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FOREWORD 
". . . Our work and our investigations are constant reminders of how much 
more we need to do and to learn. Therefore, in the nuclear field we continue 
to put great emphasis on research . . . our National Laboratories across the 
country are busy exploring many basic phenomena of nature and delving 
deeper and deeper into the heart of the atom. Indeed, one of the most fasci
nating aspects of this whole field of nuclear energy is the extreme range of 
the work—for while we develop nuclear propulsion to take us to the stars and 
at the same time analyze the cosmic rays that come from them, we also explore 
the very nature of matter, the very substance of the stars, of ourselves and all 
that exists. I t is a most exciting field and a most exciting time to be working 
in it." 

—DE. GLENN T. SEABORG, Chairman 
U.S. Atomic Energy Commission. 
In an address upon visiting 
Bangkok, Thailand 
January 10,1967 
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PREFACE 
The Atomic Energy Commission's respon

sibility for research and development in nurtur
ing the Nation's nuclear energy program is 
twofold: (a) to foster the growth of basic 
scientific and technical knowledge, and (Ъ) to 
promote the beneficial applications of the knowl
edge thus attained. Toward the end of providing 
a public accounting of its conduct of this dual 
responsibility, the Atomic Energy Commission 
annually publishes two reports: "Fundamental 
Nuclear Energy Research," and the "Annual 
Report to Congress." I n this, its "Fundamental 
Nuclear Energy Research—1967," the A E C re
ports on some of the more significant advance
ments that have been made recently in the basic 
research and exploratory development work 
conducted in the areas of biomedical and en
vironmental sciences, the physical sciences, and 
nuclear reactor technology. This report is a sup
plement to the "Annual Report, to Congress for 
1967" * in which the AEC reports upon the 
specific activities and programs it conducted 
during the year for the purpose of applying the 
beneficial aspects of nuclear energy for the good 
of civilization. 

This report is not a complete review of the 
AEC's overall fundamental nuclear research ef
fort. The several thousand research tasks as
signed to its contractors and laboratories are too 
broad and too varied to be discussed in a single 
volume. Thus, this volume only briefly summar
izes some of the more noteworthy advancements 
currently being made—many of a purely basic 
nature, some on an exploratory development 
phase, and a few at the beneficial application 
stage. 

The pace of today's basic research effort is 
swift and efficient and more often than not, it 
is conducted as a team-effort involving members 
of several scientific and/or technical disciplines. 
Experiments are set up with engineering skill 

1 Publicly available mid-February 1968 under the title 
"Major Activities in the Atomic Energy Programs—-January-
December 1967" from the Superintendent of Documents, U.S. 
Government Printing Office, Washington, D.C. 20402. 

and the results of individual trials can, in some 
instances, be matched with related knowledge 
and theory already stored in computer banks. 
Modern communications and travel make pos
sible the interplay of ideas and results between 
individuals and groups on a current basis. Thus 
the chain of knowledge necessary for a scien
tific "breakthrough," however big or small, is 
forged effectively and quickly. In the area of 
nuclear energy especially, very little new basic 
knowledge "sits on the shelf" for long; in fact, 
at times, exploratory development on the appli
cation of an experimental objective may begin 
before all the details of the new knowledge have 
been fully attained. As a result, some of the ad
vancements in fundamental nuclear research 
that were reported in prior editions of this re
port may be recognized as current project-
oriented applications in the "Annual Report to 
Congress." 

AEC-fostered research in the fields of biol
ogy and medicine is aimed toward determining 
the various effects of radiation on the life proc
esses so that effective precautionary and reme
dial measures can be developed. However, in 
many instances, the basic knowledge of a par
ticular aspect of life—human, animal, or 
plant—has not yet been attained through con
ventional biomedical research. For this reason, 
much of the biomedical work sponsored by the 
A E C is on a two-step basis: first, to evolve a 
knowledge of a specific life process itself, and 
then, second, to determine the manner and effect 
of radiation interactions. Thus, some of the 
biological-medical-environmental advances re
ported here may, at first glance, appear to have 
little immediate bearing on the atomic energy 
program. 

Several hundred individual studies are men
tioned in this report. Those that are "high
lighted" on the next 9 pages are considered as 
representative samples of the progress being 
made under AEC-sponsorship in the field of 
fundamental nuclear energy research. 

v 
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Part One 

BASIC PHYSICAL RESEARCH PROGRAMS 

HIGH ENERGY PHYSICS 

"Quark Model" 

• Calculations have been made to test the new 
"quark model" based upon the existence of three 
particles which may have fractional electric 
charges and which may be the fundamental con
stituents of matter (p. 4). 

Interference Theory 

• An interference model has been developed to 
explain the experimentally observed features of 
high velocity collisions between two types of 
particles—pions and nucleons (p. 5). 

Electromagnetic Radiation 

• Interpretation of very high energy experi
ments conducted at electron accelerators have 
confirmed the theory that electromagnetic ra
diation manifests several forms upon interac
tion (p. 5). 

K-Meson Cross Section Measurements 

• A number of new enhancements, possibly 
"resonant" particles, have been discovered by 
measuring the total cross section for K" and K+ 

mesons on protons and deuterons (p. 8). 

Discovery of New Strangness -1 Particles 

• A new photoproduction method has resulted 
in the discovery of two new members of the Y* 
family of particles (p. 9). 

possible to obtain mesons produced at 0° to the 
forward direction (p. 11). 

Beam Magnet Improvements 

• Superconducting beam magnets have been 
developed which produce magnetic fields two to 
three times greater than the 20 kilogauss limit 
for iron pole beam magnets (p. 12). 

Photon Spectrometer 

• A unique tool, which employs the conversion 
of photons into electron-positron pairs, has been 
developed to analyze the spectrum of a beam of 
high energy photons (p. 16). 

MEDIUM ENERGY PHYSICS 

K- and Pi-Mesonic X-rays 

• K-mesonic atoms of lithium, beryllium, 
boron, and carbon have been identified (p. 21). 

LOW ENERGY PHYSICS 

Nuclear Lifetimes Using Doppler Shift 

• A combination of the Coulomb excitation 
process and Doppler shift is being applied to 
the study of nuclear lifetimes in the 10 pico
second (10-11 of a sec.) range (p. 27). 

New Radioisotope, Helium—7 

• One particularly significant result of nuclear 
reactions induced by tritons from a three-stage 
tandem Van de Graaff accelerator is the dis
covery of the nucleus, helium-7 (p. 31). 

External Proton Beam Iodine Clock 

• The successful extraction of the proton beam • . Radioactive iodine, alive in the early times 
directly into a large experimental hall makes it of our solar system, but now completely died 
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out, has brought forth the discovery that an 
extinct radioactivity clock can be extremely 
usef ui in dating other events in the early solar 
system (p. 35). 

CHEMISTRY RESEARCH 

Improved Particle Identifier System 

• New techniques of measurement have re
sulted in the discovery of nuclei of boron and 
lithium never before identified. These include 
boron-14, boron-15, and lithium-11. Many other 
details of important nuclear reactions are being 
unraveled by this method (p. 38). 

Improved Cross Section Measurements 

• Lithium-drifted germanium detectors have 
recently been applied to new measurements of 
neutron activation cross sections, which are used 
in activation analysis of a wide variety of mate
rials. The new techniques permit more rapid 
analyses at lower cost because no chemical sepa
rations are necessary (p. 40). 

Electronic Structure of the Actinides 

• Major advances in spectral interpretations of 
the electronic structures of the actinide elements 
have been made at a number of AEC labora
tories using computer programs to make theo
retical calculations (p. 42). 

Mössbauer Spectroscopy of Iron in Coal 

• The iron-57 isotope has been used in Möss
bauer spectroscopy to give new information 
about the chemical composition or state of com
bination of iron in native coal. This information 
is expected to be useful because it is related to 
problems of ash and clinker formation, waste 
disposal, and of possible pollution control 
(p. 54). 

Penta-Covalent Silicon 

• All ordinary compounds of silicon have a 
valence of four. That is, each silicon atom is 

chemically bonded to four other atoms. Re
cently, a compound of silicon showing a valence 
of five has been prepared and its structure deter
mined for the first time. This opens up a new 
field of silicon chemistry of considerable theo
retical and possible practical interest (p. 57). 

Structure and Properties of Molten Salts 

• New experimental and theoretical investiga
tions, including the development of laser-excited 
Raman spectroscopy, are providing improved 
understanding of the compositions and struc
tures of fused salts (p. 60). 

METALLURGY AND MATERIALS 

Channeling of Charged Particles 

• In experiments on channeling, iodine ions of 
50 Mev. energy were found to pass through gold 
crystals and emerge with discrete energy bands 
(p. 66).. 

Radiation Effects in Nickel 

• Normal grain boundaries in nickel have been 
observed to absorb defects created during neu
tron irradiation more readily than twin bound
aries (p. 69). 

Thermal Expansions at Low Temperatures 

• A device has been developed for measuring 
temperature-induced length changes of the 
order of 1 percent of the average spacing 
between atoms in the solid—10 times better 
than previously possible (p. 71) 

Tunneling Between Superconductors 

• A new superconducting phenomenon has 
been discovered involving electronic tunneling 
between superconductors (p. 73). 

Electron Spin Resonance 

• A new electron spin resonance technique has 
been developed and used to study the excited 
states of impurity atoms in crystals (p. 77). 
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Polarized Neutron Beam Research 

• A new limit for the electric dipole moment 
of the neutron has been established by neutron 
scattering of a high flux beam of neutrons 
(p. 81). 

SuperplasKcity in Metallic Materials 

• Recent observations on superplasticity in 
metallic materials point to a plausible explana
tion for this phenomenon, namely the appear
ance and growth of new grains and the constant 
motion of grain boundaries during stretching 
(p. 83). 

TRIP Steels 

• A new high-strength-high-ductility material, 
TRIP (transformation-induced plasticity) 
steel, has been developed (p. 87). 

CONTROLLED THERMONUCLEAR 
RESEARCH 

Stellarator 

• For the first time, a high temperature plasma 
has been contained in a low-beta toroidal device 
without the existence of anomalous diffusion 
(p. 95). 

Astron 

• The Astron device achieved magnetic field 
reversal of a few percent which represents a 

NUCLEAR SAFETY RESEARCH 

Primary Vessel Integrity 

• Brittle-fracture tests on the highly irradi
ated pressure vessel of the PM-2A demon-

significant step toward proving the feasibility 
of the Astron concept (p. 98). 

MATHEMATICS AND COMPUTERS 

Processing of Pictorial Information 

• Two devices to assist in the computer process
ing of line drawings employing novel high
speed digitally controlled analogue circuits have 
been developed under AEC sponsorship. The 
machines are relatively cheap and offer the pos
sibility of considerably simplifying the opera
tions of computer graphics (p. 104). 

Fluid Dynamics 

• A method has been developed for calculating 
the circulating motion which occurs when a 
layer of compressible heat-conducting viscous 
liquid is heated from below. This type of 
phenomenon occurs frequently in nature. As a 
result, the work is of interest to scientists in 
many fields (p. 107). 

Erythron Behavior 

• Important information concerning the gener
ation and maturation period of red blood cells 
has been discovered as a result of a mathe
matical model which was developed to simulate 
the behavior of such blood cells and their pre
cursors (erythrons) (p. 107). 

strated that the degree of design conservatism 
in establishing a margin of safety for the vessel 
was much more than adequate. The vessel did 
not test fail until subjected to conditions that 
were much more severe than those predicted by 
prior analysis (p. 114). 

Part Two 

REACTOR TECHNOLOGY PROGRAMS 
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Containment Integrity 

• Blowdown of water and steam from small 
pressurized vessels in the LOFT and CSE proj
ects is providing confirmation of the analytical 
methods for determining the pressure transient 
resulting from stored heat energy in the water 
coolant. Likewise, experiments conducted at 
laboratories on small samples of metal-clad fuel 
are providing basic data on the amount of addi
tional energy to be expected from metal-water 
reactions (p. 123). 

Design for Seismic Loading 

• A study of four separate reactor designs is 
being made to develop improved antiseismic 
designs. These designs describe reactors which 
can withstand a range of severe vibration and 
displacement loads due to earthquakes com
bined with loads which may be caused by 
reactor accidents (p. 124). 

REACTOR FUELS AND MATERIALS 

Coated-Particle Fuels 

• A mathematical model relating irradiation 
performance of carbon-coated fuel particles for 
high-temperature gas-cooled reactors to their 
physical characteristics has successfully pre
dicted particle stability in use. In addition, the 
substitution of propylene for methane as a coat
ing gas in the carbon coating process has mark
edly reduced the required coating time and 
temperature (p. 134). 

