in metabolism; (3) the separation,
as positively or negatively charged complexes, of elements ordinarily
@parable only with extreme difficulty, and (4) the concentration and
recovery of valuable trace elements from large volumes of solution.

The technigue of separation in all cases involves the sorption of the
substance on the resin under one set of conditions (i.e., temperature,
concentration, pH, complex behavior, etc.) and its elution under another

set of conditions.

Pure Quadrupole Spectra

The new field of gquadrupole spectroscopy in solids is proving to
“be a powerful tool for elucidating the nature of chemical binding,
in addition to being a highly precise method for determining nuclear
guadrupole-moment information. Under certain conditions, the exact
radiofrequency for absorption of-electromagnetic radiation is a function
of the interaction between the nuclear-~charge distribution and the
electricalmchérge distribution in the chemical bonds. Thus, the nucleus
is used as a probe for sampling features of this interaction which, in
turn, may be related to the nature of chemical bonds.

A cooperative program with Duke University was set up to measure by

microwaves some nuclear properties of radicactive isotopes avallable
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at ORNL. One of the properties studied was the way in which thé
electric charge in the nucleus is distributed (that is, like a football,
or like a sphere, or like a saucér). The exact frequency of radiation
which a molecule absorbs in the radio-frequency region under certain
conditions is the result of an interaction between this nuclear charge
distribution and the distribﬁtioh of electriqal charge in the chemical
bonds which hold the atoms of the molecule together. Hence, a measﬁre—
ment of the frequency of this line in a series of molecules gives direct

information about the differences between analogous bonds in the series,

a result of the highest interest to chemists. It was already known

that the frequencies of the lines were so related to chemical bonding
in gasecus molecules, and it was known that similar lines could be
ovsefved in crystals, but it was discovered at the Laborafory that the
same direct correlation between frequency and bond nature applied to
the lines measured in erystals. ’Thus, a very wide field of interest
to chemists and physicists has been opened up, for the range of com-

pounds measurable as crystals is very large.

Production Processes

Research on basic chemistry led to the development of a method of
separating hafnium and zirconium, which always occur together in nature
and are very difficult to separate. The ORNL-developed process was
selected out of a gfeat many developed at various AEC installations as
the one to be used in a prodﬁction plant. This process is of great
importance to reactor development, where zircénium is a veiy desirable‘
structural material but is made unattractive by the preserice of hafniuvm

with its large capacity for absorbing neutrons. Production planis using
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this ORNL process have been built to supply hafnium-free zirconium to
meet the Atomic Energy Commission's needs for the reactor program.

During the war, purified radioisotopes were needed for research
and were supplied mostly by ORNL. Radioisotope-production processes
developed in the research laboratories formed the basis for the Commission's
program of radioisotope sales and distribution centered at ORNL after
the war. This research has been expanded to include the preparation
of chemical compounds "labeled" with radioactive atoms, particularly
organic compounds containing carbon-1lk. It should Ee noted that a
fairly large private industry has been built up, depending upcn the
radioisotopes produced at ORNL.

Studies of chemical reactions and reaction equilibria led to the
development of a chemical method for separating certain isotopes,
baéed upon the slightly different distribution of the isotcpes when
reaction equilibrium is reached. An ORNL-developed process for the
chemical separation of lithium isotopes was used in the production

plant constructed in Y-12.

Chemistry of Technetium

99

The properties of fisslon-product Tc continue to be of importance
to nuclear energy applications because of the long half-life, the high
fission yield and the large thermal neutron cross-section of this
isotope. A considerable advance in the understanding of the chemistry
of technetium has been made at the Ozak Ridge National Laboratory.
Oxidation states of 7, 5, 4 and 3 have been shown to exist in agqueous

solutions. Thermochemical and elecctrochemical measurements have led to

a quantitative oxidation-reduction schewme inter-relating the stabilities
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“ in agqueous solutions of several of these oxidation states to that of
technetium metal at 25°. Low teﬁperature_specific heat measurements
have yielded values for the entropy of seyeral technetium compounds.
Magnetic measurements have shown that certain complex compounds of thek
tetfavalent state of technetium contain three "unpaired" electrons.
Extensive solvent extractioﬁ measurements have revealed that hepta-
valent technetium may be removed efficiently from a wide variety of
aqueous solutions by organic.compounds containing a basic oxygen or
nitrogen atom. An examination of the ultra-violet absdrption spectrum

of technetium in these organic sclutions indicates that a sensitive

6ptical method for analysis is possible.

Organic Chemistry

________ Techniques of multiple labeling with carbon-14 which have been
developed at ORNL now permit a much more penetrating study' of organic
reactions than has ever before been possible. By the use of these
techniques 1) the mechanism of the pinacol rearrangement has been
clarified; 2) in combination with stereochemical experiments it has

been shown that the energy barriers to free rotation about the carbon-
carbon-bond, contrary to general belief, are determining factors in

many reactions and 3) it has been demonstrated that the conformations, —

or the arrangements-in space — assumed by certain cyclohexane derivatives —

are the importent qualities which differentiate their reactions from

those of noncyclic compounds.

Inorgmmic Ion Exchange

The standard organic ion exchanger resins, though of extreme
(=3 5

importance and usefulness, suffer from a number of serious handicaps,
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particularly when viewed from possible atomic energy applications. For
example, they have relatively low selectivity for similar ions, making
gsome separations difficult; and they are unstable in intense radiation
fields and in the presence of strong oxidizing agents. In an attempt
to develop new ion exchangers a large group of relatively simple inorganic
materials was found satisfactory. The classes of compounds which have
received most attention in the past few years are the insoluble hydrous
oxides and certain insoluble salts containing polyvalent anions such
as phosphétes, tungstates, molybdates and arsenates. Most of the oxides
studied, which include those of Ti(VI), Zr(IV), Th(IV), Nu(V), Ta(V)
and Sn(IV), appear to be useful anion exchangers in acidic and cation
exchangers in basic solutions. The oxide of Bi(III) and mixed oxides
containing excess Bi(III) are principally anion exchangers with a
remarkable selectivity for halide ions. The polyvlent salts, as well
as the oxides of V(V), and U(VI) are attractive cation exchangers.

These inorganic exchangers have unusual selectivities and hence
permit some otherwise difficult separations, e.g., of the alkali
metals from each other or of the alkaline earths with very small columns.
The inorganic anion exchangers have special selectivities for poly-
valent anions and thus should prove useful in the recovery of chromates,
molybdates, tungstates, etc. In view of their anticipated radiation
stability, the new inorganic ion exchangers should find special

application for the processing of highly radicactive solutions.

Inorganic Polymnmers

Hydrolysis of metal lons is frequently accompanied by aggregation

or colloid formation, and the course of such reactions is important for
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an understanding of the chemistry of these solutions. During the last
few years estimates of the degree of aggregation and of the change of
the aggregates have been obtained from equilibrium ultracentrifugations,
and more recently through light scattering,‘techniques n.t previously
used in this field. The existence of a wide variety of hydrolytic
reactions was confirmed. However, contrary to the opinion of some,
many elements (e.c., Pb(II), Bi(III), Zr(IV), Hf(IV) exist as discrete
low molecular weight polymers over wide ranges of acidity, metal ion
concentration, and temperature, rather than as colloidal aggregates
'of large and indefinite size. Continuous distribution of. small ploymers
was observed in soﬁe cases, particularly Th(IV). Complexing of poly-
meric cations by simple anions (e.g., ClOE) occurs under conditions
where it is not expected for monomeric ions. The species formed by
the amphoteric ions Sn(IV) and Pb(II) in basic solution are monomeric,
rather than colloidal, as some have held. However, polymeric aggre-
gates were observed for W(VI) and Mo(VI) on the alkaline side of the
isoelectric point, in confirmation of usual notions on iso-poly acid
formation.

An extremely soluble (ca. 3 kg Th(IV) per kg water) high molecular
weight hydrolytic polymer of Th(IV) conteining ca. 1000 Th(IV) ions
per particle was discovered. It can bevprepared by controlled drying
of precipitates of hydraus thorium oxide. Though it is very stable &t
low temperatures, attempts to preserve the digpersions at temperatures

above 200°C have so far been unsuccessful.

Anion Exchange Studies of Metal Complexes

The technique of separating metals by anion exchange through control

of the medium and control of the degree of complexing, which was discovered
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earlier at ORNL, has been broadly extended. Studies have been carried
out in sclutions containing most of themetallic ions of the periodic
table. Particularly detailed is the study in chloride solutions which
presently encompasses almost 90 elements. These studies have helped
to establish anion exchange of metal complexes as an important part of
analytical chemistry and of hydro-metallurgy. A considerable amount of
new information on properties of the resins and on complexing of metals
by various anions such as chloride, nitrate, fluoride, sulfate, citrate
and EDTA (ethylene diamine tetraacetic acid) has been obtained as a
by»produgt of these studies.

On the basis of information now available, it appears practical to
devise a general ion exchange separations scheme for the metallic
elements, and a preliminary scheme involving approximately 20 elements

has been tested.

Neptunium-237 Production and Purification

Interest in the production and isolation of neptunium (element 93)
of mass 237 has been limited in the past to an occasional gram-scale
operation.sufficient to serve the most urgent requirements. The fact
that large guantities are actually formed along with the production of
rlutonium (U238 n2n U237 *219 Np237) presents an attractive possibility
for continuing routine by-product production of this important element.

An initial analytical inspection of one 1solated plant process at
ORNL resulted in the discovery that neptunium in an essentailly pure
state was present as a waste product. From this process the first
100 grams of neptunium (ten times as much as all previous production)

was evenltually isolated. TInspection of other preoduction processes failed
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to reveal a similarly fortunate situation; however, after a reexamination
of the solvent extraction chemisfry of neptunium, a highly significant
feature, the catalytic oxidation of neptunium (V) to an ektractable
state,kneptunium.(VI), involving a trace concentration of nitrite ion
was found. It was then finally possible to account for its often erratic
distribution.

Continued investigation has led to the recovery of neptunium from
what is likely to become a significant and permanent source of kilogram

gquantities of neptunium. This is the nonvolatile residue following

Tluorination of depleted wranium in the Gaseous Diffusiom Process. The

routine reprocessing of this residue from one plant has already produced
the second 100 grams of neptunium for an apparently unending research

demand.

The Preparation of Kilocurie Quantities of Xencn-135

In the initial direct measufement of the xenon resonance cross-
section it was possible to cover only a narrow range (0.03 to 0.20 ev.)
because of the limited amount of xenon avallable. In reactor technology
it continues to be importani to extend this energy range of xenon cross-
section measurements; therefore, as soon as the Homogeneous Reactor
Experiment (HRE)‘became operative, there was renewed Iinterest in further
direct measurement. This reactor provided a unique source of even the
shorter-lived mixed fission gases and was actually capable of producing
up to 40,000 curies of 9.2 hr Xe;l35 per day at the operaﬁing level of
1 megawatt.

Using an underground holding-tank, the entire gas stream cont;ining’

added oxygen and the fission gascs produced by the reactor was safely
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diverted for collection. Intensely radioactive, shorter-lived products
were then allowed to decay a few hours during the period required fcr the
necessary adsorption and chromatographic separation. The ultimately
purified samples of 500 or more curies were seaJed in 1 cc volumes in
a special transmission capsule for neutron attenuatidn measurements.
Precision assay of the absolute number of xenon atoms present in a
sample was accomplished by recovering the radiogenic cesium-~135 from the
capsule following xenon decay and applying mass-spectrographic isotopic
dilution analysis. The remeasurement of the xenon cross-section with

this guantity of source-material fulfilled a significant need.

Boron Isotope Separation

A new and improved system for the enrichment of boron isotopes has
been developed and successfully demonstrated. This camtercurrent
gas-liquid system utilizes chemical exchange between boron trifluoride
gas and the anisole boron trifluoride complex to enrich Blo in the
liguid phase. The bas and liquid.streams form closed cycles and reflux-~
ing is accomplished by adding and removing heat.

The new system, named ANCO and ANisole-COmplex, has two principal
advantages over previous methods of boron isotope enrichment: (1) the
separation factor is much larger, 1.03 at 25°C, arnd (2) the new system
éan be operated at atmospheric or higher pressures. Since the new systiem
represents improvement in both the enrichment and through-put capacities
of precious processes, a considerable reduction in the unit cost of B10

ig anticipated by use of the new method.
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Radiation-Induced Formation of Nitric Acid in Moist Air

Most of the interest of radiation chemists since the beginning of
the atomic energy project has been focused on the reactions of liquids.
Only one gaseous system has been of real practical interest, that of air.
Early work showed that radiation-fixation of nitrogen (to form nitric
acid) in the air over a water-moderated reactor was responsible for the
increasing acidity of the water. More recently, there have been sug-
gestions that this feaction might eventually have practical use in the
manufacture-of nitric acid. However, very'little was learned about the
mechanism of the reaction because of the large number of intermediate
?foducts for which no satisfactory analytical methods were avallable.

Experiments at‘this Laboratory have demonstrated that a detailed :
analysis for almost all of the interﬁediate compounds of nitrogen and -

oxygen :can be made by infrared spectroscopy. By a combination of this

with conventicnal measurements of pressure change (both carried out on

the irradiation cell itself), it has proved possible to unravel most of
the details of this process. in,particular, the role of water has been
clarified, and it will now be possible to choose rationally the best
conditions for nitrie acld synthesis, and to evaluate with greater
éertainty the wWltimate economic prospects of this particular radiation

synthesis.

Short-Lived Fission Products Studies

In 1954 it became possible to begin detailed studies of short-
lived fission products because of refinements in the technique of
quantitative beta- and gamma~ray scintillation spectrometry, and the
developmeht of pulse height analyzers with lafge numbers of channels,

capable of rapidly recording complete energy distributions.
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A common characteristic of short-lived fission products is their
high decay energy which, in turn, makes it possible to excite many
nuclear levels in the daughter nuclides at relatively high energies.
Some of the most energetic radiations ever seen in radiocactive decay
have been characterized in these studies. The complexity resulting frbm
this situation is illustrated in an analysis of a gamma-ray spectrum of
86~second Il36; since the beta-decay energy has been measured in these
studies as 7.0 Mev, it is quite reasonable to find the gamma-ray
spéctrum complicated by transitions between the numerous, energetic
levels of the daughter, Xel36.

The principal accomplishment has been a systematic study of the
decay schemes of fhe short-lived isotopes of fubidium, 17.8-minute
Rb88, 14.9-minute RuO9, and 2.6-minute RbIO, and of the halogen isotopes
32-minute Br8h, 52-minute Il3h, and the 86-second 1136 already mentioned.
It is important to certain circulating fuel reactor and continuous
reactor fuel processing concepts that in all of the short-lived fission
products studied, béth beta and gamma rays of high energy and intensity

were found.

Nuclear Chemistry

A program has been started to determine cross-sections of heavy
nuclides bf particular interest to reactors and to try to correlate some
of the observed transmutations of heavy nuclides in reactors with re-
ported cross section data. The following are examples of results obtained
to date: An effective reactor cross-section of 80 + 20 b has been found
for Np-239. A value of 290 + 30b for the thermal cross-section of Pu-240

has been both measured in the ORNL pile oscillator and calculated from
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known resonahce parameters; an infinitely dilute resonance integral of
about 8500 b has also been caleulated from the latter. It was found
that observed transmutation rates of plutonium isotopes in graphite,
heavy water and light'water moderated reactors were consistent with

these figures and not consistent with a single effective cross-section

of about 500 b, as has been previously reported by several investigators.

A value of 320 b was calculated for the (infinitely dilute) resonance
integral of U-236. Using a thermal cross-section of 6 b, an effective

capture cross-section of 33 b was calculated for MIR neutrons, as com-

pared with an observed value of 3k + 6 b. BSince the effective value

may then vary from 6 to about 35 b depending on the extent of thermali-
zation of the neutrons involved, a possible explanation is hereby seen

for the spread of 5 to 35 b previcusly reported by other investigators.

Fused-Fluoride~Salt Systems

In the realm of reactor fuels for mobile reactors, the inorganic
fluorides have become increasingly prominent, in contrast to chloride
or hydroxide systems. In the constant search to find fuséd—salt systems
with better physical, nuclear, and chemical properties, the Oak Ridge
Nationél Iaboratory has since mid-1950 undertaken the technologically
difficult study of ternary and quaternary systems, as well as many
binary salt mixtures. From the phase diagrams of systems ﬁtilizing mainly
zirconium or beryllium fluorides as base materials, togethér with
important physical data (e.g., vigcosity, thermal conductivity, vapor
pressure, radiation stability, etec.), it has been possible to propose

salt mixtures suitable for the aircraft reactor.
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High Temperature Reactor Chemistry

A continuing program of research has been devoted to the behavior
of fluoride mixtures at temperatures up to 10C0°C. This program, which
has generated a conslderable body of fundamental knowledge of the
chemistry molten fluorides, has demonstrated the general suitability of
uraniferous fluoride melts as fuels for high temperature nuclear reactors.

An experimental study has been devoted to the phase behavior of
fluoride mixtures with especial emphasis on those containing UFH and/or
ThF),. Detailed phase diagrams have been developed, each based on data
for more than 30 binary and ternary systems. Nearly 50 other systems
have been given sufficient examinations to disclose their probatle
lack of value as reactor materials. The systems NaF—ZrFu - UFL,
which furnished the fuel for the Aircraft Reactor Experiment, and
IiF - BeF2 - ThFu - UFh seem most promising for reactor exploitation.

A similar study of phase behavior of mixtures containing the fluorides
of plutonium has been carried out. L

A method in which the molten mixture is alternately treated with
gaseous HF and Ho has been developed for preparation of NaF - ZrFu ~
UF), mixtures of reactor purity. This method, which was used to produce
material for the ARE and for the numerous engineering experiments with
only minor modifications to many fluoride systems.

Equilibrium constants have been determined expelimentall& for
chemical reactions of several metals with components of molten fluoride
solutions. Activities of species in the molten fluorides have been
evaluated from such data as well as from emf's of concentration cells

using molten fluoride electrolyles and from vapor pressure measurenanis.
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Activities of metals in solid alloys have been estimated from emf of
cells with molten electrolytes and alloy electrodes. Measurement of rate
of exchange between radiotracer ions of a metal in molten fluoride
solution and normal atoms of the metal in a solid alloy has permitted
calculation of diffusion coefficients for the test metal in the alloy.
ﬁaté from all these sources have’been incorporated intc a theory of
corrosion of metallic alloys by circulating molten fluorides which
correlated the data obtained from many empirical corrosion tests.

To serve as the fuel for a long-lived nuclear reactor the molten
fluoride must withstand buildup bf fission products as elements or as
their fluorides. The fission porduct fluorides have been found to be
sufficiently soluble in the molten fuel to avoid precipitation during
reasonable burnup of uranium. The noble gases are very sparingly
soluble in the fuelj the important poisons Xe and Kr may, as a conse-
quence, be removed readily and continuously. Several methods, including
selective precipitation of oxides, chemisorption on solid oxide beds,
and chemical exchange between the melt and solid fluorides show

promise for partial decontamination of the fluoride fuel mixture.

Miscibility of Metals with Salts in the Liquid State

The increasing technological use of liquid metals and molten
salts as heat transfer agents has created a strong interest in the
properties of mixtures of these two chemically and physically rather
different groups of substances. The miscibility, in the liquid state,’
of transition metals with some of their compounds, namely oxides or
sulfides, and limited solubility of some alkéli and alkaline earth

metals in their molten halides has been kpown. Work at ORNL has
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demonstrated that for the alkali metals, complete miscibility with
their molten halides is a common occurrence. The minimum temperature of
complete miscibility depends on the particular system, and in general
decreases in these systems from lithium to cesium and from fluoride
to iodine, i.e., parallel with the decrease in cchesive forces in the
metal and the salt. The bromides represent an interesfing and as yet
not fully explained exception.

At moderate metal concentrations, large differences between the
electrical conductivity of the alkali metal solutions and that of others,
such as cadmium and bismuth, in their molten halides, indicate a rather
different structure: alkali metals form polymerized metal atoms and
molecules, such as K,, which donate electrons for electrical or thermal
conductances, whereas other metals form stable complex ions, such as
Cd22+ which had been shown not to contribute conducting electrons.

These findings are expected to have significant applications both to a
theory of the dilute metallic state at thigh temperature and in a
strongly polar medium (somewhat reminiscent of the dilute metallic state
in liquid ammonia solutions at low temperatures), and to the technology

of heat transfer media.

High Temperature Aqueous Solution Chemistry

A concerted effort has been made during the last few years to
elucidate the properties of aqueous solutions at elevated temperatures.

The cells Ag, AgCl, HCl(m), HggClg, Hg and Ag, AgESOM(m)’ Hggsou, Hg

have been studied up to 250°C and have shown to give the expected EMF
values when the acidity was sufficiently high to prevent hydrolysis

of the mercury salts. The cell Pb50), FbO HESOh(m)’ AgQSOh, Ag wes

2’
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studied up to about 1509C. The'solubility of AgESOJ+ has been studied
in various electrolyfe media up to 250°C; good agreement was found between
the calculated and observed solubilities in HESOM nedia. An isoplestic
unit for determining osmotic and activity coefficients of aqueous
solﬁtions up to 150°C or higher has been designed and constructed.
Preliminary data show that the osmotic coefficients of alkali
chlorides and bromides (except for the lithium salts) change very little
with temperature; those of sodium fluoride and sulfate increase with
temperature; while those of magnesium and uranyl sulfate decrease
markedly with increasing temperature. A recording spectrophotometer
has been adapted for high temperature work. It has been shown that the
absorption bands for neptunium (at least the pentavalent stete) remain
s sharp and change little in magnitude up to at least 250°C. An analyti-
cally useful sbsorption band has been found for hexavalent neptunium —
in the near infrared region at 12,230 X. The absorption by the solvent

DQO in:this region is small, in contrast to H. 0, making the former

2

a much more useful solvent for spectrophotometric studies; this factor

also affords a sensitive method for analyzing for HQO impurities in D_0O.

Spectrophbtometry‘of Agueous Solutions of Neptunium up to 250°C
The operation-éf aqueous homogeneous reactors at temperatures of
250°C and above made unusual demands upon current kncwledge of chemistry.
Before'even considering such a reactor seriously, it was necessary to
determine experimentelly the limits of stability of the proposed fuel
solution, uranyl sulfate in water. If such reactors are operated for
s reasonable times at significant power levels, they will accumulate

sizable quantities of transmutation products of uranium. An important
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one of these is neptunium, and it is therefore urgent to learn as much
as possible about its chemical behavior in water at these high tempera-
tures. Since neptunium may occur in several valence states, a prerequi-
site of such studies is an analytical method for each valence state
separately at the temperature of interest. Spectrophotometry early
suggested itself as such a method, but no instrument existed for making
such studies.safely. Dilute aqueocus solutions at 250°C exert pressures
of arcund 30 atmospheres, and neptunium-237, the long-lived isotope
of the element, is a hazard in experimental studies because of its
radiocactivity.

A suitabie light absorption cell and associated egquipment has
been designed and buillt for operation under these conditions, using
a commercial spectrophotometer for the light measurement. With it,
a solution of a neptunium salt has been studied from room temperature
to 25600. This is the first time that such studies have been possible,
and the results demonstrate that spectrophotometry can indeed be used

to follow the concentrations of the various valence states of neptunium.

Physical Chemistry of Ion Exchange

An dmportant and relevant general objective of the program of basic
investigations of the properties of synthetic organic ion exchangers is
to reduce the large degree of empiricism now existing in the numerous
AEC applications of these materials. At the Oak Ridge National Iaboratory
albasic thermodynamic equation for the prediction of cation and anion
exchange equilibria has been established. This eguation shows how the
ionic selectivity of an exchanger at constsnt temperatures will depend

on its polymeric structure, on its ionic composition (i.e., "loading")
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and on the composition and concentration of the external electrolyte
solution with which it is in equilibrium. The generalization afforded
y this equation is mos£ important because it is now possible to estimate
desired ion-exchange equilibrium constants for a very wide range of
conditions.

An understanding of the factors governing the rate of attainment
of ion-exchange equilibrium is also of great importance to the practical
applications of ion exchangers. The transpor?t of lons in an anion or
cation exchanger either in the presence or absence of an electric field
gradient has been shbwn to be governed by a diffusional and not by
a chemical exchange mechanism. This diffusion rate is dependent on
the polymeric structure of the exchanger, on the temperature and on the
charge carried by the ion to a marked degree.‘ The theory of absolute
reaction rates has been applied successfully to the interpretation of
these ionic diffuison phenomena.

The ultimate aim of these basic researches is to connect the thermo-~
dynamic and rate theories of ion exchangers to theories of polyelectrolyées
upon which statistical thermodynamic calculations of all the relevant

properties of ion exchangers may be based.

High Temperature Ton Exchange

A systematic evaluation éf ion exchangers in high temperature
agqueous solutions (up to 200°C) has been performed. The temperature
‘stability of these exchangers was found to be‘considerably better than
anticipated. The standard cation exchangers of the Dowex~50 type in the
sodium form showed little decomposition even at 200°C; in the hydorgen

form they were less stable; and noticeable, though not severe, decomposition



-188-

oceurred at 150°C. The anion exchanger Dowex-l in a salt form (chloride)
was readily wusable up to at least 150°¢. Since, in addition, the tempera-
ture coefficients of approximately a dozen simple ion exchange equilibria
were found to be small, operation of ion exchangers in pressure systems
and prédiction of their performance should not offer any special
difficulties. h

Because of their stability, ion exchangers can be used at high
temperatures for elucidation of the properties of the agueous phase in
much the same way as they are currently widely used at room temperature.

-Thus ion exchange becomes one more technigue for the detailed study

of solutions a2t high temperature.

Studies on the Action of Corrosion Inhibitors

It has long been known that the corrosion of mild steel in water
containing air may be inhibited by the presence of a surrace layer
only a few atoms thick. This lgyer forms spontanesously when certain
substances, called inhibitors, are present in quite small amounts in
the water. Previously, little was known about how inhibitors act:
to cause such a great reduction in the rate of corrosion. At ORNL,
studies of the chemistry of corrosion led to a hypothesis which
suggested that, of all the chemical elements, the one having the most
suitable combination of properties for an inhibitor should be the men-
.made element technetium. This element is not known to occur naturally
in the earth, but is produced in nuclear fission. By use of technetium

recovered at Oak Ridge from fission products, the prediction was fully
confirmed. Specimens of mild steel have been kept for over five years

without detectable corrosion, and the inhibitor is effective even at
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250°C, at which temperature chromates, one of the best inhibitors, are
destroyed by steel. The radioactivity and long life of technetium made
it possible to conduct various studies not previously made, and these
with related experiments, have contributed considerably to the under-
standing of corrosion inhibition. Among other results, it was demon-
stfated that the inactive state produced by these inhibitors is electro-
chemically‘the same as that on iron "passivated" by nitric acid or

passage of an electric current.

Studies on the Electrochemistry of Stainless Steel

Thé unigue propgrty of the stainless steels is their ability to

~ become "passive", or resistant to corrosion, under conditions where

mild steels corrode rapidly. The corrosion resistance of stainless
steels depends upon the relative rates of different possible electro-
chemical processes, some of which may be conducive to passivity and
others to activity. A fheoretical study was made in which the equations
appliéable to the rate of a simple electrochemical process have been
amplified to cover complicated systems such as a composite metal (alloy)
in a complex, corrosive, enviromment. In experimental studies, the
conditions leading to passivation of the type of stainless steel used
in the homogeneous reactor were determined. Very precise measurements
of current-potential relationships were made for both stainless steel
and Zircaloy-2 in sulfuric acid, and the application of the mathematical
theory to these data yielded information of value regarding the mechanism
of the electrochemical processes involved. in a few instance, measure-
ments were made while the system was exposed to intense gamma radiation;

in order to determine the effect of such a change in the environment.
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Neutron-Diffraction Studies

A new technique in the field of structural chemistry is the use of
intense neutron beams for the crystallographic examination of hydrogen-
containing compounds, which cannot be studied effectively by any other
method. The experiments utilize conventional diffraction techniques,
but make use of the wavelike properties of the neutron. From the infor-
mation on spatial distribution of hydrogen atoms in molecules, more may
be learned about hydrogen bonding. Allied to these studies is that of
the magnetic scattering of atoms in magnetic materials, froﬁ.which data
may be obtained about the detailed electronic structure of the atoms in

a crystalline lattice.

Neutron Diffraction

Neutron diffraction studies were extended over an increasing
range of inorganic and organic materials. Among the outstanding results
were the clarification of the ice structure, the elucidation of the
4nature of the ferroelectric transition in KHEPOM’ the aralysis of
the molecular structure of oxalic acid dihydrate, and the extension of
neutron diffraction to the biologically interesting amino acid deriva-
tive, acetyl glycine. The determination of thermal vibration barameters
allowed considerable insight into the thermal motions of the crystal.

The structure of ice is of great intrinsic interest not only because
of its widespread occurrence, but élso because of the intimate relation-
ship of water to much of chemistry. Theoretical predictions of the
distribution of hydrogen atoms along oxygen-oxygen bond lines had been
challenged on several occasions. The neutron diffraction study established

that on the average hydrogen atoms were indeed equally distributed in two
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equivalent positions élong 0~0 bond lines and that this was true at
widely separated temperatures. These findings were thus in essential
agreement with a picture of a dynamically disordered ice structure. A
careful analysis of the thermal motions in ice gave clear indications

of hydrogen-oxygen bond stretching and bending vibrations in excellent

~agreement with expectation.

Infréred observations of hydrogen bonded crystals indicated a func~
tional relationship between O-H stretching frequency and the length of
the 0-H-~0 bond. Neutfon diffraction bond length measurements made on |
gimilar_crystals over the past several years showed that there is indeed

also a relationship between O0-H bond length and O~H--O distance. Thus

- the shorter the O0-H--0 bond, the longer the O-H bond and, apparently,

the greater the tendency for the proton to be equidistant from the two

oxygen atoms.