Radiation Effects on Stainless Steels 

• In a series of in-reactor creep tests on type 
AISI 304 stainless steel, over the temperature 
range 400-760° C, it has been discovered that 
neutron flux has little effect on dynamic creep 
rate but does consistently shorten the time to 
failure. Careful examination with electron mi
croscope discloses that this loss of ductility is 
due to the formation of metallic carbides pro

moted by neutron irradiation and possibly by 
radiation-induced gas atoms (p. 139). 

Graphite Sublimation in Reactors 

• Studies of the sublimation of structural 
graphite from a high-temperature gas-cooled 
reactor by the corrosive action of oxidant im
purities in the helium coolant have determined 
factors controlling the rate of loss. If the cool
ant flow rate, geometry of the system, and pres
sure are maintained constant, the reaction rate 
of loss is a function of the temperature and 
oxidant concentration (p. 147). 

Electromagnetic Testing 

• A significant new development in eddy cur
rent testing of reactor tubing has been the dem
onstration of a technique for simultaneously 
displaying the location and size of a flaw on an 
oscilloscope. This display, similar to a radar 
display of a cross section of the tube, indicates 
the relative magnitude and positions of the 
flaws, whereas previous eddy current displays 
had been in the form of blips on an oscilloscope 
(p. 155). 

REACTOR PHYSICS RESEARCH 

ZPR-3 Assembly 48 

• A plutonium-fueled critical experiment of 
special interest to fast reactor physicists, des
ignated Assembly 48, was constructed in ZPK-
3. The reactor core was designed to be similar 
to that of a very large power reactor in its neu
tron energy spectrum, yet simple enough in the 
arrangement of its constituents to permit de
tailed analysis (p. 158). 

High Burnup Studies of Pu«1 and U233 

• Irradiations of the fissile isotopes uranium-
233 and 235, and plutonium-239 and 241, to
gether with measurements of the resulting 
changes in reactivity caused by depletion of the 
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fissile isotope, have disclosed a depletion pattern 
which indicates that, on the average, the cross 
sections of daughter products do not differ from 
the cross sections of the original fission products 
after 500 hours of irradiation (p. 164). 

Capture and Fission Cross Sections 

• An experiment in which the neutron capture 
and fission cross sections of U233 were measured 
simultaneously over the neutron energy range 
of 0.5 to 100 ev. was performed successfully, 
yielding the first direct measurements of the 
capture cross section ever made (p. 167). 

Pulsed Research Reactor Studies 

• In studies of concepts for high-performance 
pulsed fast research reactors, a peak power of 
some 20,000 megawatts for about 60 microsec
onds appears to be feasible. The neutrons gen
erated during these power bursts would provide 
an intense source for neutron physics research 
(p. 176). 

REACTOR INSTRUMENTATION 

Fluidic Temperature Sensor 

® A fluidic temperature sensor, specifically de
signed for operation in a high radiation and 
high temperature environment, has been de
veloped and successfully demonstrated. This in
strument senses the temperature of the fluid 
and generates an output pressure signal propor
tional to the fluid temperature (p. 183). 

Carbon Meter for Liquid Metals 

• An instrument to provide a continuous meas
ure of carbon activity in flowing sodium, for 
use in liquid metal-cooled fast breeder reactors, 
has been under development. This meter will 
be particularly important, since sodium can 
change the carbon content of the structural 
materials it contacts enough to seriously impair 
their mechanical properties (p. 184). 

Digital Computer for UHTREX 

• A digital computer, programmed to perform 
a variety of recording, checking, calculating, 
and operating functions, has been incorporated 
in the high-temperature gas-cooled graphite re
actor, UHTREX. This computer checks over 
600 temperatures and pressures every 15 sec
onds and checks the position of all valves in the 
system each second, recording the data and 
sounding an alarm if any changes take place 
which endanger the system. The computer also 
handles the fuel loading process, opening and 
closing valves in a prescribed sequence to load 
fuel when requested to do so by the operator 
(p. 185). 

HEAT TRANSFER AND FLUID DYNAMICS 

Heat Transfer Through Rod Bundles 

• It has been concluded that for the flow rates 
normally encountered in liquid-metal heat ex
changers, heat transfer coefficients obtained ex
perimentally with only one test rod may be ap
plied directly to commercial exchangers, where 
all rods in the bundle are transferring heat 
(p. 188). 

Boiling-Inception Superheats 

• Investigations of the conditions under which 
a liquid-metal reactor coolant might inadver
tantly boil, should there be a flow stoppage or 
sudden insertion of reactivity, have shown that 
alkali metals must reach very high superheats 
before initiation of boiling, which then tends 
to occur "explosively" with rapid oscillation in 
fluid temperature and pressure. There is a 
slight, but noticeable increase in this boiling 
initiation superheat with repetition in a series 
of runs (p. 190). 

Turbine Blade Erosion Studies 

• By using a novel technique for high-speed 
impingement of liquid potassium droplets of 
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known size against a wedge of pre-chosen ma
terial, information has been obtained which 
pertains to the rate of erosion of high-speed 
turbine blades. Likewise, by running a super
sonic turbine for a stated time period in wet 
potassium vapor, it has been determined that 
while damage does occur to the turbine blades, 
it is not sufficient to cause serious deterioration 
of the turbine performance (p. 192). 

FUEL PROCESSING DEVELOPMENT 

Centrifugal Extractor 

• Centrifugal extractors of a new design are 
now separating plutonium and uranium from 
radioactive fission products. The new extractors 
have replaced conventional mixer settlers, in 
which the two phases are separated by gravity. 
Because the centrifugal separation is much 
faster, the holdup time of the process solutions 
is 50 times shorter than in the mixer-settler 
equipment (p. 198). 

Ion Exchange Method 

• Ion exchange membranes have been devel
oped to continuously concentrate and purify 
aqueous solutions of metal ions. Several small 
concentrating units have been built and success
fully tested to concentrate uranium solutions 
(p. 198). 

SELECTED BENEFICIAL APPLICATIONS 

Treatment of Diseases 

• Techniques have been perfected to synthesize 
human insulin for the first time. The perfection 
of such techniques is an important event in ef
forts to understand body processes and opens 
new avenues for research on diabetes (Fig. I I I -
3, p. 220). 

la- Fast Breeder Process Development 
ich 
>e(j • Investigations have indicated that existing 
er_ reprocessing plants, using well established sol-

t vent extraction methods, can probably be modi-
j. fied for processing the spent fuels from fast 

gg breeder reactors. Also, it appears that the re-
motely operable sol-gel process for fuel refab-
rication can be readily adapted for use as an im
portant step in the fuel cycle (p. 199). 

Thermal Fuel Burnup Analysis 

• A more accurate method for measuring the 
percentage of uranium and plutonium which 
has fissioned in a spent fuel element has been 
developed by measuring the amount of a specific 

• non-volatile, low neutron cross section fission 
t product produced within the fuel. Neodymium-
ich ^ ^ a s ^ e e n ^ o u n ^ *° meet these requirements 

for a burnup indicator (p. 205). 

ler 
DIRECT ENERGY CONVERSION 

Development of Adsorption Cesium Reservoir 

el- • A new high-temperature adsorption cesium 
:fy reservoir has been developed for operation with-
all in thermionic converters. Consisting of a nrnlti-
ss- plicity of small elements to which cesium ad-
>ns heres, the reservoir contains a relatively large 

amount of cesium in a small volume (p. 210). 

Diagnostic Uses of Technetium-00™ 

• Technetium-99m a radioisotope, has been 
shown to be as useful as radioactive iodine-131 
in the diagnosis of abnormal conditions of the 
thyroid gland (p. 222). Eetention of techne-
tium-99m in the kidney has also proved to be a 
useful characteristic for making good scans 
without unduly high radiation dose to the kid
neys (p.224). 

Port Three 

BIOLOGICAL MEDICAL AND ENVIRONMENTAL RESEARCH 
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Plant Research SOMATIC EFFECTS OF RADIATION 

• Recent work in plant seedlings has shown 
that lower doses of radiation from neutrons are 
required to reduce growth comparable to the 
reductions induced by higher doses of gamma 
rays. Okra seeds were used in the experiment 
(p. 227). 

INSTRUMENTATION 

Scanning Electron Microscope 

• A newly developed scanning electron micro
scope has achieved a series of highly magnified 
photographs of living flour beetles. This ap
pears to be one of the first times that living or
ganisms have been visualized by electron micros
copy (p. 230). 

RADIOLOGICAL PHYSICS 

Dosimetry in Cell-Sized Volumes 

• Measurements of energy deposition in sam
ple targets which simulate living tissue (ten-
millionths of a centimeter thick) indicate that 
a maximum of 100 to 110 thousand electron 
volts of energy can be deposited by energetic 
protons in a cell one ten-thousandth of a centi
meter in diameter. This is about 20 percent more 
than previous estimates (p. 233). 

CANCER RESEARCH 

Cancer Therapy 

• Implants of radioactive chromium wire in
troduced into cancer patients by means of a spe
cial injection "gun" have had results promising 
enough to deserve more attention (p. 235). 
• Needles containing californium-252 show 
some promise of becoming a new method for 
treating cancer. Dose rate measurements are 
now underway before biological studies begin. 
Patients will not be treated until preliminary 
trials in animals show this to be a safe tech
nique (Fig. III-16, p. 236). 

Aging in Germ-Free Mice 

• In tests with germ-free mice, investigators 
have found that the absence of detectable 
micro-organisms does not increase the maxi
mum length of life, but does increase the num
ber of mice reaching "old age." This suggests 
that aging cannot be prevented by exclusion of 
micro-organisms from the environment (p. 244). 

Reproduction in a Life Study Herd 

• A bovine herd is under a life-time study to 
observe the effects of radiation on: (a) fertil
ity; (b) growth and viability of the calves; 
(c) pathological response in the cows; and (d) 
performance of the offspring by sire groups. 
Information acquired to date does not demon
strate that wholebody irradiation at levels of 
200, 300, 400, and 600 roentgens has had an 
effect on the total reproductive performance of 
this herd (p. 252). 

TOXICITY OF RADIOELEMENTS 

Neoplasms in Miniature Swine 

• The biological effects of daily ingestion of 
various levels of strontium-90 in miniature 
swine have been under investigation since 1958. 
To date, 53 cases of lymphopoietic (lymph-
forming tissue) or hematopoietic (blood-form
ing tissue) neoplasms have been observed in 
animals ingesting 250 to 625 microcuries of 
strontium-90 a day. Four of these swine had 
multiple bone tumors in addition to indications 
of leukemia. Most cases occurred in animals in
gesting 125 microcuries a day. This amount is 
more than 100 times greater than the limits set 
for workers in atomic energy industries 
(p. 254). 

Plutonium-238 Lung Deposition 

• Whole body counters are being studied for 
their usefulness in determining deposition of 
plutonium-238 in the human lung. At one lab-
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oratory, it was concluded that the detection of 
a lung burden of plutonium-238 (0.016 nano-
curies or 16 billionths of a curie) could be de
tected with existing equipment and that with 
some refinements in equipment, one-half this 
amount could be detected (p. 257). 

COMBATING RADIATION'S DETRIMENTAL 
EFFECTS 

Protective Agents 

• In tests of three chemicals for reduction in 
dose factors, one, ME A (mercaptoethylamine), 
was superior to the others in protecting mice 
from lethal irradiation of the head region while 
the rest of the body was protected by a lead 
shield (p. 261). 

RADIATION GENETICS 

Studies With Synchronized Cells 

• Better synchronization of stages in a cell's 
cycle during periods of pre- and post-deoxyri-
bonucleic acid (DNA) synthesis has been at
tained in cell cultures. With these refinements, 
it has been noted that most responses to X-ray 
vary greatly depending on the stage of the cycle 
at which the cell is irradiated (p. 266). 

Radiosensitivity and Chromosome Volume 

• Work with plants has shown that a direct 
proportionality exists between the radiosensi-
tivity of herbaceous plants and the volume of 
the chromosomes at the interphase stage of di
vision in the cells of such plants. Continuing 
work extended to other forms of life, ranging 
from viruses and bacteria to the higher animals, 
has ПОЛУ shown that: (a) similar relationships 
between chromosome volume and radiosensitiv-
ity exist; and (b) that these relationships can 
be used to classify all the forms studied thus far 
in seven distinct groups (p. 268). 