The Structure of Liquids by.X—Ray and Neutron Diffraction

A study, by means of X~ray and neutron diffraction, of the structure
of various liquid systems at both room and elevated temperatures was
performed at the Oak Ridge National Laboratory. Because of the impor-
tance of high temperature fluids, the nature of the arrangement of the
ions in fused salts, in particular the more simple ones, the molten
alkali halides, was_investigated.k As generally expected, the absence
of a long-range order was ascertained, and the packing of ions of
opposite charge as nearest neighbors around a given ion was found to be
less dense than in the crystalline solid at the melting point, yet with
a smaller average intérionic distance. These results were in good

agreement with the concept of the importsnce of both disorder and
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existence of holes as particular characteristics of the structure of a
liquid.

Aqueous solutions containing tightly bound groups of atoms, such
as the uranyl group, were also studied, with particular emphasis on the
question of polymerization of such groups. In confirmation of chemical
and thermodynamic evidence, X-ray diffraction showed uranyl fluoride
solutions to contalin polymers embracing at least two, and probably
three, uranyl groups, but also proved that polymers were absent in
uranyl nitrate or perchlorate, and in acid bismuth chloride solutions.
The results for bismuth oxyperchlorate solutions were consistent with

a proposed hexamer containing octahedrally arranged bismuth atoms.

Pure Quadrupole Spectroscopy

| Studies in pure guadrupole spectroscopy have been pursued since
shortly after the announcement of the first successful observation at
ORNL. The method has been applied to physicai and chemical prcblems.
In the latter case the quadrupolar nucleus has been used as a probe to
evaluate features of the electric charge distribution in chemical bonds.
The various studies have included a precise determination of the nuclear
quadrupole moment of I129 (compared to I12T) which was the first such
measurement on a radioactive isotope. The earlier work on chlorine
resonances in substituted methanes has been extended to other alkyl
halides as well as to bromide and icdine resonances in simple molecules.
The data have been correlated with features of the chemical bond in
these substances.

Zeeman studies of the quadrupole spectrum for chlorine in sodium,

potassium and barium chlorates have been carried ocut. The results for
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the sodium salt which has very high symmetry were shown to be consistnet

with existing theory and the known crystal structure. In the case of
potassium and barium chlorates the measurements showed the electric
charge distribution about the chlorate jon to be remarkably axially
symmetric even though it is not regquired by the crystal structure, and
it was demonstrated that the orientation of the chlorate ions in the
erystal lattice could be accurately determined. Zeeman studies on the
iodine resonance in iodic acid showed a number of unusual features for
the first time. Among these were extra spectroscopic lines that
originated from a very weak interaction of the proton with the iodine
nucleusg, and a detailed study has showed that the location of the proton
in the crystal lattice can‘essentially be determined. At this time this
- is the only known case of a direct magnetic dipole-dipole splitting

that has been studied in quadrupole spectroscopy.

Paramagnetic Resconance Studies of Free Radlcals Produced by Radiation
The paramagnetic resonance method has been applied to radiation
chemistry in an effort to learn something of thé basic processes taking
place immediately after the absorption of radiation but before the
final chemical products have forméd. Often one of the early radiation
steps is the breaking down of molecules into smaller fragments which are
chemical free radicals. The paramagnetic resconance method is a physical
technique that in some cases will allow a direct observation of the free
radicals to be made by virtue of their magnetic properties. :In applying
the method, the sample’containing free radicals is placed in a magnetic

field and the frequencies at which microwaves are absorbed are measured.
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Radiation chemical studies have been made by cooling various samples
of interest in liquid nitrogen (~196°C) and irradiating with gamma rays
from cobalt-60. In this way free radicals are frequently formed and
stably trapped in the rigid, cold solid. The sample is then examined
.while still co;d in a paramagnetic resonance spectrometer.

Various cancentrations of sulfuric, phosphoric and perchloric acids
irradiated in this way‘have shown a number of characteristic microwave
abgsorptions, or lines, but one pair of lines was common in the spectra
of all three acids. This pair of lines has been clearly demonstrated to
arise from the presence of free atoms of hydrogen stably trapped in
the cold materials. Subsequently atomic hydrogen has been found in
a variety of other substances irradiated at a low temperature.

4 number of properties of atomic hydrogen prepared in this way have
been studied. Upon prolonged irradiation the atomic hydrogen concen-
tration increases to limiting steady state value. In the three acids
this concentration is reached after about 150 hours of irradiation
in a 1000 curie cobalt-60 source and amounts to roughly 0.1 per cent
of the hydrogen converted to atoms. Upon warming, the atomic hydrogen
is found to rapidly disappear as it enters chemical reactions to form
final chemical products. In sulfuric acid, for example, the atoms
disappear in a matter of minutes when warmed to -175°C. The rates
of' disappearance have been measured at various temperatures which give
valuable clues as to the mechanism for the disappearance.

Gaseous hydrogen 1s known to be one of the products formed in the
irradiation of these acids at room temperature. In order to ascertain
whether or not the mechanism for the disappearance of atomic hydrogen

was the reaction of ftwo such atoms to form a molecule of hydrogen gas,
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analyses have been made on the amounts of atomic hydrogen formed by a
known amount of irradiation and also analyses made on the amount of

hydrogen gas released upon warming the acids. In sulfuric acid there

is a very striking correspondence between atomic hydrogen formed and

hydrogen gas released upon warming which substantiates the proposed
mechanism. This is probably the only radiation chemical study in which
an intermediate has been identified and measured by a direct method

and its relation to the final chemical product demonstrated.

Use of Molecular Beams in Studying the Mechanisms of Chemical Reactions
It has long been recognized that much cculd be learned about the
details of gaseous chemical reactions if the reactants could be brought
together as crossed molecular beams. Then each product molecule
would result from a single collision, and the complications of chain
reactions and of wall effects could be obviated. Such an experiment
has been carried out at CORNL, between beams of potassium and of
hydrogen bromide. The usual parameters of reaction kinetics, activa~-
tion energy and steric factor, were measured with good precision under
these ideal conditions. In addition, the angular distribution of the
potassium bromide produced was measured, and some conclusions dfawn
therefrom about the relative effectiveness for reaction of various
orientations of the colliding reactants. This is one of the

kinds of information that can be obtained only by this technigue.



METATIURGY

The program of metallurgical research was established at ORNL in
1946 to carry out applied research primarily related to the reactor
program. The need for such work was stressed by experience with the
Laboratory's reactor. During the previous years, operation of the ORINL
graphite reactor had been complicated by ruptures in the aluminum
jackets around the uranium fuel pieces. Metallurgical research resulted
in the development of a new technique for canning the uranium that ma-

terially reduced the rupture problen.

Fuel-Element Development

The design of the MI'R develcoped at ORNL called for a type of fusl
element that had never been made before — plates of uranium~-aluminum
alloy clad with aluminum. Successful methods of fabricating these
new fuel elements were developed, and today ORNL-developed fuel elements
are used in the MIR, the LITR and in most swimming-pool reactors as
well, since the latter also use MTR-type fuel elements. Improved fuel
elements have also been developed at ORNL for the Argonne CP-3 and CP-5

reactors and the Convair Shield Test Reactor.

Beryllium Research

Another problem that arose in connection with the MIR was that of
producing and fabricating beryllium for the reflector. A method of
producing beryllium of suitable quality by powder-metallurgy techniques
was developed at the Brush Beryllium Company, who then prodiuced the
MTR Dberyllium pieces under ORNL supervision. Successful methods of

fabricating beryllium metal pieces to close tolerances were developed
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at the Laboratory, and a beryllium-machining shop was set up at the

¥-12 plant to do this work. The highly successful operation of the

Materials Testing Reactor would have been impossible but for the

accomplishments of research and development metallurgists working on

fuel elements and beryllium production and fabrication.

Powder-Metallurgy Applications

Since powder-metallurgy techniques are readily adaptable to

preparation of solid fuel elements and control rods for high-temperature

reactors, the Metallufgy Division has developed a well-equipped facility

for this work. Solid fuel elements, consisting of uranium oxide dis-
persed in a stainless steel matrix, have been fabricated. Control-rod
elements have been prepared for the Aircraft Reactor Experiment, the
Homogeneous Reactor Experiment, and the General Electric Aircraft
Reactor. 'The control rods for the Aircraft Reactor Experiment consisted

of boron carbide dispersed in iron and canned in stainless steel.

Reactor Materials Research

The homogeneous reactor project introduced new materials require-
ments which had to be met by materials developed through metallurgical
research. Operation at 2SOOC under 1000 pounds per square inch pressure
and in a corrosive medium imposed severe strains upon the reactor struc-
tural materials. Methods of treatment to reduce corrosion and successful
procedures for fabrication, welding, and inspection were developed to
assure that the reactor system would stand up under conditions of oper-
ation. BSimilar problems were encountered in connection with the aircraft
reactor, where the’structural material had to have strength and corrosion

resistance while operating at red heat (lSOOOF). Here again, problems
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of fabrication, welding and improving corrosion resistance were solved

successfully.

Welding and Brazing

The requirement that complicated fuel systems and heat exchangers
for liquid fuel reactors be lezk-free and reliable in operation demon-
strated the need for research and development in improved welding and
brazing techniques. Techniques were developed for high-quality, re-
producible welding of small-diameter tubing to header plates. This
technique, known as "cone~arc welding" was extremely useful in fabri-
cating the type of liguid sodium-to-air heat exchanger used for heat-
transfer experiments in the Aircraft Reactor Program.

Research and development on high-temperature brazing alloys yielded
several new brazing alloys having excellent corrosion resistance to

various liguid coolants.

Thysical Properties Research and Alloy Development

A great many possible structural materials were tested for strength
at high temperatures, corrosion resistance, and other metallurgical
properties. From these tests, materials were selected and improved
for use in the two ligquid-fuel reactors. Further work is being per-
formed to develop still better materials and methods of fabricating
them into reliable reactor systems.

Zirconium is a metal which has an attractively low neutron-absorption
cross section and which has a sufficiently high melting point to give
promise of its use in high-temperature reactor systems. Research was
directed toward developing high-strength, heat-treatable zirconium

alloys which are analogous to the high-strength, heat~tractable steels.



-199-
This program developed certain high-strength zirconium alloys which
can be used in reactors where the high cross section of Inconel or
stainless steel is undesirable and where the temperatures are too high
to permit the use of magnesium 6r aluminum alloys.

A similar program of metallurgical research and development on
titanium was undértaken because‘of its high-temperature characteristics

and corrosion resistance.

Ceramic Materials

Ceramics offer a possible solution to some of the materials problems

"encountered in the construction of high-efficiency, compact reactors

operating around 1000°C and above. The Ceramics Laboratory at ORNL

is the only integrated group devoted to ceramics research among the
various installations of the Atomic Energy Commission. The program of
ceramics research ahd development included the investigation of new or
unique ceramic materials for possible application in the nation’s
nuclear energy program, and adaptation of existing materials for this
service,

An outstanding accomplishment of the Ceramics Laboratory was the
development of a fabrication technique for the weapons program which
greatly simplified the preparation of certain weapon components, at
substantial savings in cosis and manufacturing time, over other proposed

methods.

FPundamental Metallurgy

Although almost all metallurgical research and development has

. been related to the reactor program, fundamental metallurgical research

was undertaken on a small scale, particularly for important metals, like
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thorium and ﬁranium, whose metallurgy had not been completely explcred.

One of the most important difficulties encountered in production
reactors arises from dimensional instability of uranium. This dimensional
instability was shown to vary markedly with the degree and nature of the
orientation of the crystals which make up the uranium. A method was
devised for determining preferred orientations in uranium both more
rapidly and more accurately than was previously possible. BSignificant
progress was made toward connectiﬁg various preferred orientations with
the techniques used in fabricating uranium. This work contributed valua-
ble advances with dimensional stability problems encountered in nuclear
reactors;

In practical application, a rolling procedure has been developed
for zirconium alloy plate which gives essentially no preferred orienta-
tion and therefore uniform properties in all directions, a condition
desired in metals for some reactor vessels. On the other hand, it has
been found possible by control of extrusion conditicns to produce a
texture which gives a desirable TO% increase in the longitudinal strength

of aluminum and thorium rod.

Fundamental Physico-Metallurgical Research

The phase relationship in the alloys of the important reactor metals,
zirconium and titanium, have been rationalized on the basis of the elec-
" tron concentration and of the difference in size of the solute and solvent
atoms. The correlations so obtained should permit prediction of alloy
behavior in systems not yet investigated.

The response of metals to fabrication and service stresses is in
large measure related to the preferred grain orientation induced by

mechanical deformation and recrystallization. An intensive study of a
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number of metals of interest in reactor technology, aluminum, thorium,
and uraﬁium indicated that a duplex texture with the attendant complex
behavior may be a fesult of partial recrystallization ratﬁer than a
complicated mechaniém of deformation.

Some of the lanthanide and actinide elements, such as cerium and
thorium, were found to show.novel allotropic‘transformations at low
temperatufes. A rather thorough kinetic study of the reactions in
cerium revealed very unusual behavior in the so~called diffusionless
transition category, e.g., coexistence of three phases, two of which

have the same crystal structure.

Thorium Research

Since thorium is of importance as a source material for breeding
of U~233, an extensive investigation has been made of its metallurgical
characteristicé, suqh as physical and mechanical properties, alloying
effects, and the effects of hot énd cold working. The fabricability of

thorium by extrusion, rolling, drawing, and swaging has been demonstrated.

High Temperature Reactions of Metals

Oxidation is a limiting factor in the reactor application of a
number of potentlally useful wetals and is an important problem in high
temperature reactors that employ aqueous solutions. It has been found
that the non-protective oxidation of niobium and tantalum is related
to microscopic cracks in the oxide filwms, presumably having their
origin in the stresses induced by anion diffusion.

Other work, on the oxidatioﬁ of scdium, potassium, and rubidium,
has proved that the theoretical eriterion for protective oxide formstion

on metals needs to be drastically revised.
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Fused NaOH is a very useful stable fluid moderator, but its utility
is limited by its reaction with the metals and alloys employed to contain
it. A study of the corrosion mechanism has revealed the container
- materials to suffer a novel form of stress corrosion. NiMo alloys have
been found to be most resistant to this attack.

The interactions and the atomic and electronic configurations of
the species existing in fused salts have been studied by means of absorp-
tion spectrophotometry. Complex ions and other forms of cafion-anion

interaction have been observed.

Ceramic Research

The desire to operate reactors at high thermal efficiency makes
ceramic materials of keen potential to this field, which is always in
want of more suitable materials of construction. ORNL hés produced
U02 crystals which are compatible with aluminum and of high density
(95%) UO2 for fuel elements of the proposed gas-~cooled and maritime

power reactors.

Reprocessing of Fuel Elements

To assist chemical reprocessing of stainless steel-base fuel
elements a metallurgical method of carburization was developed to destroy
the chemical inertness of the stainless steel, making it amenable to
selective dissolution and permitting high uranium recoveries by conven=-
tional chemical reprocessing technidues. The large fraction of stainless
steel retained as chemically inert solid waste alleviated the long-term

waste disposal problem.
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Disposal of Radioactive Wastes

Ceramic techniques have been used to develop a method of radio-
active waste disposal whereby fission products are incorporated in a
non-leachable sintered mass of shale, limestone, and soda ash, which

can be conveniently stored or buried.

SOLID STATE PHYSICS RESEARCH

Originally a facet of the metallurgical research program, solid
state physics research at ORNL has grown in sCope, as the severity of
fadiation damage problems was recognized with increasing clarity. Like
the metallurgical research effort, solid state physics research is
strongly influenced:by the problems of specific reactor systems but
with increasing attention to the fundamental physics of solids involved

in understahding the effects of radiation.

Radiation Damage Investigations

Aécumulated experience with existing reactors has demonstrated
that prolonged exposure of a solid in a nuclear radiation field ( i.e.
within a reactor or other nuclear device) may markedly alter the desir-
able properties of thevsolid, often in a definitely deleterious fashion.
These changes in physical properties result from the production of
defects in the cfystalline lattiée of solids by collisions of the ener-
getic particles (neutrons, fission fragments, photons, etc.) which make
up the nuclear radiation field. :Therefore, if existing materials are
to be used to their fullest extent and new oﬁes are to be found which
will be even more radiation resistant, it is essential that the funda-

mental nature of radiation damage be well wnderstood. A knowledge of
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the nature of radiation-induced lattice imperfections and the mechanisms
by which these influence the behavior of solids will suggest means

whereby the deleterious effects of radiation on existing materials may

be minimized and, in addition, will indicate the most profitable approach
for future developmental research devoted to radiation resistant materials.
A long range benefit which should not be overlooked also derives from
these studies as a by-product in that radiation damage studies will

yield and have already ylelded much valuable information about the

fundamental behavior of solids in the absence of radiation.

Irradiation Effects in Semiconductors

Because of the sensitivity of their electrical properties fto lattice
disorder produced by fast-neutron bombardment, the semiconductors silicon
and germanium have been chosen as important tools in studies of irradia-
tion effects in solids. By correlating the changes in electrical proper-
ties with laétice disorder that occur during irradiation in the nuclear
reactor, information is gained that, (1) aids in the constructicon of a
valid model of radiation damage, and (2) yields of fundamental informa-
tion concerning the modification of properties, such as concentration

and mobility of charge carriers, due to lattice defects.

Basic Irradiation Studies in Alloys

Neutron irradiation affects the properties of alloys in two ways.
First, collisions between the impinging neutrons and the atoms of the
solid produce lattice defects such as vacancies and interstitials,
which reduce the crystallinity of the solid. This effect takes place
in pure metals as well as alloys and is largely independent of the

temperature of irradiation. The second effect of neutron irradiation
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is to enhance certain diffusion-controlled solid state reactions. These

reactions are of particular importance for alloys, since many of their

special properties, such as hardness, electrical resistivity, or magnetic
permeability, depend upon the extent to which such reactions are permitted
to progress during the preparation of the material. Examples of such
diffusion—controlled reactions are ordering and precipitation from solid
solution.

The effect of neutron irradiation on a diffusion-controlled reaction
of this type was studies in Cu~Al alloys. It was found that the electri-
cal resistivity of Cu~Al alloys decreased sharply in the early stages of
ﬁeutron irradiation at 40°C. This effect decreases with decreasing
aluminum content and is absent in pure copper. Thus, the effect was
established as one having to do with the alloy and not with the pure
metal. Furthermore, the decrease in resistance was not observed when
the irradiation was carried out at -120°C instead of 40°C. Thus, it
was shown that the reaction was diffusion-controlled, because at the
lower temperature atomic mobilities would otherwise have been severely .
reduced. It was observed that irradiation effect can remain latent
in the material, for when the alloy was allowed to warm after having been
irradiated at -12000, a decrease in resistance was observed. The rate
at which the decrease in resistance took place as a function of annealing
temperature was studied and the activation energy for the process was
found to be about one electron~volt. It was found that a éimilar decrease
in resistance took place after rapidly cooling (quenching) the alloy
from a high temperature. This pfocess also had an activation erergy of
about one electron-volt. However, the decreaée in resistance after

, o
guenching took place at temperatures about 65 C higher than the
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temperatures for the decrease in resistance after cold irradiation. The
inference was that essentially the same process was being observed in
the quenching and irradiation experiments but the neutron irradiation
endows the material with the ability to carry out the process at lower
temperatures than are possible in the absence of radiation. The apparent
explanation was that diffusion in solids occurred chiefly by a vacancy
mechanism and was accelerated as a result of the additional vacancies
produced by irradiation. |

The significance of this work primarily concerns the fazt that
alloys are frequently prepared to have optinum properties by allowing
diffusioﬁ—controlled reactions such as ordering or precipitaticn to
occur to a critical point. Then the solid is returned to room tempera-
ture and diffusion is relied upon to be sufficiently slow at service
témperatures that the properties of the solid remain stable. However,
the experiments indicated that reaction temperatures may be significantly
lowered by neutron irradiation and, as a consequence, the important
properties of irradiated alloys may deteriorate at temperafures at which

they are normally thought to be stable.

Decomposition of Metastable Alloys

Many structural alloys derive their useful properties from the fact
that by appropriate pretreatment they can be maintained in a metastable
condition. The so-called austenitic stainless steels are an excellent
example of such metastability. By metastable it is meant that the allcy
would prefer to exist in a different structural form but is prevented
from doing so by minor alloying constituents oriby the very small rate

of diffusion, or motion, of constituent atoms permitted in the solid
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state. If has been conclusively demonstrated that lattice imperfections,
in particular vacant lattice sites, play a dominant role in solid state
diffusion, since transport of atoms can occur by the easy exchange of
positions of the vacant site and an adjacent atom. Bombardment with
fast neutrons introduces lattice vacancies into the solid by simply
knocking atoms out of their normal positions. This increased concentra-
tion of mobile defects markedly increases the rate of diffusion and
hence decomposes the metastable state, often éausing it to lose desirable
characteristics by increasing the rate of reversion into the more thermo-
dynamically stable alloy form.

Studies on the behavior of a number of alloy systems including
cbpper-beryllium, nickel~berylliium, copper-gold, copper-zinc, and copper-
aluminum have demonsﬁrated that phase transformations occur and that
fast neutron bombardment enhances to a considerable degree the rate of
80lid state reactions. These results indicate that considerable care
must beiexercised in choosing alloys for reactor construction in order

to prevent unwanted metallurgical changes f;om occurring.

Mechanical Behavior of Metals

The tensile strength and plastic deformation of metals arise from
a specific type of one-dimensional lattice imperfection called a dis-
location, which is able to move under a critical applied sitress, thus
allowing the metal to yield. If the metal is subject to an alternating.
or cyclic stress field, the dislocation oscillates, thereby degrading
the vibrational energy in the form of heat. This degradation is known
as internal friction. It is well known that fast particle bombardment

causes metals to harden, thus increasing the stress necessary to cause
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the metal to flow. This hardening effect is particularly pronounced
in the case of a pure metal such as copper. Experiments which were
conducted at both low temperature (ZOOK) and room temperature have
thrown considerable light not only on the mechanism of radiation
hardening but on the mode of dislocation as well. It was shown that
radiation hardening by fast neutron bombardment is caused by the inter-
action of lattice imperfections with the dislocations. The imperfections
act as barriers to the motion of dislocations. Studies of internal
friction, using cyclic stress fields in the kilocycle range with very
small amplitude, demonstrated that at room temperature imperfections
migrate to the dislocations. Consequently, this property is extremely
sensitive to radiation and perceptible changes in internal friction
have been observed at exposures as low as lO9 neutrons/ cm? v0.001
second at the center of the ORNL graphite reactor).

This reduction of internal friction formed the basis of an instruc-
tive exhibit at the Geneva Conference. Two high-purity, single-crystal
copper tuning forke were prepared, one of which was bombarded with fast
neutrons in the graphite reactor. When struck with a wooden clapper
the irradiated fork rang as though it were bronze; whereas the unirradi-

ated crystal did not.

Experiments on Semiconductors

The great sensitivity of certain semiconductors to the disordering
effects of nuclear radiation has made them excellent materials with
which to study the nature of lattice imperfection produced by reactor
radiation. The investigation of the influence of lattice defects on

the electrical behavior of germanium has been extended to include many
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other seﬁiconductors such as silicon, indium antimonide, gallium anti-
monide, indium arsenide, etc., which show promise for use in electronic
deviceé. A sensitive electrodynamic balance (sensitive to wéight

T

changes of 2 x 10 gramé) has been used to measure the magnetic suscepti-
bility of semi-conductors. These data have elucidated the electronic
structure of semiconductors and, after bombardment, have revealed the
magnetic nature of lattice defects introduced by fast neutron bombardment.

Other experiments have shown that gamma rays from a cobalt-60 source

are capable of introducing defects which alter the electrical properties

~of germanium in much the same way as, but at a considerably smaller rate

than, fast neutrons. Information gained from these fundamental studies
has been used tolexplain the drastic and deleterious effect of reactor
radiation on semiconductor electronic components (diodes and transistors)
and have indicated possible ways in which the radistion resistance of

such devices might be improved.

Thermal Conductivity of Non-Metallic Crystals at Low Temperatures for
the Study of Lattice Defects :

The thermal conductivity, XK, of single crystals is very sensitive
to the presence of lattice defects. Point defects, such as interstitial
atoms, vacancies, or impurity atoms result in a reduction in the value
of thermal conductivity in an otherwise perfect crystal. Dislocations,
introduced by bending a crystal, result in a decrease in K at low tempera-
tures. However, there is a qualitative difference in the thermal resis-
tivity introduced by point defects on the one hand and dislocations
on the other. Furthermore, it is possible by measurementé of X to
ascertain whether the lattice defects are élﬁstered together, thereby

acting as a scattering region that is large compared to isclated point
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~defects.

The low temperature thermal conductivity has, conseguently, been
a useful property in studying the nature of lattice defects, whether
present in the original crystal or purposely introduced by irradiation
with 0060 garma rays, fast neutrons, or thermal neutrons.

The difference in the type and distribution of defects produced by
006O gamma ray bombardment and bombardment by fast neutrons is being
studied by examining the resulting thermal conductivity changes in

high purity single crystals of KCl, CaF,, Mg0 and Si0O Using LiF

o
single crystals, the effects of successive thermal neutron bombardment
on the resulting K decrease at low temperatures are being studied to
obtain information with regard to reported structural changes in ILi¥.
The difference between thermal neutron damage of IiF and Co6o gamma ray
damage of the same material will be ascertained.

The structure of quartz crystal and fused silica are altered by
fast neutron bombardment. Both, upon bombardment, approach a limiting
density intermediate between that of the two forms, suggesting an inter-
mediate state of order. 'The low temperature thermal conductivity, which
is sensitive to crystalline order was measured on fused silica before
and after successive exposures to a maximum dosage of T x lO19 fast

neutrons/cm?. The resulting increase in K and density indicates that

the short range order in silica improves with fast neutron bombardment.

Low Temperature Studies of Radiation Damage in Detail

The disordering effects of fast particle bowmbardment on the crystal-
line lattices of solids may be almost coupletely removed by appropriate
heat treatment. In the case of copper, annealing sbove 35006 is

sulfficient to remove the radiation hardening. In fact, for a soft
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material such as aluminum, radiation effects anneal almost completely
at room temperature. A more careful investigation has shown that the
lattice damage retained by most solids bombarded in the room temperature»
range is only a small portion of that éxpected to result from a given
bombardment in the reactor. This indicates that a considerable portion
of the damage tends to "heal” itself. In order to understand more
completely the nature of the lattice disordering processeé and to gain
some idea as to the,extent‘and cpnfiguration of the lattice damage

remaining at room temperature, it is necessary to conduct bombardments

'in the reactor at temperatures sufficiently low to "freeze-in" all of

the lattice’defects resulting from a fast neutron collision within the
specimen and, in addition, to study the kinetic processes involved in
the annealing or "healing" of damage as the specimen is warmed to roouw
temperature. Therefore, a refrigerated reactor chamber was constructed
in which specimens could be irradiated at temperatures as low as 10°K.
The reactor cryostat consisted of a vacvum-jacketed tube extending 20
£ into a vertical hole of the réactor. Cooling is supplied by a cold
stream of helium gas which eirculates in a heat exchanger surrounding
the specimen chamber. The circulating helium is the refrigerant
fluid in an expansion-engine type of refrigerator unit, and the cooling
capacity is such that temperatures less than 10%K under no heat load
can be obtained.

This low temperature facility has been employed in the study of
a variety of metals during exposure. The rate of damage as indicated
by the change of electrical resistance has been shown to vary by as much
as a factor of lO3 in going from good metals such as copper to poor ones

such as bismuth. Measurements of tensile properties and internal fricticn
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during and subsequent tc exposure at the low temperature and upon warming
have been of great assistance in understanding the ﬁature of radiation
hardening of metals. . Finally, in the case of copper and aluminmum, tne
energy stored in the form of lattice disorder during irradiation below
200K has been measured on warming the specimens at a controlled rate.

A comparison of the surprisingly low amount of energy released with the
recovery of the radiation-induced increase in resistivity reveals that
current theories of the nature of fast neutron induced lattice disorder
and of the recovery or healing process that occurs during warming are

inadequate.

Radiation Damage in Refractory Non-Metals

Since the materials problems for high temperature reactor design
must be solved before economical power reactors can be constructed, a
knowledge of the behavior of refractory solids in intense radiation
fieldé is essential to progress in this area. TFor this reason much
effort has been spent in fundamental studies of certain nonmetals
which may be considered prototypes of refractories. Both electronic
properties and structural behavior have been examined in some detail.
The former, in particular the optical and magnetic properties, are
important since changes in these may be interpreted to give information
about the nature of the bombardment-produced defects. Studies of changes
in structure also yield such information; but, even more important from
an applied standpoint, these yield information about the dimensional and
phase stability of certaln crystals and crystal structures which is
essential in choosing materials for reactor construction. By means of

density measurements and X-ray diffraction techniques, a wide variety
2 J
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o of reffactory crystals has been studied. It has been found that nearly

all crystals studied expand, i.e} decrease in density. One of them,
..namely quartz, expands by as much as lh% and‘at the same time loses 1its

crystal structure completely, becoming a glass. Other materials of which
zirconia and barium titanate are examples change from a sﬁructure of
low symmetry to one of hiéh symmetry which is normally thought to be
stable only aﬁ high temperatures. Here, as in the case of studies on
alloys, fundamental research hasiindicated that care must be exercised

in choosing ceramic materials for reactor construction.

PFusion Research

In 1953 ORNL initiated a small theoretical study of scme approaches

to the achievement of controlled thermonuclear reactions.  Utilizing
"""""" mainly the services of consultanﬁs, ORNL pursued these studies to a
point where it appeared that experimental research and development on
a new approach to the achievement of controlled thermonuclear fusion was
Justified by the promise indicated from the theoretical studies. The
broad background of experience with the electromagnetic separations and
with the development and operation of high current cyclotrons led ORNL
rather naturally into the use of energetic ion injection as its major
approach to achievement of a hot plasma. Small scale research and develop-
ment activities were started in 1955 and were significantly expanded in
1956 as results continued to show éromise. By early 1957 é technological

breakthrough had been achieved in the development of high current carbon

, +
arc that would efficiently disassociate D

5 ions so that they would be

effectively trapped inside the magnetic field. With this scheme, molecu-

lar ions could be accelerated to an energy well in excess of thal needed
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in the high temperature plasma. An experimental thermonuclear device
called the Direct Current Experiment {DCX) was constructed in the early
part of 1957 to permit more detailed investigations of the phenomena
encountered in a fusion device of this type. Molecular deuterium ions
were injected in the DCX at energies up to 625 kev. Near the edge of
the magnetic field, the arc breaks up phe beam, yielding 300 kev deuterium
ions whiph are trapped, plus energetic deuterium atoms which pass on
through the field. The deuterium ions are trapped in the magnetic field
initially in aﬁ organized ring, which gradually spreads out as the motion
of the ions becomes random through collisions. Experimental operation
of the DCX was achieved in July 1957, and successful trapping of the
accelerated beam was accomplished on August 21, 1957.