MOLECULAR AND CELLULAR LEVEL 
STUDIES 

DNA Replication and Repair in Human Cells 

• In studies of the synthesis of deoxyribonu
cleic acid (DNA) in cultured human cells, a 
new technique has shown that after irradiation, 
synthesis of DNA occurs in a manner completely 
different from that in normal unirradiated cells. 
This synthesis after irradiation may be a part 
of a repair process that eliminates some of the 
radiation-induced damage to the cells' genetic 
material. This is the first evidence to come to 
light for the repair of genetic damage by human 
cells (p. 272). 

Protein Synthesis in Development 

• A study has shown that the removal of the 
nucleus from a developing egg (frog embryo) 
has no effect on the rate of protein synthesis. A 
conclusion is that although the nucleus must 
provide the utimate control of growth and 
synthesis, the expression of the genetic charac
teristics coded in the nucleus does not necessari
ly occur as a simple, timed sequence of events 
(p. 276). 

Purified Viruses for Vaccines 

• Ultracentrifuge rotors are being used to ob
tain large amounts of purified viruses for use 
in new vaccines. Several common cold viruses, 
as well as influenze virus, Rauscher and Moloney 
leukemia viruses, and bacteriophages have been 
obtained in a highly purified state using the 
ultracentrifuge (p. 279). 

ENVIRONMENTAL RADIATION STUDIES 

Cycling of Radioactive DDT in a Marsh 

• Translocation and accumulation of DDT 
labeled with a radioactive isotope have been 
studied in a freshwater marsh. Results have 
shown that DDT is rapidly translocated 
through the marsh ecosystems and is rapidly 
accumulated by many organisms of which 
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aquatic plants are the greatest accumulators— 
taking up 3,000 times the concentration applied 
initially 3 days before (p. 284). 

Ecology of Tick Vectors of Disease 

• Kadioactive labeling of ticks has been 
achieved and the method is giving promise of 
being a useful technique for studying the trans
fer of a number of diseases that plague man
kind (p. 285). 

ATMOSPHERIC RADIOACTIVITY AND 
FALLOUT 

High Altitude Sampling 

• A new high altitude rocket sampling system 
designed and developed by the AEC and the 
Department of Defense marks a significant in
crease in altitude range over that attainable by 
balloon sampling for atmospheric radioactivity. 
An option in sampling altitudes allows selection 
of one of three essentially equal altitude incre
ments between 150,000 and 250,000 feet or an 
integral sample taken over this entire range (p. 
293). 

Iron—55 in Man and the Biosphere 

• Iron-55 has increased from a minor fraction 
of fallout to the most abundant of all fallout 
isotopes since the 1961-62 nuclear tests. The 
study of the transfer of iron-55 and its concen
tration in the biosphere is of interest because 
iron is an essential element to many organisms 
and it is easily measured in almost all living 
organisms. The weak radiation associated with 
the iron-55 decay produces an extremely small 
radiation exposure as compared even with the 
normal potassium-40 content of the body (p. 
295). 

ATMOSPHERIC SCIENCES 

Plume Rise Variables 

• Theoretical studies of smoke plume rise have 
led to conclusions that the rise depends mostly 

upon buoyancy and momentum, and only some
what on the temperature of the surrounding air 
(p. 299). 

Aircraft Sampling 

• Measurements of atmospheric tracers using 
aircraft have shown an expected limitation on 
the upward plume growth when there is warmer 
air above. The effects of terrain variations on 
the plume growth have been observed. Mixing 
caused by mountains masks the mixing from 
ordinary surface roughness and that due to con-
vective activity, and the usual seasonal and day-
to-night differences in concentrations are con
siderably reduced. Deviations in plume paths 
over large distances as a result of large terrain 
obstructions have also been observed (p. 305). 

SEMICONDUCTOR DETECTOR 
APPLICATIONS 

In-Vivo Plutonium-239 Mapping 

• A technique has been developed to determine 
the depth of plutonium contamination in a 
wound and an in vivo probe has also been de
veloped for use in surgical removal of embedded 
plutonium (p. 325). 

Blood Flow in Brain 

• Miniature semiconductor detectors have been 
developed for the purpose of studying blood flow 
in the interior of the brain. They have been 
semi-permanently implanted in the brains of 
experimental animals, and after injection of 
radioactive rare gases, clearance patterns of the 
radioactive material give valuable information 
about blood circulation patterns in the vicinity 
of the detectors (p. 328). 

Brain Tumor Localization 

• A semiconductor detector probe has been 
developed with which the boundaries of brain 
tumor sites can more accurately be determined 
(p.329). 



CONTENTS 

Part One 

BASIC PHYSICAL RESEARCH PROGRAMS 
Page 

BASIC PHYSICAL RESEARCH 2 
HIGH ENERGY PHYSICS 3 

Theoretical Research , 4 
"Quark Model" - 4 
Low Energy Pion Emission 4 
Interference Theory 5 
Electromagnetic Radiation . . 5 
Regge M odel and High-Energy Scattering 6 

Experimental Research 7 
Strong Interactions 7 

Proton-Proton Elastic Cross Sections 7 
K-Meson Cross Section Measurements 8 
Nucleon-Nucleon Scattering 9 
Discovery of New Strangeness — 1 Particles 9 
Principle of Microscopic Causality 10 

Electromagnetic Interactions 10 
Wide-Angle Electron Pair Production 10 

Weak Interactions 11 
Invariance Studies 11 

Accelerator Technology - 11 
Beam Developments 11 

PPA External Proton Beam 11 
SLAC Positron Beam . 11 
ZGS Fast Extraction System 12 

Spark Chambers 12 
Streamer Spark Chambers 12 

Superconducting Magnet Development 12 
Beam Magnet Improvements 12 
SLAC Superconducting Coils 14 
Bubble Chamber Magnet 14 

Bubble Chamber Development 14 
SLAC 40-Inch Bubble Chamber 14 
Heavy Liquid Bubble Chambers 15 

Spectrometers : 16 
SLAC Spectrometers 16 
CEA Photon Spectrometer 16 

Data Analyses 17 
Spark Chamber Film Scanner 17 
Precision Encoding and Pattern Recognition 17 
Digital Automatic Pattern Recognition 19 

MEDIUM ENEEGY PHYSICS 21 
K- and Pi-Mesonic X-Rays 21 
Nuclear Shapes and Sizes - 22 

Low ENERGY PHYSICS 25 
Nuclear Theory 25 

Non-Spherical Light Nuclei 25 
Charged Particle Physics ._ 26 

Study of Excited States of Nuclei 27 
Nuclear Lifetimes Using Doppler Shift 27 
Resolution vs. Energy in Detectors 28 
Fission Cross Section of Am242m 30 

xv 



XVI FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

BASIC PHYSICAL RESEARCH—Continued Page 
New Isotope, Copper-69 31 
New Isotopes, Helium-7 31 
Negative Helium Ion Source 31 
Analog States in Barium Isotopes 32 

Neutron Physics 33 
Spin Dependence of Nuclear Forces 33 

Atomic and Classical Physics 34 
Quadrupole Moment Correction 35 
Iodine Clock 35 

CHEMISTRY RESEARCH 37 
Nuclear Chemistry 38 

Alpha Particle Reactions on Calcium 38 
Improved Particle Identifier System 38 
New Theory of Nuclear Structure 39 
High Energy Fission Studies 40 
Improved Cross Section Measurements 40 

Heavy Element Chemistry 41 
Electronic Structure of the Actinides 42 
New Isotopes of Heavy Elements. 43 

Radiation Chemistry 44 
Silica and Silica-Alumina Gels 44 
Pressure Effect on Hydrated Electron : 45 
Nanosecond Pulse Radiolysis 46 
OH, The Free Hydroxyl Radical 47 
Excited Molecules in the Liquid Phase 47 
Photochemistry of Complex Ions 48 
Radiolysis of Liquids 49 

Theoretical and Structural 49 
Characterization of Orbitals 49 
Energy Transfer in Ion-Impact Mass Spectra 50 
NMR Studies of Proton Exchange 52 
Sound Attenuation in He3-He4 Mixtures 52 

Analytical Chemistry 53 
Fast Neutron Activation Analysis for Ole 53 
Effects of Radiation in Chemical Analyses 53 
Mossbauer Spectroscopy of Iron in Coal . 54 

Physical Chemistry 55 
Reactions of Gases on Metal Surfaces 55 
Electrolysis at High Current Densities 55 

Inorganic Chemistry 57 
Penta-Covalent Silicon 57 
Structures of P -N Compounds 58 
Analytical Uses of Sodium Perxenate 58 

High Temperature Studies 59 
Reaction of Graphite and Hydrogen 59 
Solutions of Metals in Molten Salts 60 
Structure and Properties of Molten Salts 60 
Metal-Oxygen Systems 61 
Liquid-Liquid Immiseibility 61 

Isotopic Geochemistry 61 
Radiometric Age Dating 62 
Sources of Uranium 63 

METALLURGY AND MATERIALS 65 
Radiation Effects 66 

Channeling of Charged Particles 66 
Interactions With Crystal Lattices 67 
Radiation Damage and Lattice Defects 67 



CONTENTS XVII 

BASIC PHYSICAL RESEARCH—Continued Page 
Radiation Damage in MgO 69 
Radiation Effects in Nickel 69 
Interstitial Atom Behavior in Germanium.. 70 

Temperature Effects 71 
Thermal Expansions at Low Temperatures 71 
Low Temperature Mobility of Polar Ions 71 

Superconductivity 72 
Defect Studies in Superconductors 72 
Superconducting Currents 72 
Tunneling Between Superconductors 73 
Superconducting Transition Temperature 73 
Thin-Film Superconductors 74 

Magnetic Properties 75 
Magnetic Properties of Rare-Earth Metals 75 
Nuclear Magnetic Resonance 76 
Magnetic Ordering 77 
Electron Spin Resonance 77 
Magnetic Susceptibility of Alpha- Uranium 78 
Ferromagnetic Films 78 

Neutron Diffraction 78 
Atomic Vibrations in Diamond 79 
Polarized Neutron Beam Research 81 
Uranyl Nitrate Dihydrate Structure 81 
Neutron Monochromators 82 

Plastic Deformation 83 
Dislocations in Ordered Alloys 83 
Superplasticity in Metallic Materials 83 
Hydrogen Embrittlement of Metals 84 
Effect of High-Pressure Hydrogen 85 
Ductility of Polycrystals 86 
TRIP Steels ' - 87 
Creep at High Pressure 88 

Ceramic Materials 89 
Nonstoichiometric Oxides 89 
Microstructure in Ceramics 90 
Glass-Metal Bonding 91 
Defects in Plutonium Oxide 91 

CONTROLLED THERMONUCLEAR RESEARCH 93 
Fusion Requirements 93 

Plasma Confinement Experiments 93 
Low-Beta, Open-Ended Systems 93 
Closed Line Systems 95 
High-Beta Plasma Research 98 

Supporting Research 101 
Recent Noteworthy Advances 101 

MATHEMATICS AND COMPUTER RESEARCH 103 
Computer Development 103 

Processing of Pictorial Information 104 
Mathematics Research 105 

Algebraic Study of Stopping Variables 105 
Monte Carlo Method . ._ 105 
Linear ProgrammingJnteger Problems 105 
Fuel Cycle Model 106 
Erythron Behavior 107 
Age Distributions 108 

Programming Research 108 
Interactive On-Line Computation 108 

27*5-845 O—68 2 



XVIII FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

Part Two 

REACTOR TECHNOLOGY PROGRAMS 
Page 

NUCLEAR REACTOR RESEARCH AND DEVELOPMENT. . . . 110 
NUCLEAR REACTOR SAFETY RESEARCH 111 

Fundamental Objective 111 
Theoretical Accident Sequence 112 
Dual Approach 112 
Fission-Products Release 112 

Water Reactor Safety 114 
Primary System Integrity Studies 114 
Loss-of-Coolant Accident Studies 116 
Power Excursion Phenomena 118 
Fission-Product Behavior 120 
Containment Integrity 123 

Fast Reactor Safety 124 
Fast-Reactor Meltdown Program 125 
Research on Sodium Fires 126 
Fission Product and Contamination Control 126 
Chemical Reactions in Fast Reactors 127 
Transient Testing of Fuel 127 

Gas-Cooled Reactors 128 
Steam-Graphite Reaction Studies 128 
Experimental Site Study 128 