Later in 1957 another technological breakthrough came as a result
of development of the concept of "burnout" of neutral atoms as a necessary
initial condition for the formation of a thermonuclear plasma in the DCX.
This concept was elucidated until it was possible to predict the injected
beam current and vacuum that would have to be achieved before burnout
would occur. For example, with a spherical plasma volume of a radius
equivalent to that of 300 kev deuterons in a magnetic field of 10,000
gauss and with a pressure of 10_6 millimeters of mercury in the plasma
region, a deuterium ion injection rate of 80 milliamperes is required
to achieve burnout. The better the vacuum, the lower the injection
current can be.

The vacuum conditions in DCX, which have reached 3 x 10—8 mm Hg,
will be improved further and the incomiﬂg beam current increased until
the residual gas in the plasma region can be completely ionized by the

incoming beam. When this condition (called "burnout") is reached, the
J
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trapped ions will be lost much more slowly, and a plasma of hot ions
and electrons is expected to form. The attainment of "burnout" condition
will be a msjor event.

The plasma formed after burnout is reached should have an effective
temperature which may be as great as 250 kev, and thermonuclear neutrons
should be produced to such an extent that the neutron level, which before
burnout will be principally produced in the walls and neutral gas of DCX,

>

will rise by a factor of th and 10°. This distinct rise in neutron

level will indicate the production of a definite thermonuclear reaction,

which will be another major event.

The magnetic fields in the DCX machine are too small to contain the

reaction products of the thermonuclear reactions, and a self-sustaining

.reaction cannot be produced in it. Another facility must be constructed

"with a stronger magnetic field and a higher mirror ratio is a self-

sustaining thermonuclear reaction, fed by cold gas, is to be demonstratedo
This second machine, ORTON, will have a central field value of about
26 kilogauss and a mirror field of about 91 kilogauss. These fields in
DCX are 10 and 20 kilogauss, respectively. The coils will be designed
to permit increasing the field rapidly. The purpose of increasing the
field is to compress the plasma associated with the trapped atomic ions,
and to contain reaction products; It has been shown that molecular-ion
injection must stop when the field is increased and neutral-atom injection
will then be used. It will be possible to use energetic neutrals if they
are needed. These neutrals will be lonized by collisions in the compressed
plasma.

When the plasma has reached its maximum density and impurities in

the working volume have been "cleaned up", cold deuterium and tritium
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gas will be fed into the plasma and the energetic neutral beam stopped.
A self-sustaining plasma, heated by thermonuclear reactions, is expected
to result from this procedure. The system is extremely flexible, ard
several procedures will 58 tried. It may be possible to compress the
trapped ions and inject cold gas lmmediately, thus eliminating the
energetic-neutral injection phase.

When a self-sustaining plasma has been created, various schemes of
- power extraction will be studied. In addition to the power represented
by the production of energetic charged particles, which most desirably
would be converted directly into electrical power, that large amcunt of
power that is dissipated by neutrons and radiation must be used. Many
of the neutrons can presumably be trapped in a surrounding blanket con-
taining lithium, for the further generation of nuclear power (about 5
Mev per neutron captured) and regeneration of the tritium burned in the
reaction. A heat cycle will be necessary in order to ccnvert power

from these sources to a useful form.

Geneva Conferences

At the two international conferences on peaceful uses of atomic
energy held in Geneva, Switzerland, in 1955 and 1958, ORNL placed a major
role in providing exhibits to show recent advances in nuclear science
and technclogy in the United States. The first conference emphasized
the peaceful applications of reactor technology, and for this conference
ORNL designed and constructed an operating research reactor of the
"swimming poolh type. The reactor was designed, constructed, and test-
operated at CORNL. It was then shipped to Geneva where it was installed

in a building constructed under ORNL supervisicn at the conference site.
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The complete job of providing the reactor and the building, from initial
design to final public demonstration during the conference, was carried
out in the five months between March and September, 1955.. The Geneva
reactor proved to be a major attraction among the exhibits and was called
"the most beautiful reactor ever built."

For the 1958 CGeneva conference, which emphasized progress in fusion
reséarch, ORNL again assumed responsibility for overseeing construction
of the exhibit building and forkproviding major exhibits of fusion de~

vices, ORNL constructed twe full scale operating models of the DCX

‘device designed for visual diéplay of the basic operating principles.

Through viewing windows, it was possible to see the injected ion beam
andvthe trapped ring during actual operation of the device. Again in
1958, the Geneva exhibits were outstanding aﬁd provided a high point cf
interest during the confefence., As in 1955, the building and exhibits
fpr the 1958 conference were designed, constructed, and opened to the

public in a period of five months.

BIOLOGY AND MEDICINE

Biology — Effects of Radiation on Living Cells

In the field of cytogenetics, it has been found at ORNL that the
presence of oxygen increases the likelihood of chromosome breaks in
living cells, that éuch an effect can be counteracted by a %ariety of
chemicals, and that most of these chemicals seem to protect against
radiation damage by removing oxygen. It has also been found ﬁhat bacteria
can be made to recover from the damaging effects of radiation by post-

exposure treatment consisting of incubation at lower~than-normal
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temperatures in the presence of certain nutritional factors. These
factors can be isolated from meat extract or yeast extract, and appear
to be related to the spleen factor which enables irradiated mice to
recover from X-ray damage.

The photographs show three-of the kinds of radiation effects which
the Cytogenetics Section is using to study the basic.nature of biological
radiation damage and the mechanisms by which it is brought about. The
center of interest is damage to those parts of cells - the chromosomes
and nucleus - which control cellular processes and inheritance. Much
attention is currently being paid to the role of molecular oxygen in
the production of this damage. These studies have given important iaform-
ation about the complex processes by which radiation damage is produced.

In mammalian genetics and development research, it has been estab-
lished that mutation rates in mice are considerably higher than expected
on the basis of Drosophila (fruit flies) experiments, and this discovery
requires reconsideration of the present tolerance dosage for man.

Studies of the effects of radiation c¢n embryonic mice give much inforwma-
tion about the mechanisms of embryonic development, and data obtained
are of considerable importance in determining the possible radiation
effects on women exposed to atomic explosions or other radiation.

Extensive studies on'radiation—induced cataracts and leukemis in
mice are in progress. It has been found that cataracts in mice can be
induced by as little as 15 rep of fast neutrons.

Radioiodine in larger doses depresses or destroys the thyroid gland,
and research at ORNL has shown that this causes a disturbance in the
normal hormonal balance and the thyroid-regulating gland (the pituitary)

undergees a tumorous enlargement. These pituitary tumors are capable
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of growing in hosts whose thyroid function is depressed, and, if un-
controlled; in time they become autonomous cancers. These tumors secrete
therid-stimulating hormones and cause great enlargement nf the thyroid
gland. BStudies are in progress to learn about the factors of initiation
and control of these and other tumors which can be caused by total—body

irradiation or by radioisotopes.

New Regearch Tools

The technique of ion-exchange chromatography, well known in the
field of inorganic chemistry (especially for rare earth separations),
has been applied to the detection of the breakdown constituents of the
nueleic acids, which are polymers approximating the size of proteins and
vhich, like proteins, are largely known through their breakdown products.
It quickly developed that this excellent tool, not before applied to
the problem, could detect many fragments never before considered to be
constifuents of nucleic acids. These new natural products have now
been prepared for further study. They have led to the concept that one
kind of nucleic aeid (ribonucleic acid) has the same general structure
as the other (desoxyribonucleic acid) and not an entirely different one
as previously supposed. Although it is yet to be demonstrated that the
former type (concerned with cell growth and protein synthesis) is con-
verted to the latter (a constituent of chromosomes), or the reverse, it
is still a matter of considerable significance that the t&o types have

s0 similar a basic structure.

Biological Discoveries

These methods have not only revised the concepts of biosynthesis

of nucleic acids but have made possible new approaches to biological
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problems. An additicnal by-product has been the development of methods
for the separation by ion exchange of the neutral sugars by means of
their borate complexes and also of the biologically important sugar
phosphates.

A new phenomenon, the luminescence of green plants during photo-
synthesis, has been discovered. Iuminescence from extracts coming from
luminescent bacteria, a phenomenon searched for by many of the most out-
standing scientists during the last 50 years, has been found in this
laboratory. Stqdies on microbial metabolism have elucidated some of
the mechahisms by which bacteria synthesize certain important compourds.

The Biophysics Group developed new methceds of preparing and measuring
beta~radiation source plagques and obtained much new information on
diffusion of potassium into and out of irradiated erythrocytes. A
difference in the effectiveness of 250 kv X rays and cobalt gamma rays
in céuSing radiation damage has been found. New methods have besn
developed to obtain nucleic acids in practically native condition from
a variety of cells. This highly polymerized nucleic acid showed extreme
sensitivity to X rays very similar to the sensitivity of chromosomes in

vivo.

Radiation~Induced Genetic Damage In Mammals

Large-scale experiments on the genetic effects of radiation in mice
have been carried on for the past 1C years at the 0Oak Ridge National Lab-
oratory. The most recent findings come from two groups of relatively

long term experiments which use two different approaches to the problem
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of genétic radiation hazard.

The first approach is essentially built around this question: "What
basic factors affect the frequency with which mutations are induced by
radiation?"” The second group of experiments centers around the question:
"What do mitated genes do to the individuel and the populatian?”

Using these two approaches,:some of the earlier Oak Ridge findings
have been confirmed and extended. Thus, by ﬁhe first approach, it has
been confirmed that the mutation rate in the mouse'is higher than in
fruit flies; that there is no deérease with time in the probability of
‘transmitting a mutafion; and that the dose-curve drops from linearity
at high doses,‘possibly because,:at these doses, the rate may be measured
in only the more .resistant, surviving cells.

Using the second approach, éarlier results indicating deleterious
effects in first generation offspring of irradiated animals have been
extended to include shortening of total life span and other effects.

New work with chronic gamma radiation has brought two major
surprises. The first comes from extensive data on the induction of
mutations in male mice that indicate that the mutation per total dose
is considerably lower than it was in the earlier Oak Ridge experiments
with aéute X-irradiation. This appears to contradict the’results of
genetic experiments in other organisms where it has been shown that
mutation rate is determined cnly by total dose and is independent of
whether that dose is given over a short or long interval. However,
possible explanations of the results that are compatible with the
orthodox view must be considered.

One possible interpretation is that chronic irradiation at the

particular dose and intensity levels used destroys relatively more
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sensitive cells in the testis than does acute irradiation and that the
mitation rate observed i1s that characteristic of the more resistant
surviving cells. This explanation is similar to that invoksd to account
for the drop in mutation rate at high doses in the acute X-irradiation
experiments. Since this hypothesis is at least plausible, it would be
incautious, at the present time, to reach the sweeping conclusion that
chronic gamma irradiation of males will, at all doses and intensities,
be less effective in the induction of mutation than acute X-irradiation.

| Whatever the final explanation turns out to be, it is apparent
that the measurement of radiation-induced mutation rates in the immature
male sex cells of a mammal is affected by factors that were not anticipated
from the results obtained with the mature sex cells of the fruit fly.
Since it is the immature cell stage that is important in man, these
findings are clearly of vital significance in the estimation of genetic
hazards of radiation.

The second major surprise in the new body of: results is that the

mutation rate found in female mice exposed to chronic gamma radiation
is much lower than that used heretofore as the yardstick for genetic
hazards, namely, the mutation rate obtained from acute X-irradiation of
male mice. The difference could be due to Intensity or quality of

radiation or to sex.

Radiation Protection and Recovery

At the Oak Ridge National Laboratory research has been carried out
on radiation protection and recovery and consists both of basic studies
at the cellular level and methods of protecting irradiated wammals.

These studies may very well be considered to lead to practical medical
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applications, which would be valuable in accidental irradiation from a

reactor or other sources.

Cellular Level

An importaﬁt new finding in protection and recovery at cellular
level is fhe enhancement of rejoining of chromosome bresks by su?plying
energy within a short time after exposure to radiation. This indicates
the feasibility of reducing radiation injury by appropriate treatments
shortly after irradiation. The protective effect of certain chemical
agents varies widely among different species and strains of micro-
‘organisms. In some cells, proteptive compounds actually increase the
yield of radiation-induced mutations; the mechanism and significance

of this effect remain to be determined.

Chemical Protection in Irradiated Mice

Among the many classes of chemicals that have been tested as pro-
tective against radiation damage, the most effect in mice seems to be
the aminoalkylisothioureas and thelr corresponding mercaptoalkylguanidines.
The radiation LD5O/3O days is proportional to the log of the oral dose
of compound up to & maximum of 1500 r for (101 x C3H)Fl mice. Unprotected
mice show an LD50/3O-day value of approximately TOO r. The systems
protected are apparently saturated at 1500 r, and the administration of
additional compound does not further increase the LDSO/3O~days. A max-
imum oral dose of AET remains effective for 6 hours against the acute
lethal effects of 900 r.

Chemical modification of the AET structure established a relation
between protective activity and ﬁolecular structure; the major requirement

for maximum activity is that the nitrogen and sulfur atoms not be
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separated by more than three methylene groups. Thirty compounds con-
forming fo these general requirements varying widely in their chemical
“toxicity have given good 30-day survival when administered before X
irradiation. Although no single mechanism can completely explain the
functions of these compounds in protecting complex mammalian systems,
it seems likely that their main function is the neutralization of the

free radicals formed by ionizing radiation.

Bone Marrow Treatment in Irradiated Mice

Mice given whole-body irradiation near the level that causes 100%
death in'30 days can usually be kept alive if they receive an intravenous
injection of normal, living isologous bone marrow cells after the ex-
posure. Isologous bone marrow transplantation means that the animal
donating the marrow is genetically like an identical twin to the irradia-
ted animal receiving the marrow. Homologous bone marrow transplantation
will prevent acute radiation death but the radiation injury to the immure
system that allows it to grow in the first place (since it is genetically
different from the host) is gradually healed and & new disease complica-
.tion develops called the foreign bone marrow reaction. Homologous fetal
bone marrow was tried and proved to be greatly superior to homologous
adult bone marrow. The radiated mice developed very mild foreign bone
marrow reactions from which they usually recovered. It appears that
fetal tissues will be an important material for study of homotrans-

plantation problems.