Other Safety Activities 129 
Information Dissemination . 129 

REACTOR FUELS AND MATERIALS ._• 131 
Metallic Fuels 131 

Thorium-Uranium-Zirconium Alloy 131 
EBR-II Fuel Surveillance 132 

Ceramic Fuels 133 
Stoichiometry Effects in Oxide Fuels 133 
High-Temperature Conductivity of UO2 134 
Coated-Particle Fuels 134 
New Uranium Mononitride Nuclear Fuel 137 
Electronic Structures and Properties 137 

Reactor Materials 138 
Radiation Effect on Materials 138 

Radiation Embrittlement of Iron 138 
Radiation Effects on Stainless Steels 139 
Fracture Mechanics Studies 141 
Creep in Vanadium-Base Jacket Alloys 141 
Helium-3 Surface Activation Analysis 142 
Thermal Conductivity of Graphite 145 

Corrosion Effects on Materials. 145 
High Temperature Corrosion in Helium 145 
Corrosion in Liquid Metals 145 
Graphite Sublimation in Reactors 147 

Fabrication Studies 148 
Fabrication and Study of Refractory Metals 148 
Deformation in Zirconium . 150 
Sintered Aluminum Products 150 
Coextrusion of Fuel Elements 151 

Nondestructive Testing 153 
Ultrasonic Testing .153 
Electromagnetic Testing 155 



CONTENTS XIX 

NUCLEAR REACTOR RESEARCH AND DEVELOPMENT—Continued Page 
REACTOR PHYSICS RESEARCH 157 

Integral Measurements 157 
ZPR-3 Assembly 48 158 
Analysis of Fast Fission Cross Sections 159 
Inelastic Neutron Scattering Measurements 159 
Zoned Core Concepts 160 
Doppler Effect Measurements 160 
Sodium Void Effect on Reactivity 162 
Resonance Integral Measurements 163 
Eta of Plutonium-241 163 
High Burnup Studies of Pu2« and U2 3 3 . . . . •... 164 
Delayed Photoneutrons 165 
Neutron Diffusion in Light and Heavy Water 165 
Capture and Fission Cross Sections 167 
Scattering Cross Sections 167 
Cross Section of Promethium-147 , 168 

Evaluation Calculations 169 
Fission Product Yields 169 
Reactor Cross Section Evaluation 170 
Argonne Reactor Computation 170 
Transport Theory Burnup Code 171 
Neutron Absorption Code 171 

Thermal Neutron Scattering 171 
Rotating-Crystal Neutron Spectrometer 171 
Dispersion Relations of BeO 173 
Linear Accelerator Experiments 173 

Advanced Facilities 174 
ETR Flux Stabilization... 174 
Proposed Euratom Research Reactor 175 
Pulsed Research Reactor Studies 176 

REACTOR INSTRUMENTATION 179 

Neutron Detectors 179 
Criticality Alarm Systems 179 
Spark Counter Neutron Detector 180 
Fast Reactor Neutron Spectrometers 181 

Process Instrumentation 182 
Incipient Boiling Detector 182 
Flowmeter for Molten Metals and Salts 183 
Fluidic Temperature Sensor 183 
Carbon Meter for Liquid Metals 184 
Digital Computer for the UHTREX 185 

HEAT TRANSFER AND FLUID DYNAMICS 187 

Heat Transfer Studies 187 
Nonuniform Heat Generation Program 187 
Two-Phase Flow in Multirod Geometries 188 
Heat Transfer Through Rod Bundles 188 
Boiling-Inception Superheats 190 
Boiling-Sodium Heat-Transfer Facility 191 

Fluid Dynamics Studies 192 
Turbine Blade Erosion Studies 192 
Liquid Metal Bearings 194 

FUEL PROCESSING DEVELOPMENT 197 

Aqueous Process Development 197 
Centrifugal Extractor 198 
Ion Exchange Method 198 
Fast Breeder Process Development 199 



XX FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

NUCLEAR REACTOR RESEARCH AND DEVELOPMENT—Continued Page 
Fluoride Volatility Process . 199 

Bromine Pentafluoride Process . 200 
Process Feasibility Studies 201 
Molten Salt Breeder Reactor Processing 203 

Pyrochemical Process 204 
Salt Transport Process 204 
Fuel Cycle Facility 205 

Associated Research 205 
Thermal Fuel Burnup Analysis 205 
Chemonuclear Development 206 

DIRECT ENERGY CONVERSION 207 
Thermionic Systems 207 

Thermionic Reactor Development 208 
Fuel Element Development 208 
Cesium Plasma Studies 208 
Development of an Adsorption Cesium Reservoir 210 
Curium-244 Heat Sources 210 

Magnetohydrodynamics 211 
Liquid-Metal Magnetohydrodynamics 211 
Plasma Magnetohydrodynamics 212 
Magnetohydrodynamic Studies of Vortex Flow 215 

Part Three 

BIOLOGICAL, MEDICAL, AND ENVIRONMENTAL RESEARCH PROGRAMS 
Page 

BIOMEDICAL AND ENVIRONMENTAL RESEARCH. 218 
SELECTED BENEFICIAL APPLICATIONS 219 

Medical Research 219 
Treatment of Diseases . 220 

Lymphocytes and Organ Transplantation 220 
Diagnosis of Diseases 222 

Diagnostic Uses of Technetium-99m 222 
Technetium-99m in Thyroid Studies 222 
Technetium Iron Complex for Diagnosis 224 
"Scatter Counting" of Radioisotopes 224 
Iron Absorption in Hemochromatosis 225 

Metabolic Studies 226 
Trace Metals and Parkinson's Disease 226 

Plant Research 227 
Survival and Growth After Irradiation 227 

INSTRUMENTATION AND RADIOLOGICAL PHYSICS 229 
Instrumentation 229 

Scanning Electron Microscope 230 
Radiological Physics 232 

Low Energy Electron Studies in Matter 232 
Dosimetry in Cell-Sized Volumes 233 

CANCER RESEARCH 235 
Cancer Therapy 235 

Radioactive Chromium Wire. . 235 
Irradiation in Chronic Granulocytic Leukemia 237 
New Total-Body Irradiation Facility 237 

Diagnosis 239 
Respiratory Distortion Problem in Diagnosis 239 

Carcinogenesis 240 
Fatty Substance in Malignant Tumors 240 
Metabolic Control and Carcinogenesis 240 



CONTENTS X X I 

B I O M E D I C A L A N D E N V I R O N M E N T A L R E S E A R C H — C o n t i n u e d Page 
SOMATIC E F F E C T S OF RADIATION 243 

Late Effects of Radiat ion 243 
Aging in Germ-Free Mice 244 
Biosateliite Experiment 244 

Central Nervous Systems 245 
Neuropathological Effects of H e a v y Ions 245 
Effects in Central Nervous System 246 

Hematopoiet ic System 246 
Erythropoiet in Studies 247 

Purification of Sheep Plasma 247 
Erythropoiet in in Anemic Pat ients 247 
Effects of Male Sex Hormones . 248 
I ron Uptake by Bone Marrow 249 
Studies of Polycythemia Vera 249 

Other Hematopoietic Studies 250 
Chromosome Pa t te rn After Radiat ion Therapy 250 
Recovery of Bone Marrow After Irradiat ion 251 

Reproductive System 251 
Reproduction in a Life Study Herd 252 

TOXICITY OF RADIOELEMENTS 253 

Biological Effects 253 
Strontium and Iodine Studies 254 

R a t Leukemia : 254 
Neoplasms in Minature Swine 254 
Response of Chickens to Radioiodine 254 

Plutonium Studies 256 
Excretion of Taurine 256 
Plutonium-238 Lung Deposition 257 
Radioactive Microspheres and Growth 257 

Cesium and Cerium Studies . 257 
Toxicity of Cerium-144 in Dogs 257 
Influence of Solubility 258 

COMBATING RADIATION'S D E T R I M E N T A L E F F E C T S -. 261 

Protective Agents 261 
Chemicals to Protect Against Head Damage 261 

Aiding Recovery 262 
Hematopoietic Spleen Colonies in t he R a t 262 
Format ion of Antibody and Aging 263 

RADIATION G E N E T I C S 265 

Cytogenetics 265 
Chromosome Organization and Distribution 266 
Studies with Synchronized Cells 266 

Genetics and Gene Action 268 
DNA-less "Minicells" 268 
Genes for Soluble R N A 269 
Genetic Control of Enzymes 269 
Muta t ion Induct ion by Light 270 

M O L E C U L A R AND CELLULAR L E V E L STUDIES 271 

Cell Regulatory Mechanisms - 272 
Cell Growth Ra te and Populat ion Size 272 
D N A Replication and Repair in H u m a n Cells 272 
Plasma Membrane Synthesis and Cell Division 273 
Biochemical Effects of Radiat ion 274 
Red Blood Cell Surface 276 

Developmental Biochemistry 276 
Protein Synthesis in Development 276 
Enzyme Activity in R a t Liver 277 



XXII FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

BIOMEDICAL AND ENVIRONMENTAL RESEARCH—Continued Page 
Nucleic Acids and Proteins 277 

"Helical Wheel" Models of Structure. . . 277 
Purified Viruses for Vaccines 279 

Photobiology 279 
"Isolated" Photosynthesis _ . 279 

ENVIRONMENTAL RADIATION STUDIES 283 
Terrestrial Ecology 283 

Cycling of Radioactive DDT in a Marsh 284 
Ecology of Tick Vectors of Disease . 285 
Estimation of Energy Requirements 285 
Chromium-51 in Energy Flow Studies 286 

ATMOSPHERIC RADIOACTIVITY AND FALLOUT 289 

Atmospheric Deposition 289 
Plutonium-238 from SNAP-9A Burnup 290 
Strontium-90 Deposition 292 
High Altitude Sampling 293 

Human Body Uptake 294 
Strontium-90 and Cesium-137 in Human Diet 294 
Bone Dose from Strontium-90 295 
Iron-55 in Man and the Biosphere 295 

ATMOSPHERIC SCIENCES 297 
Areas of Study 297 

Pollutant Transport Routes . . — 297 
Buoyant Plumes 299 

Plume Rise Variables 299 
Current Plume Studies 300 

Plume Rise Models 300 
Hot "Puff" Studies 301 
Stack Engineering 301 
Contaminant Suspensions 302 
Industrial Plant Stack Studies 302 

Diffusion or Dispersion 303 
Concentration Prediction 303 
Turbulent Energy Spectra 303 
Vertical Turbulent Exchanges 304 
Turbulence Measurement 305 
Modeling Air Motion 305 
Aircraft Sampling 305 

Transport Studies - - 307 
"Isentropic" Trajectories 308 
Search for Better Tracers 309 

Precipitation Scavenging 309 
Scavenging Processes 309 

Scavenging Experiments 310 
Washout Below Clouds - - - 310 

Deposition and Reentrainment 312 
Dry Deposition - 313 
Deposition Measurement Tests 314 
Particle Pickup and Reentrainment 316 

Data Compilations 317 
Site Data Accumulations 317 
Typical Use of Stored Data 317 

SEMICONDUCTOR DETECTOR APPLICATIONS 319 

Semiconductor Detectors . 319 
Positive-Negative Charge Junctions 320 
P-N Pairs Created by Radiat ion. . . 320 



CONTENTS ХХШ 

BIOMEDICAL AND ENVIRONMENTAL RESEARCH—Continued Page 
Historical Aspects 321 

Program Initiated in 1958 -- 321 
Amplifying Detectors 322 

Current Applications 324 
High Speed Digital Counter 324 
Gamma-Ray Area Monitor 325 
In Vivo Plutonium-239 Mapping - 325 
Blood Flow Studies 326 
Tumor Studies ._ 329 
In Vivo Radium Exposures 330 
Neutron Activation Analysis ; 331 
Oceanography 332 

APPENDIX 335 
INDEX . 343 





Part One-

BASIC PHYSICAL 
RESEARCH PROGRAMS. 
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Fig. 1-1. Periodic Chart of the Elements. The Periodic Chart of the Elements is an orderly classification based 
on the extent to which the elements exhibit similarities in their chemical and physical properties. The name of 
each element on the Periodic Table is abbreviated to a chemical symbol for easy usage (note that element 103, 
lawrencium, is now abbreviated Lr instead of the Lw that was previously used). The number in the lower left 
comer of each rectangle is the element's atomic number. All of the elements are listed in order of their atomic 
numbers. The atomic number of an element represents the positive charge (number of protons) of the nucleus; 
the atoms of the elements are electrically neutral bodies; thus, the atomic number designates also the number 
of electrons in a neutral atom. The dependence of both chemical and physical properties upon the atomic number 
is expressed by the periodic law which is : the properties of the elements are periodic functions of their atomic 
numbers. The rare earth (lanthanide) series of elements, are shown in a horizontal row below the main diagram, 
and the transuranium elements (in shaded squares) are known as the "heavy elements" and are part of the 
acünide series. 
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BASIC 
PHYSICAL 
RESEARCH 

The ever increasing necessity for control over the physical universe is reflected 
in the AEC's basic physical research program which seeks new knowledge of 
the natural laws of science as well as a better understanding of the knowledge 
already in existence. The AEC maintains a broad program of basic physical 
research which includes high energy physics, medium energy physics, low 
energy physics, chemistry, metallurgy and materials, controlled thermonuclear 
research, and mathematics and computers. Knowledge derived from this pro
gram is responsible for the maintenance of U.S. leadership in nuclear science. 

Basic to nuclear science and technology are 
fundamental studies of atomic nuclei, the par
ticles that constitute them, and the forces in
volved in their structure. Investigations con
cerned with the interactions of radiation with 
matter, and of the properties of materials; the 
synthesis of new compounds having improved 
properties and the prediction of the effects of 
time, use, and radiation upon these properties 
also must be included as most necessary for a 
successful nuclear science program. 

Another important area of research combines 
the skill of nuclear and solid state physics in 
structure studies of nearly perfect crystals. The 
classes of solids under investigation run the 
gamut from metals and alloys, semi- and super
conductors, ionic and covalent crystals, ceram
ics, and organic polymers. 

Many basic investigations are not necessarily 
of a nuclear nature but knowledge derived from 
such studies help to solve the many problems 
inherent in a vigorous nuclear energy program. 
Among the more basic aspects under this cate

gory can be included the chemistry of elements 
and compounds of special interest, isotope ef
fects, the metallurgy of materials used in 
nuclear reactors, the neutron scattering and 
absorbing properties of substances used in 
nuclear reactors, and other nuclear devices. 

One aspect of the basic physical research pro
gram with an obvious potential for practical 
application is the controlled thermonuclear re
search program. The goal of this program is 
the demonstration of. the feasibility of a con
trolled fusion power reactor. Such an event will 
be one of the most dramatic achievements in 
the history of mankind. In essence, such a de
velopment would pave the way for unlimited 
power, as far into the future as one can possibly 
see. 

In support of all major basic and applied 
research activities is the mathematics and com
puter program. Eesearch is conducted in math
ematical formulation and analysis of physical 
problems and in obtaining higher performance 
computers with increased capacity. 

2 
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Fig. 1-2. Heavy Liquid Bubble Chamber. Argonne National Laboratory photo shows how a positive pi-meson 
(ir+) beam interacts in the new 40-inch heavy liquid bubble chamber (filled with freon for this experiment) to 
produce a neutral eta-meson (у°) which is identified only by the total mass of its decay products, the JT+JT- and 
ir° mesons. Since the neutral eta carries no electrical charge and leaves no tracks, the occurrence of the v° meson is 
positively established by the presence of the two charged pi mesons, and electron positron pairs produced by the 
conversion of the photon decay products of the neutral pi meson. Details of the new bubble chamber and another 
photo appear on page 15. 

HIGH ENERGY PHYSICS. 
The AEC's high energy physics research program, is directed toward under
standing the forces of nature which determine the properties of, and the inter
relationship between, members of the ever expanding states of subnuclear 
matter. The research effort is both theoretical and experimental, with very close 
liaison between them. The experimental program relies on the use of high 
energy accelerators. Accelerator technology is an integral part of the overall 
program. Cosmic ray research relating to high energy particle interactions is 
also included in the research effort. 

3 



4 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

THEORETICAL RESEARCH 

The description of the particle interaction 
processes is the principal goal of the theoretical 
research effort. Considerable emphasis is placed 
on the classification of elementary particles and 
resonances in terms of unitary symmetry and 
other models, phenomenological study of re
actions at high energy, and the development of 
dynamical models. 

"Quark Model" 

Within the past decade, so many new particles 
have been discovered that it is no longer pos
sible to believe that all of them are fundamental 
constituents of matter. The particles that have 
strong interactions with each other (proton, 
neutron, and pion) are called hadrons. The 
particles that experience weak interactions pri
marily (electron, neutrino, and muon) are 
called leptons. The recent successes of the SU3

 a 

unitary symmetry have led to a hypothesis that 
quarks—three particles that may have frac
tional electrical charges—may be the fundamen
tal constituents of hadrons. This is called the 
"quark model" of elementary particles. Theoret
ical tests of the quark model have yet to be made 
since quarks with a fractional electric charge 
have not yet been observed. 

In order to develop a theory which explains 
the properties of all hadrons as bound states of 
quarks it is necessary to have theoretical calcu
lations with composite systems of quarks giving 
rise to the observed hadrons. A development in 
this area has been a method called the algebra 
of currents.2 When this method is applied to 
electromagnetic currents constructed out of 
quarks, the dynamical predictions depend on 

1 SUS—A mathematical representation of related states of 
matter. 

'Algebra of Currents—Currents algebra treats the descrip
tion of elementary particle interactions in terms of incoming 
or outgoing currents. The description of particles by waves 
or currents is a consequence of the quality of matter, whereby 
matter can exhibit both particulate and wave-like properties. 
The relationships between the currents arise from the sym
metry exhibited between the properties of various particles. 
Such relationships make up current algebra and permit a 
comparison of theory with experimental measurement. 

whether the quarks possess fractional or integral 
electric charge. In this way, the algebra of cur
rents permits the testing of different theoretical 
models for the fundamental constituents of the 
strongly interacting particles. 

Theoretical calculations made by the Univer
sity of Kochester, N.Y., and other universities, 
to test this quark model have employed the 
algebra of currents method. The lifetime of the 
neutral pion decaying into two photons, the 
axial vector weak coupling constant associated 
with the beta decay of the neutron into the 
proton, and the lifetime of two neutral unstable 
particles, rho (p°) and omega (*>°), decaying 
into electron-positron pairs, were computed and 
compared with the corresponding experimental 
data. The results further strengthened the 
preference for the quark model. There is a pos
sibility that, if quarks possess large masses, they 
may be inaccessible to present day high energy 
accelerators and their observation must con
sequently await the advent of very large 
machines. 

Low Energy Pion Emission 

The problem of understanding processes in
volving emission of low energy pions (pi 
mesons) has been investigated at the University 
of Chicago. Using a mathematical technique, 
it was found possible to account for a number 
of decay processes of К mesons and hyperons 
(so-called "strange particles" in which pions 
were emitted. The calculations are based on the 
widely accepted hypotheses that: (a) the 
baryons and mesons (strongly interacting 
particles) are made up of more fundamental 
subunits (quarks) at least in a symbolical sense, 
and (6) their decays are induced by interacting 
currents of the constituents. Therefore, the re
sults lend a further support to these fundamen
tal hypotheses about the nature of elementary 
particles. 

The mathematical technique employed in this 
project is known as the "partially conserved 
axial current" (PCAC) relation which origi
nated at the University of Chicago in 1960. The 
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full significance of PCAC came to light only 
when it was combined with the above-men
tioned quark hypothesis. The PCAC relation is 
now part of the more general framework of the 
algebra of currents, which makes use of the 
algebraic properties of fundamental observables 
to derive relations among measureable quanti
ties. Applications of this technique have greatly 
advanced the understanding of the strong, elec
tromagnetic, and weak interactions of elemen
tary particles. 

Interference Theory 

A principal aim of fundamental particle 
theory is the description of the scattering which 
occurs in collisions of particles at high veloci
ties. A theoretical interference model has been 
developed at the University of Wisconsin, Mad
ison, to explain the experimentally observed 
features of high velocity collisions between two 
types of particles, namely, pions and nucleons. 
The significance of this development is two
fold: (a) The interference theory describes the 
observed scattering and serves as a useful tool 
for the determination of properties of funda
mental particles; and (Ъ) The theory can be 
used to predict the behavior of some types of 
collisions that have not yet been studied 
experimentally. 

As the terms "interference theory" implies, 
the likelihood of a collision between two par
ticles tends to show a fluctuation pattern (simi
lar to interference patterns with light) as the 
velocity of the colliding particles is changed. 
This pattern can be considered as an interplay 
between two basic ways that the particles can 

scatter. In the first way, the two incident par
ticles "exchange" a third particle. Pictorially, 
this exchange scattering can be visualized as a 
capital H in which the lower legs of the H rep
resent the two incoming particles before colli
sion, the upper legs of the H represent two 
outgoing particles after collision, and the rung 
(or bar) of the H represents the particle which 
is exchanged. The amount of exchange scatter
ing changes slowly with the velocity of the col
liding particles. In the second way of scattering 

the two incident particles tend to remain to
gether for a short period of time during the col
lision and then separate. When the incident par
ticles remain together in such a fashion they 
appear as a single new particle (usually called a 
resonance). This second type of scattering dis
plays rather sharp peaks at certain velocities 
where the resonances can occur. When both 
types of scattering are taken into account in the 
interference theory, the likelihood of collision is 
predicted to show the fluctuations observed 
experimentally. 

The theory in its present form applies only 
to the case of two-particles-in and two-particles-
out type of collisions. However, since the out
going particles can be different from the 
incident particles, there are still a considerable 
variety of collisions that can be analyzed. Fur
ther investigation along these lines should con
tribute substantially to present understanding 
of the nature of elementary particle collisions 
at high velocity. 

Electromagnetic Radiation 

The study of electromagnetic interactions 
may be split into two main categories: (a) in
teractions involving hadrons, or strongly inter
acting particles, and (b) interactions involving 
only photons and leptons. In the former cate
gory the photon is used principally as a tool to 
probe the structure of the elementary particles 
and to understand their interactions, whereas 
in the latter category the main interest is in 
detailed testing of the theory of quantum elec
trodynamics, which at present is the only suc
cessful field theory. Much work has been done in 
these two areas at the high-energy accelerators 
at the Cambridge Electron Accelerator (CEA) 
in Massachusetts, and at the Deutsches Elek
tronen Synchrotron (DESY), in Hamburg, 
Germany. 

Eecently, it has been suggested that electro
magnetic radiation might be used to investigate 
the process of diffraction dissociation. This proc
ess is probably the dominant inelastic process 
between strongly interacting particles at ex
tremely high energies, and it is therefore im-
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portant to understand it and to test the various 
theoretical models that have been devised. The 
process of diffraction dissociation may be de
scribed by considering the colliding particles 
to be a composite system which may have sev
eral components, e.g., d —» n + p, -n- —> Зтг, and 
у —> p (or a, or ф). These dissociations cannot 
be realized in free space because of energy-mo
mentum conservation, but at very high energy 
a small momentum transfer between the inci
dent projectile and the target can materialize 
the components. 

The cases of the deuteron and pion dissocia
tions have received much attention but are ex
perimentally difficult because of the presence of 
other "low" energy processes. However, the 
coupling of the photon to the vector mesons 
(p, <o, ф) is a particularly useful tool in under
standing this diffraction process, as experiments 
at CEA and D E S Y indicate that it dominates 
the photon interaction even at fairly low ener
gies (2-3 Bev.). Experiments are now under
way at CEA, DESY, and the Stanford Linear 
Accelerator (SLAC) , near Palo Alto, Calif., to 
test the various predictions for the process and 
to extend its study to higher energies. 

Regge Model and High-Energy Scattering 

Exploration of the Regge 3 model for high-
energy scattering has been one of the liveliest 
fields of current activity in particle physics, and 
has led to significant progress in the funda
mental understanding of particle processes in 
their relationship to each other. For some time, 
it has been clear to physicists that the interac
tions of strongly interacting particles involved 
the exchange of other particles within the inter
acting system; in certain cases the interactions 
can be completely explained by this exchange. 
For example, nucleon-nucleon scattering at en
ergies of a few hundred million electron volts 
(Mev.) and for cases in which the nucleons do 
not come too close together, can be well ex
plained by the assumption that a single pion is 
exchanged between the nucleons in the scatter
ing process. 

The Regge model is an extension of this con
cept to the much more complex high-energy 
processes. In this model, it is assumed that the 
interactions come about as the result of an ex
change of "Regge poles;" these latter being 
analogous to pions, but with certain significant 
differences. The most important of these has to 
do with the spin (angular momentum) of the 
poles. According to established quantum me
chanical principles, the spin of a physical par
ticle must be (n/2) h, where n is an integer and 
h is a known constant. The previously men
tioned principles do not apply for the Regge 
poles in which case n is taken to be a continuous 
function of the mass of the particle. Also, for 
physical particles the mass is fixed, but for the 
Regge poles it is variable. However, a connec
tion with the physical particles can be achieved, 
since for Regge poles with allowed physical 
values of spin, the model predicts that physical 
particles will be found. This leads to the classifi
cation of particles in families which are mani
festations of the same '•''Regge Trajectory." 