Modification of Immune Status of Irradiated Mice

Studies of the antibody response of lethally irradiated mice pre-

treated with MEG or posttreated with isologous bone marrow performed
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1,15, and 30 days after irradiation revealedkthat the recovery rate of
the immune mechanism of mice injected with MEG and then exposed to 950 r
of X rays was almost comparable to that of the mice given 475 r without
other treatment. Lethally irradiated mice receiving forelgn bone marrow
usually undergo a delayed reaction 30-90 days after irradiation. Bone‘
marrow chimeras that survive this reaction for more than 90 days appeaf
normal outwardly but thei: response to antigenie stimulus is subnormal.

The radiosensitive mechanism of antibody-producing cells of normal

mice can differentiate and respond to closely and distantly related

antigens with equal effect, but radiation damage to the mechanism for

recognizing and responding to the more closely related antigen is greater
than to that for a distantly related antigen. From these studies a wealth
of information about trahsplantation Imminity and the passive transfer

of antibody;forming systeﬁs has been derived. Determination of tﬁe
chemical nature of the antigens responsible for heterograft (bone MArrow)
rejection should provide the immunologist with new ways of studying tissue

transplantation.

Modification of Delayed Radiation Effects

Mice of the LAF. and (101 x CE}H)F:L strains were exposed to whole-

1
body 250-kvp X radiation at 10-13 weeks of age with and without concomi-
tant administration of AET or isologous bone marrow or a cowmbination of

the two. The preliminary results of combined treatment with AET and bone

marrow shows that the LD50/3O days was nearly doubled by treatment with
either agent along, and the use of both agents in combination further
increased the LD5O/3O days to 2.5-3.0 times its value in untreated animals.

Comparable protection was also afforded against the life-shortening action
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of radiation, the mean longevity of 30-day survivors being more closely
assoclated with the per cent (fraction) of their 30-day survival than
with the dose of radiation they received. TInduction of leukemia was
also greatly inhibited by AET and by bone marrow. The results of these
studies demonstrate that AET ard bone marrow protect against delayed

effects of radiation as well as against 30-day mortality.

Nucleic Acids, Genes, Viruses, and Bacteriophage

Cell nucleic acids appear to be directly related to both geneticz

" stability and growth of organisms. At ORNL s number of years agc a new
class of mononucleotide constituents of nucleic acids was disccvered.
The continued development of new analytical technigues allows a progres-
sively greater insight into the structure of nucleic acids, their
chemical properties and their susceptibility to specific enzymes.

It has thus become increasingly possible to attack the problem of
'the function of the nucieic acids in relatively simple biological systems,
such as the bacteriophage virus in its host bacterium or in ascites tumor
cells. The appfoach is designed to study biochemical relationships of
the nucleic acids and protein during the synthesis and reproductive
cycle of the virus, the composition of the latter being almost totally
nucleic acid and protein.

It has been demonstrated that during the infection process, with
concomitant virus synthesis, a small but highly active pool of ribonucleic
acid (RNA) serves as a phosphorous precursor, presumably to viral de-
oxyribonucleic acid (DNA). If verified, this would be the first demon-
stration of such a biological precursor relationship. The major portion

of the ribonucleic acid is either inert or turns over much more slowly.
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Agents (for example, chloramphenicol) that prevent the synthesis of virus
deoxyribonucleic acid, but not of cellular ribonucleic acid, have been
used to separate the two events; upon removal of the inhibitor, synthesis
of the former and turnover of the latter are initiated, which permits
study of the interrelationships between these compounds.

The protein synthesis inhibitor, chloramphenicol, has apparently
two effects on RNA metabolism on phage-infected bacteria. If chloramphen-
icol is- added shortly after infection, a new kind of RNA similar to that

found in control cultures is formed but is not degraded. If chlorampheni-

. col is added before infection, the new kind of RNA is not formed. In

both cases, when chloramphenicol is removed, RNA turnéver and DNA synthesis
occur.. RNA turnover is not directly related to DNA synthesié since the
addition of chloramphenicol at later times after infection allows DNA
syntheéis but_stili prevents RNA turnover.

A theory that fits the data is that RNA turnover is intimately
connected to protein synthesis. Thus, as suggested by other investigators,
a new protein must:be formed shortly after infection before new phage
DNA‘can be synthesized. We suggest that once this protein is formed,

chloramphenicol would have no effect on DNA synthesis but would inhibit

“ the RNA turnover associated with'the synthesis of nonmetabolic phage

protein.

Amino Acid Activation and Protein Synthesis

from a consideration of available information, a working hypothesis
of the mechanism of protein synthesis is that is is a four-stage process:
primary activation of amino acids; secondary activation (anhydride ex-

change); transport; and finally polymerization of the active constituents
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to protein. Experiments at the Cak Ridge National Laboratory indicate
that only about ten of the thirty-odd amino acids seem to participate

in the primary activation step. Hence, the secondary activation; or
anhydride exchange reaction, has been introduced as a possible mechanism
for the activation of those amino acids which do not participate in the
primary activation. Sucﬁ anhydride exchanges are not uncommon in biologi-
cal systems, for example, the activation of acetoacetic acid by inter-
action with succinyl-coenzyme A. The biological activation of amino
acids has been measured by the amino acid-dependent exchange of pyro-
phosphate (labeled with radiocactive phosphorous) with adenosine triphos-
phate and has been studied in rat -liver, rabbit liver, mouse aand rat bone
marrow, and chicken erythrocytes. All tissues so far studied carry out
this reaction. The catalysis of the pyrophesphate-ATP exchange ty 13
individual amino acids has been studiled in rabbit liver. Only nine amino
acids, phenylalanine, histidine, tryptophan, valine, isoleucine, cysteine,
methionine, tyrosine, and leucine, were active. This is the same group
that has been found to be active with several microbial extracts, and
this finding adds further‘evidence that these amino acids are the ones
that undergo primary activation. The remaining amino acids may be acti-
vated in another manner, for instance as suggested earlier, by anhydride
exchange. The rather general distribution of the amino acid-dependent
exchange of pyrophosphate with ATP suggests that it may indeed by involved
in protein synthesis. A detailed investigation is being made of several

of the individual amino acid-activating enzymes.

Effect of BExtremely High Gamma Irradiation on Green Plant Photosynthesis

The photosynthesis process in green plants is known to be relatively
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insensitive to ionizing and ultra-violet irradiation. In addition, the
formation of the photosynthetic process (greening) in etiolated plants
upon exposure to light is also (,radiation insensitive. TIn two ORNL
experiments, dosages of 150,000 r of Y/ radiation were necessary to
produce a-temporary inhibition of photosynthesis. After 24 hours green
plants returned to a normal rate of photosynthesis and etiolated plants
had greened normally. In this report are given some analysés on these
irradiated plants fbr the subseduent period which they survived.

Etioclated plants, after'exposure to an acute dose of 150,000 r
.of Y/ radiation, were kept in pdts of soil in & constant environment
vplant growth chamber. For the first two to three weeks the plants
appeared normal, but there was no neW'gfowth except for some general
enlargement of the plant, probably from cell elongation. By the fourth
week, the plants were chlorotic and fungal growth appeared on the dying
leaves. At intervals, the respiration was measured, photosynthesis was
examined by fixation of cluog, and the products of the photosynthesis
experiments were examined chromatographically. The respiration rate
increased at the end of the second week, part of which may have been due
to bacterial-contamination on the dying legves. The trend even after
the second day was away from the normal pattern of sucrose synthesis to
incorporation of dlh into glycine and serine. This same trend had pre-
viously been noted to a lesser degree in green plants immédiately after
radiation. During the last two weeks several substances, such as glutamic

, 1
acid, were not labeled during one hour of exposure of C AO in the light.

2
Though the wheat plants had received a lethal acute dose of radiation,
there was neither inhibition of respiration nor photosynthesis, but

growth was prevented. During the first two weeks after radiation, there
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appeared on the epidermis of the leaves numercus droplets of a gummy
concentrate, which dried as beads and was collected and analyzed. Had
the plants been watered by rain or spray, this phenomenon would not have
been detected, since the exudate would have been washed off. The ex-
creta contained much glucose, glutamine and serine, &s well as substan-
tial amounts of fructose and many other amino acids. The exudation
ceased between the second and third week when the photosynthetic rate
dropped. During the first two weeks after irradiatioﬁ, the leaves
probably accumulated large amounts of the products of photosynthesis,
since the process was not inhibited while growth, which would have
utilized the products, ceased. This accumulation of photcocsynthesis
products may also have been partially responsible for the drop in rate
of photosynthesis and change in the products of photosynthesis.

Between the second and fourth weeks, the plants showed a slow
decline. No definite period of death occurred, rather fungal growth
slowly took over the leaves. This pattern of death in plants is in
marked contrast .to that found with animals exposed to massive dosages

of acute radiation.

Role of Peroxide in Bacterial Metabolism

The mechanism of the oxygen effect on the radiation sensitiviity
of biological material is still unknown. It is therefore of interest
to understand the detailed mechanism of peroxide metabolism in living
ofganisms. To this end, microorganisms are among the most suitable
material for study.

Electron transport enzymes from the strict anaerobe Clostridium

perfringens are being used to study the role of peroxide in the metabolism
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of anaerobic bacteria, with special reference to the mechanism of oxygen
toxicity.

The reduced diphosphépyridine nucleotide‘(DPNH) oxidase of this
organiém has been further characterized with respect to: (1) variety
of H aéceptdrs utilized, (2) inhibitors, (3) ultra-violet inactivation,
(%) kinétics of inactivation by substrate (CPNH), and (5) role of peroxide
in thekDPNH inhibition reaction. The results demonstrate that even
extremely low peroxide concentrations may be toxic to certain anaerobes
and that these peroxide concentrations can be the result of DPNH oxida-~
:tion reactions. The behavior of DPNH oxidase indicates that some enzymes
may show ehhanced sensitivity to peroxide when they are combined with
substrate, reduced,:or "turning over'.

The Relation Between Structure and Activity in Radistion Protection
Sulfhydryl Compounds

The oral administration of mercaptoethylguanidine (MEG) and mercapto-
propylguanidine (MPG) has been shown in this laboratory to reduce radia-
tion damage in mice. Since both compounds mus£ be prepared from their
respecgive thiuronium salts - AET or APT - by neutralization, and since
they are susceptible to oxidation to the less;active disulfides, it
would be obviously advantageous to administer them as the more stable
thiuronium salts either as a solid or in solution. The pH of the animal
is éuch that it could be expected that both AET and APT would be rearranged
to MEG and MPG upon absorption into the body fluids,

Indeed, both compounds were found to be just as effective when given
in this manner, and in addition, it was found. that they were effective
over a longer period of time, since they were’probably absorbed more

slowly. Since there is a relatively wide margin of activity for both
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AET and APT, a series of radiation LD50 experiments at different drug
doses were performed. The elevation of the radiation LDSO is propor-
tional to the logarithm of the dose of drug and APT is more effective

at lower dose levels than AHET. A compound - 3~aminopropyl-N' -methyli-
sothiuronium®BHBr (APMT)— fhat had been found to be very effective at

900 r in screening tests, and to have a very desirable therapeutic ratio
at this level, was subjected to the same test. It was found that APMT
very rapidly saturated whatever sites it was protecting and that even
increasing the drug dose 16 times did not bring about any further in-
crease in the radiation LD5O' These facts illustrate how dependant

the protective activity is on the structure of the compound. The simplest
one, AET, apparently is widely distributed, and small changes in structure
are sufficient to alter the selectivity and distribution of the compounds
markedly.

The period for which a single, maxirum, oral dose of AET or AP re-
mained effective was found by the determination of the radiation LD5O/3O
days at several time intervals after administration of the drug. The
protective activity remained at its maximum for an hour and fell off
with time, until at 5 hours the LD50/3O days was 900 r. An estimate
of the rate of excretion of these compounds indicates that at 9 hours

about 20% of the AET is still present, while the APT was more rapidly

excreted with only about 10% remaining in the animal.

Biophysics Research

Biophysics research at the Osk Ridge National ILaboratory is con-
cerned with the detection and evaluation of radiation hazards and with

protection of personnel from these hazards. The scope of work includes
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all types of radiation hagards to employees in the nuclear energy estab-
lishments and to the general public, including hazards of normal plant
operations, unusual accidents, or military uses of atomic weapons. About
equal emphésis is placed on the three aspects of biophysics research:
detection of radiation, evaluation of the hazard, and protection of
personnel from the damaging effects of the radiastion hazard.

The ORNL biophysics research program is strongly influenced by the
needs of applied‘health physics groups concerned explieitly with the
protéction of CORNL employees and inhabitants of the general area around
ORNI:. Consequently, emphasis is placed on detection and control of
radiation hazards of the type to which personnel in nuclear energy es-

tablishments are most likely to be exposed.

Radiation Protection for Employees

In health physics, research has covered a wide field, ranging from
the development of new radiation-detection and monitoring instruments
to studies éf the‘distribution of radiocactive waste materials in the
environment of White Osk Creek, into which low-radicactivity waste
solutions are drained. The protéction of Laboratory employees from
radiation hazards is a routine service carried out so well by the health

physics groups that since the Laboratory started operation in 1943

there has been no known case of injury to a worker resulting from radia-

tion exposure.

Radiation Detection Instruments

_'In carrying out and improving its program of radiation protection
for employees, the lLaboratory developed new instruments for the detec~

tion and measurement of radiation. Many of these instruments have been
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adopted for use at other AEC installations and are being manufactured
from ORNL designs by private industry.

A scintillation counter developed for radiation monitoring proved
so sensitive that with modifications it has been adapted to prospecting
for uranium fvom a low~-flying airplane. Other very successful instruments
have béen a portable neutron survey instrument, underground radiation
detectors for use in core drillings, and a "pocket screamer"” that sounds
an alarm when the wearer has received the maximum.permissible.radiation

exposure.

Civilian Defense Contributions

A method of adapting army field water-purification equipment to
the removal of radicactive contaminants has been developed as a part
of the health physics program. The successful adaptation of standard
city waler-purification procedures to the removal of radioactive material
from a water supply has also been demonstrated.

New items qf protective equipment for use at the Laboratory and in
civilian defense against atomic bomb attacks have been developed at
ORNL and made available for widespread distribution to civilian defense
centers. The constant improvements of radiation-detection instruments
to give good service under rough use has provided several simple and
reliable instruments that are now being manufactured by private industry

under an agreement set up by the Atomic Energy Commission.

Waste Disposal Research

In sceking to improve the control of radioactive materials released
into an area surrouanding radiochewmical processing plents, it was decided

to concentrate liquid wastes by evaporation. The first radiochemical
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waste evaporator was designed and operated at ORNL. This philosophy of
concentrating radiocactive wastes for storage by evaporation has since

been adopted at other AEC installations.

Basic Research

Fundsmental health physics research hag been successful in providing
new information relating to permissible radiation exposure and to the
effects of radiation on body tissues. A "permissible internal dose" for
radioisotopes ingested by breathing or eating has been proposed by ORNL
health physicists and established as a standard national code for radia-
tion protection. In addition, basic researchkhas resulted in the develop-
ment of satisfactbry instruments for the measurements of dose rate of

fast and thermal neutrons.