Two particularly simple cases haive been very 
successfully treated at the Lawrence Radiation 
Laboratory, Berkeley: first, negative p ion+pro-
ton-»neutral pion+neutron (ir"+p-»7r°+n) 
and second, negative pion+proton-»neutral 
eta+neutron ( т г + р - ^ + п ) . In the former 
case, "dips" in the differential cross section were 
observed, and these were explained by assum
ing that the spin of the pole went through zero. 
An analysis of negative pion-proton (тгр) 
elastic scattering in the backward direction 4 

provided a prediction and observation of simi
lar dips in this case. Furthermore, an analysis 
of negative pion-proton elastic scattering for 
forward angles (which included 3 poles) led to 
a prediction for the polarization which was in 
agreement with later experiments both in sign 
and in order of magnitude. The difference be
tween the polarizations in negative and positive 
pion-proton (тг-р and тг*р) scattering was also 
correctly predicted. From an analysis of nega-

3 See p. 219, "Fundamental Nuclear Energy Research— 
1965," and p. 176, "Fundamental Nuclear Energy Kesearch— 
1966." 

«See p. 176, "Fundamental Nuclear Energy Keseareh—-
1966." 
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К" + p - $Г + K + + K° 
* i 

Л" + K" w ° + тг° 
I 

7Г" + p 

ii%. IS. Accurate Measurement of the fi- Mass. The rare omega minus (0-) is one of the particles theoretically 
predicted by the symmetry schemes classifying elementary particles into definite multiplets. The original 
observation of this particle at Brookhaven National Laboratory in 1964 (see pp. 220-221, "Fundamental Nuclear 
Energy Eesearch—1965") provided a dramatic confirmation of the prediction; however, more detailed tests of 
the theory depend on accurate measurements of its properties. To date, a total of 19 examples have been 
observed in laboratories in the U.S.A. and Europe. Four of these cases were observed in the 30-ineh hydrogen 
bubble chamber exposed to the 5.5 Bev./c. K- beam at the Argonne National Laboratory Zero Gradient Synchro
tron (ZGS). This chamber has both a high magnetic field and a good optical system so that the mass of the 
Q- has been measured to much better accuracy than was previously possible. The sub-particle's mass of 1671.9 
Mev. is now known to an accuracy of within 1 Mev. The above is one of the fi- events observed in a ZGS 
experiment which was carried out by a collaboration of scientists from Argonne, the University of Illinois, 
Northwestern University, and the University of Wisconsin. The diagram shows the interpretation of the nuclear 
event. 

tive К meson-protoii (K~p) elastic scattering 
and an assumption about the reasonably well 
established SU3 symmetry in the strong inter
actions, a satisfactory prediction of the neutral 
eta (r)°) production was also obtained. 

EXPERIMENTAL RESEARCH 

The experimental effort in high energy phys
ics has concentrated on strong interactions, 

electromagnetic interactions, and weak inter
action research using existing high-energy 
machines. 

Strong Interactions 

Proton-Proton Elastic Cross Sections 

A series of measurements have been made of 
proton proton elastic scattering at an angle of 
90° (where the cross section is smallest and deep 
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Figs. 1-4 and 5. Proton-Proton Scattering Experiment. 
Drawing above shows the layout of the 90° proton-
proton (scattering experiment at Argonne National Lab
oratory. The protons in the ZGS extracted 'beam are 
focused by quadrupole Q4 and strike the protons in the 
polyethylene (CH2) target. Both scattered protons pass 
through helium (He) hag's and then through bending 
magnets which provide 'momentum analysis (helium 
scatters the proton's less than air). The protons then 
trigger the scintillation counters 1ч, L2, L3, and Hi, R», 
R3 which send out signals processed and recorded in the 
electronics trailer. The two 'C magnets realign the scat
tered protons for each incident 'momentum selected, 
thus eliminating the need for 50 costly moves of heavy 
magnets and counters. Chart below plots the logarithm, 
of the differential cross section for proton-proton elastic 
scattering at 90° in the center of mass as plotted 
against p2

cm (the total momentum in the center of 
mass system of the two protons) and Рьаь (the momen
tum of the incident particle in the laboratory). 

p-3.29 P* \ 

1 
0 BERKELEY CLYDE ET ЛЕ 
4 CORNELL BNL COCCONI ET au 
r CERN ALLABY ET AL 
t THIS EXPERIMENT 

P2 (Ge\.rt:)Z 

probes can be made into the center of the pro
ton). The experiments were done at the Zero 
Gradient Synchrontron (ZGS) at Argonne Na
tional Laboratory (ANL) by a team of physi
cists from ANL, the University of Michigan, 
the University of Minnesota, and the University 
of Iowa. The differential cross section for this 
process was measured at 51 different energies in 
the momentum range 5.0 to 13.4 Bev./c.5 The 
protons from the slow extracted proton beam 
were scattered from the protons held fixed in 
a polyethylene target (see Fig. 1-4). Each scat
tered proton was detected by a spectrometer 
consisting of a magnet for momentum analysis 
and a telescope of scintillation counters for de
tection. The energy of the protons was varied 
by taking advantage of the ZGS ability to pro
vide a variable energy external proton beam. 

The large number of points measured (see 
Fig. 1-5), together with the high accuracy ob
tained, allowed several interesting new con
clusions to be drawn about the nature of the 
proton. The most interesting feature of the data 
is the sharp break in the differential cross sec
tion which occurs at about 8 Bev./c. Previous 
experiments had not shown this structure so 
clearly. The smooth behavior places a severe 
upper limit on the cross section for production 
of resonances with a baryon number of 2. 

K-Meson Cross Section Measurements 

A Brookhaven National Laboratory group, 
using the Alternating Gradient Synchrotron 
(AGS), and joined by guest scientists from 
Europe, have discovered a number of new 
"resonant" particles by measuring the total cross 
section for K" and K+ mesons on protons and 
deuterons. I t is essential to the understanding 
of the strong interaction to uncover and iden
tify such particle "states" because all theory 
which is valid must be able to predict the exist
ence of such states. I n this way, choices can be 
made between competing theories. 

5 Bev./c.—A convenient unit of momentum ; Bev. (billion 
electron volts) being the unit of energy and c. standing for 
the speed of light. 
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The experiment was performed by varying 
the momentum of the kaons (K-mesons) which 
bombard the protons in a liquid hydrogen tar
get (or the deuterons in a liquid deuterium 
target). "Resonant" particles reveal their exist
ence since their formation causes an increase 
in the cross section at certain values of the mo
mentum of the incoming kaon. The mass of the 
resonance may be determined from the value 
of the kaon momentum at which the cross sec
tion increase is observed. Their measurements 
were made in the momentum range 0.9-2.45 
Bev./c. at intervals of 50 Mev./c. Preliminary 
analysis indicates two new K"-nucleon reso
nances in the isospin 6 0 state and very likely 
three in the isospin 1 state above the Y*0 (1815) 
as follows: 

Full Width 
Resonance Mass (Mev.lc.1) (.Mev.lcß) 

Yo 2092±20 160 
Yo 2343±20 105 
Yj 1915±20 65 
Y{ 2030±20 150 
Yj 2260±20 180 

I t is possible that these Y? resonances may 
fit the Regge model which predicts recurrences 
of resonances at higher mass values with higher 
spin assignments. 

The analysis of the K+ cross section data re
veals the existence of previously unreported 
structure in each of the two possible isospin 
states 1 = 0 and 1 = 1 . The effect observed in the 
isospin 0 channel is interpreted as a resonance, 
Z0*, with a mass of 1868±20 Mev./c.2. This 
would be the first resonance observed with 
strangeness7 + 1 . The only SU3 representation 
into which the Z0 would fit is an antidecuplet.8 

Nucleon-Nucleon Scattering 

The problem of determining the structure of 
nucleons—protons and neutrons—is still only 
partially solved. One of the best methods of 
exploring such problems is by scattering nu
cleons from nucleons. Recently, it has been pos
sible at the Lawrence Radiation Laboratory, 
Berkeley, to make more precise measurements 
of both elastic and inelastic proton-proton scat
tering. Results can be interpreted in terms of a 

275-845 О—08 3 

model for the nucleon in which the "size" of the 
nucleoli increases with energy, while the nucleon 
at the same time becomes more transparent. 

Recent proton-proton scattering experiments 
in the region of 3 to 7 Bev./c. have led to a 
better understanding of both the elastic and 
inelastic processes. Collisions are called elastic 
if a new particle is not created as a result of 
the collision; all other collisions are called in
elastic. An interference between the Coulomb 
(electric) force and other nuclear forces was 
observed. The experiment also showed narrow
ing or shrinkage of the forward diffraction peak 
as the incident proton energy is increased as 
predicted by the above interpretation. 

Studies of inelastic processes provided cross 
sections for production of resonances at 1,238, 
1,512, and 1,688 million electron volts (Mev.) 
that decrease both with incident energy and 
with the momentum transferred. No other sig
nificant resonance effects were found below 
2,400 Mev. 

Discovery of New Strangeness —1 Particles 

Most of the discoveries of new kinds of heavy 
particles (baryons) have been made with the 
aid of beams of very-high-energy protons. 
When such protons hit a nucleus of an atom, 
various baryons of strangeness 0, strangeness 
— 1, strangeness —2, etc., are produced, as well 
as mesons. A group from Yale University, New 
Haven, Conn., working at the Cambridge Elec
tron Accelerator, created strangeness —1 par-

6 Isospin—A quantum number relating to the charge of a 
particle or state. For particles, an isospin of zero means a 
particle which has only one charge state. Isospin of one indi
cates a charge triplet; for example, the pi meson (pion) 
having members with charge + 1, 0, — 1 . 

' Strangeness—After the discovery of the various hyperons 
and K-mesons, it was found that the details of the production 
and decay of these particles could not be understood within 
the context of existing theories. For this reason, they were 
called "strange particles." The word was formalized by Dr. 
Murray Gell-Mann, California Institute of Technology, Pasa
dena, when he suggested assigning a "strangeness" quantum 
number + 1 , 0, —1, or —2 to all particles. This makes it 
possible to better understand the observations by assuming 
that the total strangeness is conserved in a strong interaction, 
such as the production of strange particles, but not con
served in weak interactions, such as their decay. 

8 A decuplet is a family of 10 particles, an antidecuplet is 
a family of 10 particles in antimatter states. 
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HOI fodotcop» (*,y) 

H02 hodoicop» (i,y) 

Fig. 1-6. Microscopio Ccmsality Experiment. Diagram 
of the small-angle scattering experimental arrangement 
used in tbe BrooKhaven National Laboratory study of 
the principle of microscopic causality. In this experi
ment, tbe laboratory used an on-line computer tech
nique with a massive system of counter hodoscopes 
which BNL (had originally developed several years 
earlier. More than 1 trillion (1012) counter combina-
tioris are possible in this system which extends over 
500 feet and allows angles to be measured to a few-
tenths of a milliradian and momentum measured to a 
few-tenths of a percent. 

tides (called Y* particles) using photons in
stead of protons. This was achieved by directing 
a high-energy beam of gamma radiation at a 
target of liquid hydrogen. Y* particles were 
produced fairly abundantly by this "photopro-
duc'tion" method, and two entirely new members 
of the Y* family of particles also were observed. 
The heavier of the two has a mass almost three 
times that of the familiar proton, and thus 
ranks as one of the most massive of the particle 
states produced to date. This new approach of 
photoproduotion opens the way to further study 
of the properties of these particles, and perhaps 
to the discovery of additional members of the 
family. 

Principle of Microscopic Causality 

Brookhaven National Laboratory used the 
very high energies of the Alternating Gradient 
Synchrotron to check the principle of micro
scopic causality (see Fig. 1-6). This funda
mental principle assumes that signals cannot 
travel faster than the velocity of light even over 
distances comparable with a nucleon radius. In 
this experiment, positive or negative pion-
proton (тг±р), elastic scattering was studied 
at very small angles. At small angles, the scat
tering due to Coulomb interaction is large 
enough to interfere with the scattering due to 

strong interactions. The study of these effects 
together affords the opportunity to analyze the 
scattering amplitude or cross section into two 
parts. The one part is directly due to the forces 
between pion (ж) and proton (p). The other is 
a secondary effect; absorption of particles is 
always accompanied by elastic scattering. The 
predictions of miscroscopic causality were ac
curately verified up to energies of 29 Bev. for 
positive or negative pion-proton (я-±р) inter
actions. It is concluded that a breakdown of this 
principle should not occur for distances greater 
than one-hundredth of a proton radius. 