Interaction of Radiation with Matter

Electron Attaschment Studies

Most measurements by the health physicist of absorbed radiation
dose require gas-filled counters complying with the Bragg-Gray principle.
A knowledge of the number of electrons which become captured while
crossing the gas under the influénce of an electric field makes possible
an evaluation of the effects of electronegative gases in the operation
of proportional counters, Geiger-Mueller Counﬁefs, and ionization chambers.
An apparatus was developed at the Laboratory for the purpose of measuring
attachment coefficients of electrons to various gases. Typical results
from this apparatus give the reqpired information in suitable form
for practical applicatiorn. Further interpretation of the results yields
basic information regarding the probability for the excharge of vibrational

energy by collisions between molecules.
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Electron Transport and Slowing Down

Determination of the spectra and spatial distribution of electron
flux in solids is important for eétablishing the potential damage to man
from beta-emitting isctopes. Measurement of the energy spectrum of
electrons in a solid containing a uniformly distributed P32 source has
been made using a solenocidal beta-ray spectrometer. The depth dose
distribution due to electrons incident on a solid has been measured and

is of importance in determining the possibility of beta burns from

external exposure and in interpreting beta dosimeter readings.

The Physics of Tissue Damage

The concept of Information Theory has been applied in this Labora-
tory to the mathematical study of radiation damage to living organisms.
The role of noise in the genetic specificity message has been investigsted
and has resulted in a general treatment of survival from this point of
view. An equation relating radiation injury, dose and recovery, orig-
inally suggested by H. A. Blair, has been derived by application of these

_ideas.

Characteristic Energy Losses by Charged Particles in Matter

Experimental and theoretical researches on the energy loss of charged
particles in matter have been carried out. Discrete losses by fast elec-
trons traversing metallic foils have been observed and have been attrib-
uted to the excitation of plasma oscillations of electrons in the conduc-
tion band of the metal. The observed values of the energy loss per unit
path length in the foil agree well with theories of the plasma effect.

A theory of the effect of the boundaries of the foil upon the plasma
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losses has been developed.

Fast-Neutron Dose Calculations

The difficult problem of estimating the energy released by neutrdns
in their passage through living‘tissue has been solved rather accurately
by the "Monte Carlo” method. This mathematicél technique involves cal-
culating, step by step, possible paths of neutrons through the tissue in
such a way that the interactions, occurring along a large number of such
paths (2000), will be a statistically reliable sample of the reactions
'occurring under actual irradiation. Such calculations are important for
understanding and pfedicting biological effects of irradiation, which

in turn are important for establishing standards of protection.

Instrumentation and Dosimetry Development

Radsan Fast Neutron Dosimeter

Around reactors and accelerators there is often an aéute need fer
an instrument which will measure the fast neut;on dose in»the presence
of gamma radiation. The "Radsan" instrument,developed at dRNL“givéS';
é direct measure oftfast neutron dose and is essentially insensitive
to gamma rays at rafes less than 5 r/hr. It is suitable for radiation
protection measureménts and for fesearch in radiocbiology, neutron physics,

and shielding.

Neutron Threshold Detector System

Ancther very important development in the measurement of neutron
dose in the presence of high gamma fields is the threshold detector
technique. It employs a series of foils which respond to neulrons above

¢ertain eneérgy levels. The amount of induced activity in the detectors
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is determined with scintillation counters. Differecnces in the fluxes
indicated by the foils give a measure of the spectral distribution of
the neutron flux. This method works well for high intensity neutron
bursts and in high gemma fields and may be accomplished under conditions
where other methods, e.g., the ionization chamber and proportional counter,

would lead to questionable data.

Beta-~Ray Dosimeters for Persomnel Monitoring

An ORNL-developed personnel dosimeter system for beta radiation
has many applications. These pocket chambers, in conjunction with the
standard Victoreen chambers, permit accurate measurement of beta-ray
dosage for personnel monitoring. The chambers are nearly energy inde-
pendent and are calibrated in water solutions of several beta-emitting
isotopes.

Another dosimeter of the general size and shape of a wrist watch
has been developed to measure the radiation exposure to the hands. The
device is rugged; easily and cheaply fabricated, and records the exposure
from soft beta radiation which normally escapes detectiorn, and from X-
rays and gamma rays as well. General use of this dosimeter will enable
a more gareful assessment of beta-ray exposure to be made, which in turn
will do much to reduce the hazard of beta burns on the hands of workers

in atomic energy and related programs.

Applications

Instruments developed in the Radiation Dosimetry Section have been
extensively applied in measurements iﬁ Applied Health Physics, and in

radicbiological experiments.
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Radiation Dosimetry for Human Exposures

A most important applicatidn of radiation dosimetry is accurate
determiration of the neutron bombings of Hiroshima and Nagasaki. A
correlation of the doses received with their medical effects will lead
to the important goal of establishing maximum permissible:levels of
exposure of ﬁan to radiation. A far-resching program ét ORNL involves
continued liaison with the Atomic Bomb Commission in Japan and participa-

tion in weapons tests to determine structure shielding.

X-Ray Dosimetry

Radiation doses to the skin and gonads of patients during routine
diagnostic X-ray procedures have’been determined for various techniques
and equipments. The doses vary widely with technique and are tabulated
as functions of filtration, cone or diaphragm, size, distance, kilo-
voltage and milliamp seconds. The data obtained have been used to deter-
mine the gonadal dose from occupational médical exposure of employees
of the Qak Ridge National Laboratory. A method has been initiated for

determining this dose from all medical sources.

Human Tissue Studies for MIC Detefmination

One of the most important problems of Health Physics:is the estabf
lishing of maximum ﬁermissible qqncentration‘(MPC) values of radioactive
materials in the body and in air, water, and food. A knowledge of the
distribution of stable trace elements in the human body is of great
value in this connection, because the principal organ of deposition for
a radionuclide is the same as for the stable isotope. During the past
several years spectrographic analysis has been performed for 37 elements

in 35 human tissues from about 300 autopsies {rom nine cities in the
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USA and from fifteen foreign countries. In addition to their application
in determining MPC levels, these data are proving to be of value to studies

of cancer and heart disease.

Internal Dosimetry of Uranium in Man

The potentiai large-séale industrial use of uranium as a source of
power has led to concern about the hazard to man from chronic or accident-
al exposure to this element. Valuable data on the excretion of uranium
and its distribution in the body tissues has been obtained from thé
injection in terminal brain tumor patients at the Massachusetts General
Hospital; where the potentialities of uranium-neutron capture therapy

in the treatment of inoperable brain tumors is being studied.

Radioparticulate Inhalation Studies

In order to evaluate the hazard of airborne particles of uranium,
preliminary measurements of the retention of inhaled uranium in dogs
have been made. Data obtained in this way will be of great interest
for the determiqation of MPC values for airborne uranium in man's environ-

ment.

Radiocactive Wastes and Environmental Studies

Water Decontamination Studies

An extensive program of research and development on decontamination
of radiocactive water supplies for civilian and military use and work on
related problems was begun in 1949. The U. S. Public Health Service,

U. 5. Army Corps of PEngineers, Tennessee Valley Authority, and graduate
students from several universities cooperéted in these studies. The

general purpose was: (1) to define the sources and significance of
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radioactive contaminants in water supplies; (2) evaluate conventional,
nonconventional, and modified water treatment processes for the removal
of radiocactive matefials from water; and (3) to develop effectiveyaépli—
cations of these pfbcesses for the decontamination of water supplies and
loﬁblevel radioactive wasfes. Most of the experimental work was completed
in 1954,
In experimental laboratory and pilot plant studies of conventional
~methods of water treatment the effiéiencies of various processes singly
or in combination ranged from zero to 99 per cent in the removal of in-
-dividual radionuclides or mixtures of radicactive materials from water.
The ion exchange process, where applicable, is one of the most efficient
methods for removing radiocactive contaminants from water supplies. By
co-precipitation in‘the lime-soda softening process strontium was removed
with efficiencies of 95 to 99 pef cent or higher.

In studieé of nonconventional water treatment processes, phosphate
coagulétion removed up to 98 per cent or more of radiostrdntium and mofe
than 9Q per cent of most other radiomuclides studied. Efficiency of de-
contamination in water treatment plants can be increased by modified
pre-tréatment procedures, as by fhe addition of clay for removal of
cesium, or of metallic dusts for absorption of certain other radionuclides.

Akthorough~evaluation of military mobile water treatment equipment
was completed in 195k. It was found that the several military field
units, including coagulation and filtration, ion-exchange, and distilla~-
tion, éould be operated routinely with éatisfactory efficiencies and

without undue radiation exposure of operating personnel.
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Aerosol Studies

Basic studies of aerosols have been carried out in cooperation with
the U. S. Army Chemical Corps. This work has contributed greatly to an
understanding of aerosol kinetics and has been helpful in meeting problems
of personnel protection and off-gas decontamination. A diffusion battery
was developed which is applicable for determining the size of homogeneous
particles from molecular dimensions to radii of about 0.3 micrans;
however, battery construction difficulties essentially limit the method
to particles under 0.1 micron radius. The Naval Research Laboratory
photoelectric particle size meter (Owl) was automatized to provide con-
tinuous recording of the size of homogeneous particles in the range of
0.1 to 0.2 micron radius. This instrument was useful, particularly in
étudies of particle generator characteristics. A modified LaMer type
aerosol generatgr improved upon the stability and homogeneily of particles
produced in the submicron to several micron range. An improved model of
the Wilson cloud chamber particle counter, based on Green's (Britain)
apparatus, was developsd which could enumerate particles as small as
10“'3 micron radius. An ordginal development was a lead shot-column
particle sizer to speed up determinations of the size of aerosol particles.
Another accomplishment was the establishment of an optimum particle size
for meximum filter penetration which has aided in filter design prcblems.
It was found that the maximum penetration in fiberglass and sand filters

resulted from particles of about 0.2 to 0.5 micron radius.

Ecology Program

Nuclear power programs are expected to produce, in addition to

high-Jlevel wastes, large volumes of low- and intermediate-level wastes.
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It may be possible to release some of these to the natural environment.
The purpose of the Ecology Progfam is to provide data which will aid

in the determination of safe release concentrations. Data are being
obtained on the distribution and movement of fission products in soil
and.food chains, on their ultimate concentration in plants and animals,
and on the long~-term ecological effects of thesé concentrations.. Many
investigations are being carried out in the drained White Oak Lake bed
and in the enviroms of the radiocactive waste pits with their significant

concentrations of Sr9o and Csl37.

Ecological Research

Ecological studies at ORNL are mainly in the contaminated White
Oak Lake Bed that was formerly the radiocactive waste impoﬁndment area
and now 1s one of the truly uniqﬁe tracts of land in the world. Twelve
years bf low-level waste impoundment have resulted in terrain that
contains more strontium-90 and cesium~137 than any comparable land now
know. Average concentrations of strontium-90 are about 400 millicuries
per acre and those of cesium~12T7 range up to 20 curies per acre. In
addition, there are significant concentrations of cobalt-60, ruthenium-~
106, éerium—lhu, and the trivalent rare earths. The presence of these
materials in the so0il makes the tract suitable for studies of the dis-
tribution and uptake of these fission products by both naturaloand
cultaivated vegetation. Radiation fields in excess of 100 times natural
background make the area suitable for studies of the long-term effects
of low-leyel radiation on plant and animal populations.

Majdr'iiieldAecology research effort has been applied to the

further characterization of the complex physico-chemical soil system;
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to the characterization of the natural flora and fauna developing on the
lake bed; and the determination of concentrations of strontium-90 and
cesium~137 in the so0ill, in the natural vegetation, and in corn grown in
the bed.

The first.results of the corn analyses indicate that the concentra-
tions of cesium-137 may differ betweén the various plant organs. The
ratios of cesium-137 to potassium indicate a considerable discrimination
against cesium-137. Preliminary analyses of strontium-90 concentrations
in these plants indicate less discrimination against this radionuclide
than for cesium~137. The evidence also indicates that strontium is
differentially deposited in the various plant organs, with the highest
concentrations being found in the leaves.

Preliminary trapping studies have shown that several spscies of
mammals have moved onto the lake bed. Since the radiation field over
the ground surface averages above 0.5 roentgen per day plus additionsal
exposure due to ingestion of contaminated food materials, it is believed
that there is opportunity here o obtain information on long-term effects

of low, continuous doses of radiation.
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TRATINING  AND EDUCATION

As one of the Tirst research establishments to undertake a major
nuclear energy program involving large quantities of radiocactive
materialé, ORNIL has, from its very beginning, devoted much: attention’
to training and education_in the fields of nuclear science and technol-
ogy . Major activities have included the original training of personnel
to operate the Hanford produection paltn, the early postwar training
of personnel from private industry in reactor technology, and the subse-
dquent operation of formal training programs in the Oak Ridge School of
Reactor Technology and in Radiological Physics.

A program of research participation for university faculty members
is conducted; and, in cooperationiwith the QOak Ridge Institute of
Nuclear Studies, a program of graduate training is offered. A
Traveling Lecture Program Jointly sponsored by ORIN3 and ORNL provides
speakers: from ORNL's scientific staff to visit southern universities
and colleges for lectures to students and faculty on recent scientific
advances. From time’to time, speciélized short courses are offered by
ORNL to meet parﬁicular needs.

Also, ORNL accepts employees from private industry and other
government agencies to receive on-the-job training by working with
ORNL research and development groups. The highly successful operation
of the OCak Ridge School of Reactor Technology was discontinﬁed at the
end of the 1957-58 school year; since 1t appeared by then that
adequate educational opportunities.were availaﬁle thrbugh the uni-

versities and colleges. Training in reactor technology is continuing
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on a limited scale to meet special needs for advanced training or for
concentrated short courses in specialized areas such as reactor operations
and reactor hazards evaluation.

Also as a part of its training and educational activities, ORNL
participates in the preparation of scientific reference books and
handbocks on various phases of nuclear science and technology, in
consultation with foreign countries on nuclear energy programs, and
in the evaluation of, or assistance with, reactor construction projects.
Special conferences on nuclear energy are often held on a regional,
national, or international basis. Many regional conferences are spon-
sored by ORNL, while for the national and international conferences,
the Laboratory often plays a major role in providing reports, displays

or exhibits.

Barly Postwar Program

One of the early postwar programs at the Laboratory was a
training school, which operated for ome year in 1964 and 1947 as a
nuclear-technology school for scientists interested in entering the
new field of atomic energy. Approximétely 40 scientists from universi-
ties and industry attended the training school, including several who
are now among the best-known figures in the American atomic energy

effort.

Oak Ridge Schocl of Reactor Technology

The success of the training school gave impetus to the plans for
establishing a full-fledged training program. In 1950, the Oak Ridge
School of Reactor Teéhnology started operation on a permanent basis.

The first "interim' class while the school was getting started included
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18 students from governmental agencies and industry. Subsequent class
enrollments for the one-year course have been 46, 68, 80, 7k, 8L, 88,
and 111 making a total of 569 engineers and scientists who successfully
completed the full program. About 75 additional people attended portions
of the-program.during this period. The original program was discontinued
with the gradustion of the 1956-1957 class. A two-part program composed
of six months of fundamentals in a cooperating university and six
months of advanced reactor technology at ORSORT was initiated in March
1957. The participating universities are Carﬁegie Ingtitute of Tech-
nology, Case Institute of Technology, Northwestern Univérsity, Union
College, University of California at Los Angeles, and the University
of'Florida. The first two cooperative classes numbered 69 and 50.
Applications for the 1958-1959 class were much fewer in number, and
it was decided that university and colleges were meeting the major
educational needs in this field.

A small but important by-product of ORSORT is the preparation
of University faculty members for teaching in the nuclear field. Bach
year, the ORSORT faculty is augmented by several loanees from various
universities; after 6-12 months, these men return to the universities
prepared to take active parts in the growing nuclear programs on the
campuses.

In the summer of 1957, ORNL offered a special 8 weeks institute
in reactor physics under the Jjoint sponsorship of the AEC and the
American Society for Engineering Education. This advanéed COUI'Se was

attended by 14 university teachers and 7 representatives. of industry.
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Research Participation Program

Another program which contributes to the tralning of university
faculty members as well as to the Laboratory's research is the research
participation program, under which faculty members work on research
projects with established ORNL groups during the summer when they are
not teaching. The faculty members learn as they work, and quite
frequently are able to make noteworthy contributions to the research
from their own experience. The exchange of ideas is beneficial to all
concerned. Under this program, research participants from the universi-

ties work at ORNL each summer.

Graduate Study Program

The cooperative program carried cut with the Oak Ridge Institute of
Nuclear Studies (ORINS) allows university graduate students to do
their thesis research at the Laboratory, contributing to the research

program as well as to their own education.

Traveling Lecture Program

The traveling lecture program is alsc carried out in cooperation
with ORTINS. GSpeakers on uncalssified scientific subjects are supplied
from the Laboratory staff to speak to technical groups at universities

according to arrangements made cooperatively with ORINS.

Education and Training Activities

In cooperation with Vanderbilt University during the pericd 1953~
1957, ORNL has trained 108 people under the U. S. Atomic Energy
Commission's Radiological Physics Fellowship Program. Approximately

80% of these fellows are now engaged in health physics activities.
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Two International Courses in Health Physics have been conducted by
ORNL personnel, one at Stockholm; Sweden, in 1955 and one at Mol, Belgium,
in 1957. These were sponsored by the World Health Organization and the
U. S. Atomic Energy Qommission. There were S1 participants from 29
countries. A course in Health Physics was conducted by members of the .
Health Physics Division of the Ozk Ridge Natiénal Laberatory at the Centre
D'Etudes Nucleaire, Mol, Belgium, and was attended by 27 students from
19 countries. The course, sponsored by thé World Health Organization, the
Atomic Energy Commission, and the Oak Ridge National Laboratory, extended
over a five-week period and covered much of the same material presented
to the AEC Fellows in Radiological Physiecs plus elements of reactor theory
as applied to the study of reactor safety. The Belgium course did much
to widen the field of Health Physics in Burope where the people associated
with the nuclear energy developments are anxious to obtain information on
radiation protectionAand the training of health physicists.

A special short course (eight weeks) in Health Physics Fundamentals
was offered at ORNL in 1958 to fill an immediate need for personnel
who have some understanding of the nature, scope and ﬁagnitude of
Health Physics problems. The course included formal classroom work
concurrent with Applied Health Physics Training.

Numerous individuals and groups from industry, universities, the
U. S. Armed Forces, and from ORNL, have been tfained during this
period. The Health Physics personnel from the Neutilus received much

of their training here.



ISOTOPE PRODUCTION

Radioisotopes

The Atcmic Energy Commission's isotope-distribution program was
inaugurated in 1946 with the first radioisotope shipment to a non-
project user. The Lsboratory had been the main source of supply for
radioisotopes to meet research needs during the war, and was established
by the AEC as the center for radioisotope production and distribution.
Radioisotopes have proved very valuable in a wide range of uses, from
industrial applications in such devices as thickness gauges, to research
programs using radioactive tracers, and therapeutic treatments where the
radiation from radioactive atoms has been used in combating cancer.
Radioisotopes have been called "the most valuable research tool sirnce
the invention of the microscope.” Since 1946, the number of radioisotope
shipments has increased greatly each year; the total number of shipments

through April 1953 was U3,572.

Stable Isotopes

The calutron units used for separation of uranium isotopes on a
production scale at the electromagnetic plant have been adapted to the
separation of the isotopes of other elements, and a stock of those
naturally occurring stable isotopes has been built up, and is available
for research uses under the isotope~distribution plan. Stable isotopes
can be traced by their mass differences, and are extremely useful in
tracer studies where it is undesirasble to use radicactive atoms. Also,
stable isotopes provide excellent sources for preparing certaln pure

radioisotopes. When ordinary iron is irradiated with neutrons, two
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radioisotopes, iron-55 and iron-59 are formed from the stable isotopes‘
present; By.using a separated stable isotope for the irradiation,
iéther,pure iron-55 or pure iron-59 can be prepared without contamina-
tion by the other. Approximately 50 elements have been processed for
isotope separation, and the total number of separated isotopes now
available from these elements is 185. Through April 1953, 1,759 ship-

ments of stable isotopes were made.

Radioisotopes Separétions Development

The expanding use of radioisotopes has resulted in increased
efforts to develop new processes and new products. The production ami’
sale of separated and analyzed short-lived radioisotopes made by irradi-
ating target materials in high-flux zones 1s a major program.. Since
1953, 26 shoft-lived new radioisotopes have been made available as
analyzed products. These products range in half-life from 12.4L hours
to 19.5'days.

Processes for the recovery and purification of radiocactive gases

were developed. Typical products are 5.3-day xenon-133, 35-day argon-37

cand 10.27-year krypton-85. Small quantities of xenon-131 are produced

for research activities at ORNL. Todine-129, with a half-life of
17,000,000 years, is recovered from the scrubbers for the off—gas

from dissolution of irradiated uranium. The iédine—129 can: be

used as essentially a stable isotope or as a farget material for the
production of 12.5-hour iodine-130 by neutron irradiation. An improvéd
process for the recovéry of phosphorus~32 uses highly purified sulfur as
the target material; the excesé sulfur is vacuum distilled from the

rhosphorus-32 product in gquartz eguipment. The product has a high
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purity and low total solids. Improved techniques have been developed
for the preparaticn of tritium-zirconium targets for use with particle
accelerators to provide monoenergetic neutrons for research purposes.
Radioisotopes with much higher specific activities than can be
obtained by irradiating naturally occurring elements are being produced
by using target materials obtained from the stable isotope separations
program. A particular example is the production of chromium-51 with
a specific activity of about 15,000 millicuries per gram of chromium.
The target material is chromium in which the chromium-50 isotope has
been enriched from the naturally occurring 4.31% to more than 75%.
This development has been of particular interest in medical applications.
Development has continued on improvement of processes for the re-
covery of fission products from waste solutions. Processes for the
recovery and purification of Cs-13T, Te-99, Np-237, and Pm-147 were

developed.

Isotope Production

During the period 1954 to 1957, radioisotope sales increased 400%
in terms of annual total number of millicuries shipped while unit
production costs per millicurie sold were reduced 76%. In the calendar
yvear 1957, the Laboratory made over 104,000 shipments containing a total
of 375,000 curies of radicactivity. These reduced unit production
costs in spite of increasing "costs of living" have permitted the
Commission to pass the benefits of increased production to the customers
in unit price reductions. Prices for cobalt-60 were essentially cut

in half in 1957.
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The conversion of a major portion of the steble isotopes distri-
bution program from'a loan to a sales basis has permitted recovery of
a substantial porticn of production costs.

Radioisotope source production increased almost 600% from 195k
to 1957 in the total number of curies shipped while the activity per
average individual source increaSed almost 300%. This expansion took
place during a time when permissible radiation exposure tolerances for
the production personnel were reduced by T5%. In keeping with this
trend more heavily shielded processing facilities with advanced remote-~
operating techniques were built. A manipulator cell with 3 feel of
barytes concrete as:shielding and equipped with master-slave menipula- .
tors and a lead glass viewing window was constructed to hahdle greater

o gquantities and highér specific activities of cobalt-60. Up to 10,000
curies at one time can be handled safely in this cell.

A plant for the separation of short-lived fission products was
built to operate at a capacity of 400 curies per month. This plant
extracts fission products with half-lives of 12 to &0 days. Typical
products are 4O-day ruthenium-103, 65-35-day zirconium-95-niobium-95,
12-day barium-140, 53-day strontium-89, and the rare earths 32-day
cerium-141, 1ll-day neodymium-147, 1lh-day praseodymium-143, and 58-day
yttrium;9l. Completion of the new fission product pilot plant will
allow the production of up to lOO)OOO-curie quantitiés of long-lived
separated fission products. Typiﬁal uses arekteletherapy sources of
cesium-137, cerium-14k, or ruthenium-106, small batteries fowered by
promethiumﬁlhT, and corrosion protection by techneltium-99, an element
not found in nature. This pilot plant will also permit the testing

of separation processes at plant levels of radioactivity to accumulate
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information that could be used in designing a megacurie~level separation
plant.

Remote source-fabrication technigues and egquipment have been
developed. The radioactive powder 1s compressed into dense pellets
by a remotely operated hydraulic press. A remotely operated welder
which seals stainleés steel source capsules by a fission weld under
blanketing inert gas was developed and is used routinely to seal sources
containing cesium-137 chloride.

Another outgrowth of the fission product plant program is the
developmént of large shielded carriers to transport fission product
waste solutions from other locations to ORNL for test runs in the
pilot palnt. A prototype unif'of 250 gallons capacity was built and
tested by transferring waste from the Idsho Chemical Processing Plant
to ORNL. Based on the data obtained from this transfer, six tanks
of 500 gallon capacity are being fabricated.

A cobalt-60 irradiation facility has been constructed to use
radiographic and teletherapentic sources which are stored at ORNL
prior to sale. The heat released by the 200,000 to 300,000 curies

in storage is removed by air flowing around the storage tubes.

Special Isotopes Services

During the early part of the period from 1953-57, while essentially
all enriched stable isotopes were distributed on a loan basis, it was
noted that considerable waste of valuable isotopic material was result-
ing from losses when researchers unfamiliar with the technigues of
qu?ntitative chemical recoveries prepared their targets. In numerous
cases more than half the sample was lost during conversions of target

preparations.
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It appeafed that considerable savings to the overallzprogram could
be effected if ORNL were to provide certain SPecial services in con-
nection with some df the target fabrication énd other reléted needs.
Not only would there be a reduction in the amount of isotope used (and/
or lost) per target, but there would be available a service for many
usérs who perfer not to héve to prepare their own targets.

Since the inception of this program, the number of special
services performed on a cost~recovery basis has increased‘until it now

comprises about 15% of all stable isotope shipments. There is a wide

‘variety of techniques and services available and the items prepared

have run the gamut from a 1 mg/cm2 electroblated unsupported copper
foil to lb-kilogram targets of elemental lithium-6 and 7. In general,
isotopes from inventpry may be converted to more desirable chemical
compounds ; large and small coupons of many elements can be made by
powder metallurgy techniques; thin foils are vacuum~evapo¥ated, rolled,
or électroplated; wires have been drawn and thin metallic strips fabri-
cated. And upon completion of each service, there is available a
competent isotope chemist to assure efficient recovery of any unplated,

unconverted, or unreduced material.

86~-Inch Cyclotron Isotope Production

Marked reductibns_in the cost of cyclotrpn—produced isotopes have
been achieved; for éxample, the cost of arsenic-Th has been reduced.
£en—fold in the past two years. ’This positron-emitiing isotope is now
being used in the détection and iocalization of brain tumors.

Formerly, arseﬁic—?h cost $200 per millicurie; it is now available

cormercially as a biological preparation at only $20 per millicurie.
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The price includes the full cost of cyclotron operation as well as the
processing costs at the pharmaceutical laboratory (Abbott).

Cost reductiong are made ﬁossible by the highbperformance of the
ORNL 86-Inch Cyclotron. This machine accelerates large currents of
protons to about 25 Mev. The arsenic isotope is produced by bombarding
germanium with protons, a current of 200 microamperes is used on a
water~cooled target. The yield is now approximately 15 millicuries
per hour. With the increased success in the use of the: isotope as a
diagnostic tool, the production of arsenic-Th has been increased to a

rate of over 2000 millicuries per year.

Calutron Production Improvements

Improvement s in calutron ion sources have made possible the electro-

magnetic separation of isotopes that could not previously be vaporized
nd ionized sufficiently well for calutron processing. For example,

rare carths were processed as soon as suitable charges became availasble -
but only after development of the M-14 source. Separations of the
platinum-palladium group were the result of development of the bombard-
ment-heated source. The production rate achieved in the separation of
isotopes of these four elements was approximately five times that pre-
dicted through use of the more conventional cathode-sputtering source
types. In general, production rates of elements previously separated
can be increased by proper choice of ion source. A two~fold increase
in separation rates for chromium and calcilum resulted from development
- of the modified Alpha-2, M-56, and modified grid ion sources.
Ancther technique for increasing isotope separations is the

"

simultancous collecliocn of certain "side-band" isotopes such as those
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of nickel and copper which results in an overall increase in productivity
per calutron tank hour. In this case, 106 grams of copper isotope were
separated as a "by—productf of a nickel collection, simply by adding
copper to the charge material and providing proper collectors.

Improvements in methode of cooling receiver pockets has increased

-the retention of material to such an extent that productivity shows

marked improvement even for a fixed ion output. Silver and magrnesium
isotopes show a two-to five~fold increase in collection rates as a result
of this development.

The separation of high-purity samples provides a real service for
research,'but such special separations would be ekpeqted to be at the
expensé of production rate. High—purity L16 and LiT, however, are
noteworthy exceptions to this geheral rule. ’Improvements in isotopic
purity without loss in production rate are at times achieved by
unusual operating techniques and equipment design. The increase in
purity of selenium, for example, was achieved through use of alcohol
for refrigeration of the calutron components; the increase in cadmium
purity resulted from the use of inter-pocket shielding and improved
operating techniques.

Extension of the use of graphite collector pockets to replace
copper in all possible instances has reduced chemical processing time.
Quidk assay can be obtained and used as a basis for pocketl combinations
prior to complete recovery and sample processing. The quick assays

have also made possible intra-run control of the separations.

Separation of Plutonium Isotopes

The electromagnetic separation of the plutonium isotopes was

239 2Lko

successfully undertaken. Gram guantities of enriched Pu s Pu 3
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PPl yere separated with maximum purities of 99.8%, 92.2%, and £2.0%,

and
respectively. The feed plutonium used was obtained from the NRX reactor
at Chalk River, Canada. To obtain isotopes of higher purity, plutonium
is beinghighly irradiated in the MIR to achleve a feed of optimum
isotopic distribution. Also, a high resolution isoctope separator has
heen developed. The products of the isotope separation program are

distributed on a Commission-wide basis for cross-section measurements and

other basic research uses.

High Resolution Isotope Separator

A new isot pe separator developed for heavy-element-isotope
work, and also for research with cyclotron or reactor-produced radio-
nuclides, gives large separation factors and high efficiency with relatively
small amounts of feed material. This unit, which has the same mass
dispersion and uses the same megnetic gap and shims as the Beta
calutron operates satisfactorily at a feed rate of approximately
one milli~mole of element per hour with an efficiency of 5—10%. in
one test, U235 (0.7% normally abundant) was enriched to 88% purity. Tae
enrichment factor was 1000, a factor of ten greater thaﬁ obtained with

conventional high enrichment calutrons.