Electromagnetic Interactions 
Wide-Angle Electron Pair Production 

In a collaboration experiment between Co
lumbia University, New York, N.Y., and 
Deutsches Elektronen Synchrotron (DESY) 
in Germany, the wide-angle photoproduction 
of electron-positron pairs was investigated in 
order to determine the range of applicability 
of quantum electrodynamics when the momen
tum transfer to the electron or positron is very 
large. Previous experiments of this type carried 
out at Cornell University, Ithaca, N.Y., and 
Cambridge Electron Accelerator9 had shown 
deviations from first order quantum electrody
namics which increased with increasing momen
tum transfer to the fermion. However, because 
of the importance of such a deviation, it seemed 
necessary to repeat these measurements inde
pendently. A carbon target was used and only 
nearly symmetrical pairs were accepted so that 
the momentum transfer to the nucleus was kept 
small thus minimizing the form factor correc
tions. The pairs produced in the target were 
analyzed in momentum and angle by a sym
metric magnetic double spectrometer. Based on 
the results from this experiment, it was con
cluded that within experimental accuracy, 
quantum electrodynamics theory correctly de
scribes the process up to momentum transfers 
of 388 Mev./c. which corresponds to 548 Mev./ 
c.2 invariant mass. 

»See p. 184, 
port—1966." 

"Fundamental Nuclear Energy Beseareb He-
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Weak Interactions 

Invariance Studies 

One of the most important and far reaching 
experiments in the high energy physics program 
was conducted at the Princeton-Pennsylvania 
Proton Accelerator Laboratory, Princeton, 
N.J., and resulted in the discovery that the 
(neutral kaon of the second kind) K°2 meson 
decays into two neutral pions (тг°). The rate of 
this reaction was measured relative to the rate 
of K°2 decaying to positive (тг+) and negative 
(•л--) pions. These two reactions indicate a 
breakdown of CP, invariance under charge con
jugation and space inversion, two of the funda
mental symmetries of nature. 

Symmetry involves the behavior of sub
atomic particles under changes in the system 
which are of a fundamental philosophical na
ture such as, reversal of direction of time flow 
(time reversal symmetry, T ) ; change in sign of 
isospin projection for each particle (charge 
conjugation symmetry, C) ; or change of sign 
of spatial coordinates for each particle (parity 
symmetry, P) . A further consequence of this 
CP breakdown comes about through a very 
fundamental theorem which states that the 
combined action of C, P, and T on a system of 
particles should lead to a final system which is 
indistinguishable from the original one. There
fore, if CP is found to be violated, then time 
reversal (T) is inferred to be invalid in order 
to make the product TCP valid. Several experi
ments have been performed to test the TCP 
theorem. These primarily compare the lifetimes 
of particles and their antiparticles. Should the 
lifetimes be diffierent, the result would be in 
contradiction to the above theorem. A Univer
sity of Kochester group working at Brook-
haven National Laboratory found the K+ and 
K - lifetimes to be identical within 0.2 percent. 

ACCELERATOR TECHNOLOGY 

The high energy physics program, a most 
basic area of physical research, is dependent 

upon a most advanced and sophisticated tech
nology. Continuous advancements in accelera
tor technology are necessary to meet the needs 
of the experimental program. Thus, the tech
nology includes not only accelerator compo
nents, but also such areas as shielding, super
conducting magnet development, spark cham
bers, bubble chambers, and data analyses. 

Beam Developments 

PPA External Proton Beam 

A major accomplishment at the Princeton-
Pennsylvania Proton Accelerator, Princeton, 
N.J., is the successful slow extraction of the pro
ton beam directly into the large experimental 
hall. Approximately 80 percent of the circulat
ing current has been extracted and focused 80 
feet away into a %-inch diameter spot. The re
maining 20 percent of the beam is directed into 
an internal target, thereby making protons 
available in two experimental areas rather than 
just one. This extraction system is unique for a 
weak focusing synchrotron because it depends 
upon a resonant buildup of radial betatron-
type oscillations to cause the beam to spiral out 
into a final magnetic extraction channel. Ear
lier extraction methods using a jump target 
had a lower extraction efficiency and resulted in 
a poorly focused beam. This method, in addi
tion to doubling the number of experiments 
which can be performed simultaneously, makes 
it possible to obtain mesons produced at zero 
degrees to the forward direction. 

SLAC Positron Beam 

The highest energy positron beams ever 
achieved (more than 10 Bev.) have been pro
duced at the Stanford Linear Accelerator Cen
ter (SLAC), near Palo Alto, Calif. The posi
tron beam is produced by bombarding a special 
conversion target with a high-intensity electron 
beam, and then reverse-phasing the SLAC ma
chine so that it accelerates the positrons that 
emerge from the target. A beam of about three 
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billion (3X109) positrons per pulse (360 pulses 
per second) can be achieved in this way, com
pared with the SLAC electron current of about 
300 billion (3X1011) electrons per pulse. 

As expected, the SLAC accelerator has also 
proved to be a copious source of secondary par
ticles (muons, pions, kaons, etc.), the usable 
yields of the strongly interacting particles be
ing roughly comparable to those obtained from 
the Brookhaven National Laboratory Alternat
ing Gradient Synchrotron (AGS) and the 
CERN" Proton Synchrotron at Geneva, 
Switzerland. 

ZGS Fast Extraction System 

Argonne National Laboratory (ANL) has 
developed a method for extracting a short pulse 
with a high efficiency from the weak focusing 
Zero Gradient Synchrotron (ZGS). The char
acteristics desired of the proton beam extracted 
from an accelerator depend strongly on the na
ture of the experiment to be performed. Most 
experiments using scintillation counters or 
spark chambers as particle detectors require a 
"long spill," that is, a beam that is spread out in 
time for 200 to 400 milliseconds. For bubble 
chamber runs, a pulse of short duration is nec
essary. Short pulse duration is also necessary 
when radiof requency separators are used to ob
tain a high momentum separated secondary 
beam. Methods for extracting such a short pulse 
from strong focusing machines which charac
teristically have an internal circulating beam of 
small cross sectional area, have been known for 
some time. In the weak focusing ZGS the same 
methods do not apply since the beam has a 
large cross section. The method developed at 
ANL employs a fast bumper magnet to shift 
the orbit of the internal beam. A portion of the 
beam then passes through a beryllium target on 
the outside during each turn, and energy loss in 
the target causes the protons to enter the first 
extraction magnet downstream from the target. 
This system has been used to produce an exter
nal beam of 40 microseconds duration with an 
efficiency of greater than 50 percent (see Fig. 
1-7). 

Fig. 1-7. ZGS Fast Extraction System. Photo shows a 
result of the fast proton extraction system from Ше 
ZGS used at Argonne National Laboratory. The curve 
is an oscilloscope tracing of the intensity of the ex-
tracterbeam (vertical coordinate) plotted against time. 
The time interval .between each pair of vertical lines is 
one ten-thousandth of a second and most of the pulse 
takes place in about 50 millionth« of a second. 

Spark Chambers 

Streamer Spark Chambers 

The first practical large-volume streamer 
spark chamber designed for use at high energy 
accelerators in the United States has recently 
had a successful engineering run in a 17-Bev. 
bremsstraJihmg beam at the Stanford Linear 
Accelerator Center. The 2.5 x 1.5 X 0.6-meter 
(8.2X4.9X 1.9-foot) chamber had a target 
consisting of a 1 centimeter (0.39-inch) mylar 
tube filled with hydrogen at atmospheric pres
sure. The chamber operated with a gradient of 
20 kilovolts/cm. in a magnetic field. 

Superconducting Magnet Development 

Beam Magnet Improvements 

Superconducting beam magnets have been 
developed at Brookhaven National Laboratory 
which produce magnetic fields two to three 
times greater than the 20 kilogauss limit for 
iron pole beam magnets. This higher field 
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Fig. 1-8. Magnetostrictive Readout Technique. An important innovation in high energy physics technology at the 
Lawrence Radiation Laboratory, Berkeley, has been the magnetostrictive method of recording spark chamber 
tracks electronically and producing signals that can be stored in coded form on magnetic tape for direct analysis 
by computers. The spark chamber is constructed of wire planes, with, wires in adjacent planes oriented perpen
dicularly in order to provide a system of coordinates. Photo shows technicians checking plane for accuracy of 
wire positions. Position of the particle track in each gap is then determined by identifying the wires in the 
planes which carry the spark current. Alloys used in the sensor wires are magnetostrictive, i.e., their linear 
dimensions change locally under the action of the magnetic field produced by the current carrying wires. This 
deformation travels down the sensor wire at the velocity of sound in that alloy. Its arrival is indicated by the 
induced electrical signal produced by the inverse magnetostrictive effect in a pick-up coil which can be con
veniently located outside the chamber. Some saturation problems are experienced when chambers of this type 
are placed in strong magnetic fields. Techniques by which they can be used in magnetic fields up to 20 kilogauss 
have been tested, and alternative techniques which are satisfactory for higher fields, such as would be produced 
when superconducting magnets become available, have been developed. The simplicity of the magnetostrictive 
technique, compared to other known filmless techniques for track reading, has enabled the development of 
compact electronic readouts of high reliability. (See also pp. 193-194, "Fundamental Nuclear Energy Research— 
1966.") 

strength combined with more compact construc
tion can greatly reduce the bulk and cost of 
radiation shielding required around future par
ticle experiments. At present, almost all mag
nets are made of copper and iron. They may 
-weigh tens of tons and their bulk is often 20 
times the volume of the useful magnetic field. 

Another new development at Brookhaven is 
a magnetic pump for converting high voltage 

at low current to magnetic flux energy. This 
device will be useful for powering high current 
superconductive magnets through small elec
trical leads, so that the magnet may be thermally 
isolated from the electric power source. A new 
superconducting ribbon has also been developed 
that will boost by 30 to 50 percent the field 
attainable in the beam magnets now under 
construction. 
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Fig. 1-9. Beam Magnet Improvements. Photo is of a 
superconducting quadrupole lens, designed and fabri
cated at Broofethaven National Laboratory. Tfoe super
conducting material is niobium-tin ribbon. Field 
gradients have been attained which are about five times 
higher than those available with standard copper-coil, 
iron magnets. The lens пае a 1-inch bore and an effec
tive length of 6 inches. In the back of the magnet is 
the 'panel for the special electrical supply system. 

SLAC Superconducting Coils 

The Stanford Linear Accelerator Center 
(SLAC) has built and is now testing a 12-inch 
inner-diameter, 24-inch-long superconducting 
Hebnholtz coil capable of producing fields up 
to 60-70 kilogauss. The coil is wound in two 
sections, inner and outer. The inner coil is 
wound from niobium-titanium (NbTi) formed 
in a cable which is fully stabilized, i.e., there is 
enough copper to carry the full current in case 
the superconductor goes normal. The outer coil 
is wound from niobium-zirconium (NiZr). The 
inner section has been run successfully at 43 
kilogauss. 

The SLAC 12-inch coil is intended as a test 
model for a larger coil which could be installed 
on the SLAC 40-inch bubble chamber to ad
vance it from a 6-8 Bev. instrument to one use

ful at 10-12 Bev. The model itself could also 
be used, for example, as a magnet for a polar
ized proton target. 

Bubble Chamber Magnet 

Superconducting magnet development at Ar-
gonne National Laboratory has concentrated on 
factors allowing stable and reliable operation 
of exceedingly large superconducting magnets 
in bubble chambers. The completed design of a 
superconducting magnet for the 12-foot hydro
gen bubble chamber10 uses the results of these 
investigations on stability and reliability. Fig
ure 1-10 shows a cross section of the conductor 
which will be used in the superconducting mag
net for the 12-foot chamber. To achieve the goal 
of conservative design in every aspect of the 
coil, it was necessary to develop a quantitative 
understanding of heat transfer from the con
ductor to the liquid helium bath, as well as of 
the current transfer which can take place be
tween the superconductor and the large copper 
conductor in which the superconducting mate
rial is imbedded. This work will be helpful in 
the design of superconducting magnets for a 
wide variety of practical applications in high 
energy physics. In addition to bubble chamber 
magnets, future superconducting quadrupoles 
and bending magnets used to transport external 
beams to experiments will use very similar de
sign principles. 

Bubble Chamber Development 

SLAC 40-Inch Bubble Chamber 

The Stanford Linear Accelerator Center's 
(SLAC) 40-inch hydrogen bubble chamber 
has had a successful engineering run during 
which it was expanded about 100,000 times with 
liquid hydrogen in the chamber (see Fig. 1-11). 
The magnetic field in the chamber has been 
measured to be 26 kilogauss. Photographs of 

10 See p. 191, "Fundamental Nuclear Energy Research— 
1966." 
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J4fl>. /-A?. Bubble Ohamiber Magnet. Photo shows a cross section of the stabilized superconductor magnet to be 
used in Argonne National Laboratory's 12-foot hydrogen bubble chamber. The dimensions of the copper conductor 
are 2 inches X 0.1 inch. Ten niobium-titanium (NbTi) superconductors, embedded in the copper conductor, 
•are shown (dark spats just above the ruler). This integral conductor, supplied by the Supercon Division 
(Natick, Mass.) of National Research Corp. was developed specifically for use in the ANL magnet. 

events from photon and muon beams passing 
through the chamber were taken at f/22 and a 
demagnification of 17 to 1, and the preliminary 
pictures show clearly delineated multiprong 
events from the interactions of photons with 
protons. This chamber began physics operation 
in mid-1967 with a quasimonochromatic photon 
beam, obtained from annihilation-in-flight of 
positrons by electrons, a technique developed at 
the Stanford Linear Accelerator Center 
(SLAC). The chamber is being used initially to 
study multibody final states in photon-proton 
(y-p) interactions. . 

Heavy Liquid Bubble Chambers 

A 40-inch heavy liquid chamber has been put 
into operation at Argonne National Laboratory 
(see Fig. 1-12). Bubble chambers, making use 
of heavy liquids (freon, propane, or freon-
propane mixtures), are particularly suitable for 
identifying neutral particles such as neutral pi-
mesons (v°) since the gamma rays into which 
they decay are quickly converted into electron-

positron pairs which can easily be identified in 
the chamber (see Fig. 1-2). The heavy liquid 
also offers advantages for distinguishing be
tween electrons, mu-mesons, and pi-mesons. All 
three liquid combinations mentioned above will 
be used in the 40-inch chamber. By varying the 
composition of the liquid mixture, the condi
tions can be controlled for a particular experi
ment. 

The bubble chamber was designed and built 
at the University of Michigan, Ann Arbor, for 
installation at Argonne. The magnet has a meas
ured field of 46 kilogauss produced by 11 mega
watts of electrical power at 22,000 amperes and 
500 volts. To remove the generated heat, 800 
gallons per minute of cooling water are passed 
through the magnet. The magnet weighs 411 
tons and is designed with built-in mobility so 
that it can be moved by "walking" at the rate 
of 12 feet per hour. 

Argonne's 12-foot hydrogen bubble chamber 
is under construction. Major components of the 
chamber are being fabricated with delivery 
scheduled for the first quarter of 1968. These 
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Fig. 1-11. SLAG 40-Inoh Bubble Chamber. The 40-inch 
hydrogen bubble chamber at the 'Stanford Linear Accel
erator Center (SLAC) has a cylindrical hydrogen 
volume 40 inches in diameter and 20 inches deep. The 
bellows-connected piston is designed to expand the 
chamber at rates up to two cycles per second. The 
chamber magnet can produce a field of 26 kilogauss. 
Intended for general experimental use at SLAC, this 
chamber will be used initially to study the interactions 
produced in hydrogen by a high-energy beam of quasi-
monochromatic photons obtained from positron annihi
lation. The chamber is also suited to eventual use witjh 
deuterium, rather than hydrogen. 

large components include the chamber vessel 
and vacuum container, 1,600 tons of magnet 
iron, and the large Dewar vessel for the super
conducting coils. Initial preoperational cool-
down of the mammoth particle detector is 
scheduled for the summer of 1969. 

Spectrometers 

SLAC Spectrometers 

Three large magnetic spectrometers capable 
of high-precision analyses in the momentum 
ranges up to 1.6, 8, and 20 Bev./c, respectively, 

are now in use at the Stanford Linear Acceler
ator Center (SLAC) (see Fig. 1-13). Together, 
these instruments give SLAC the capability of 
carrying out a wide variety of scattering and 
photoproduction experiments, ranging from 
studies of those high-momentum, small-angle 
events which have relatively high cross sections 
to the lower-momentum, large-angle events 
which have smaller cross sections. The use of 
three separate spectrometers provides for a more 
economical coverage than would be possible with 
a single large instrument that would have to 
combine high momentum capability with large 
angular acceptance. Each of the spectrometers 
has momentum and angular resolution on the 
order of 0.1 percent; this extremely high preci
sion makes it possible to distinguish, for ex
ample, between interaction processes that differ 
only in the production of a single pion. The 
precise angle and momentum of the particles 
passing through the spectrometers are defined 
by gridded arrays of counters (hodoscopes) in 
the focal planes of the spectrometers. Com
puterization and TV displays are used to log 
and partially analyze the data from the spectro
meters. 

CEA Photon Spectrometer 

A unique tool for analyzing the spectrum of 
a beam of high energy photons was perfected 
and put into operation at the Cambridge Elec
tron Accelerator, Cambridge, Mass. The device, 
a pair-spectrometer of special type, employs an 
indirect principle: the gamma rays strike a thin 
sheet of copper, and produce pairs of electrons 
and positrons which are, in turn, used in the 
measurement process. An individual photon in 
the gamma beam produces one such pair, and 
the entire energy of the photon is carried by the 
electron and positron. The spectrometer uses a 
20-ton electromagnet to "bend" the paths of the 
electron and the positron; the greater the bend, 
the less the momentum of the particle in ques
tion. Large arrays of detectors evaluate the ex
tent of bend, and thus permit evaluation of the 
momentum and energy of the individual par
ticles. By this indirect process it is possible to 
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J1* .̂ 1-12. Heavy Liquid Bubble Chamber. The 40-inch Michigan-Argonne heavy liquid bubble chamber showing 
the 46 kilogauss magnet (octagonal structure) in the center. The chamber proper is the cylindrical structure 
shown withdrawn to the right of the magnet. The cabinets to the right of the chamber proper contain the firing 
equipment for the flash lamps. The two pipes entering from left provide 800 gallons per minute of cooling water 
required to remove the heat of the 11 megawatts of excitation power. 

evaluate the entire spectral energy distribution 
in the original gamma beam in the course of 
30 minutes, within an accuracy of about 0.5 
percent in terms of energy. Using such a pair 
spectrometer, physicists studying the produc
tion of rare kinds of fundamental particles by 
means of a 0 to 6 Bev. gamma beam will have 
full knowledge of the detailed composition of 
the gamma ray beam. 

Data Analyses 

Spark Chamber Film Scanner 

A spiral automatic scanning system (SASS) 
has been developed at the Lawrence Radiation 
Laboratory, Berkeley, for the scanning of spark 
chamber film. A spot of light generated by a 
computer-controlled cathode ray tube searches 
the film for sparks. Coordinates of the sparks 
on the film are automatically recorded by the 
computer and the scanning criteria are applied 
to this information. If the particular frame that 
is being measured satisfies all the scanning cri

teria, the coordinates of the sparks are written 
on magnetic tape for further analysis. The de
vice then moves the film to the next frame and 
proceeds with the analysis. Film is scanned at 
an average rate of 5 seconds per frame, which 
includes moving the film and instructing the 
operator of the machine about special action 
that must be taken. 

Precision Encoding and Pattern Recognition 

A precision encoding and pattern recognition 
(PEPB.) device at the Massachusetts Institute 
of Technology, Cambridge, has been operated 
successfully in its prototype form. The main 
objectives sought with the prototype were to: 
(a) develop a digitally controlled cathode ray 
tube measuring device whose accuracy would 
approach that of the mechanical equivalents in 
use with other systems; (b) develop a digitally 
controlled cathode ray tube line pattern and to 
investigate the efficiency of this pattern in ana
lyzing bubble chamber film; and (c) develop 
techniques and computer programs leading to a 
system capable of analyzing bubble chamber 
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Fig. 1-18. SLAC Spectrometers. Photo shows the 8 and 20 Bev./c. spectrometers at the Stanford Linear Accelera
tor Center (SLAG). The magnets on the 20 Bev./c. spectrometer, on the top left, are slung low in the frame 
and are thus not readily visible. The size of these high-precision instruments is illustrated by the two workmen 
on the ramp of the 8 Bev./c. spectrometer, at the right. The electronic counters that detect the particles 
traversing the spectrometers are housed in large concrete shielding pods so as to reduce accidental counts from 
cosmic-rays and stray radiation. The larger spectrometer is 160 feet long 'and weighs 1,700 tons. The multiple-
wheel spectrometer carriages ride on the circular floor rails and enable the instruments to be swung through 
the wide range of angular positions necessary for the varied experimental program. 

events under computer control. However, there 
is no immediate plan to operate this device with
out prescanning. 

The prototype developed has demonstrated 
not only the feasibility of the cathode ray sys
tem, but also that its stability and accuracy 
exceeds that of most of the mechanical devices 
in use. Its absolute precision exceeds one part 
in 40,000. The measuring speed is hundreds of 

times greater than that achievable by mechani
cal stages. A cathode ray pattern has been cre
ated which has been demonstrated to be effective 
in distinguishing and identifying bubble cham
ber tracks from the usual background in bubble 
chamber film. In addition, a prototype bubble 
chamber analysis system (Point Guidance) has 
been applied successfully to the measurement 
of over 1,000 real events. The input to this 
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system is a minimal number of points for each 
event plus the film number of the event. From 
this point forward, the PEPR system finds and 
measures fiducial points and event tracks and 
the ionization density of each track. 

Digital Automatic Pattern Recognition 

Computer programs for entirely automatic 
scanning and measuring of bubble chamber film 
have been demonstrated at the Lawrence Radia
tion Laboratory, Berkeley. 

Although hardware capable of digitizing 
(converting tracks on the film to numbers suit
able for computational use) this film has been 
operated since 1963, the computer controlled 
measurement process has required a previous 
manual scanning operation to find and point out 
events of interest. The goal of DAPR (digital 
automatic pattern recognition) is to find, meas
ure, and analyze bubble chamber events under 
computer control, without manual intervention. 
Achieving this will release substantial numbers 

of people from the tedious task of searching 
each picture for events, and will improve the 
processing time of events by avoiding the many 
extra steps required by separate scanning and 
measuring operations. Because the system is en
tirely automatic, continuous monitoring of film, 
hardware, and program performance is required 
to maintain high standards of reliability. Some 
of this can be done by searching for fixed ele
ments common to all pictures, but the most ade
quate controls are achieved by intercomparison 
of the three views of the chamber made from 
separate camera positions for each event ex
posure. Substantial effort has been devoted to 
the development of a multiview spatial recon
struction program which enhances the quality 
of conventional output, but which primarily 
provides the artificial intelligence that substi
tutes for the human scanners who are not used 
in the DAPR system. By comparing all views, 
it can resolve ambiguities, improve analysis ac
curacy, and guarantee the reliability of the 
automatically obtained data. 





Fig. I-I4. BroacL-Rtmge Spectrograph. A precision magnetic spectrograph installed at the Oak Ridge Iso
chronous Cyclotron (ORIC) at Oak Ridge National Laboratory is used to analyze nuclear reaction products 
of various masses over a broad range of energies. The 60-ton magnet, one-fourth the weight of the cyclotron 
magnet itself, can be rotated readily from 10° to the left of the cyclotron beam to 160° to the right Particles 
emitted from the target are focused by the magnet onto a focal plane, where their arrival may be recorded 
on photographic emulsions or by a digital spark chamber shown here being inserted in the focal plana This 
device can distinguish particles that differ in energy by as little as one part in two thousands. Such resolution 
is required for the separation of particle groups from closely spaced energy levels within a given nucleus. An 
analysis of the character of the individual groups then yields the nuclear properties of the associated level. 

MEDIUM ENERGY PHYSICS. 
Research investigations in the medium energy region (50 to 1,000 Mev. primary 
proton or electron beam energy) are involved with obtaining detailed knowledge 
about how neutrons and protons are bound together to form the atomic nucleus 
and the various configurations the nucleus takes when it is excited. The proton 
and electron beams are delivered by intermediate energy accelerators such as 
sector-focussed cyclotrons, proton and electron linacs and synchrocyclotrons. 
The data obtained from such experiments are required to test theories, which 
include descriptions of the forces holding the nueleons together within the 
nucleus. 

K- and Pi-Mesonic X-rays 

At Lawrence Eadiation Laboratory, Berke
ley, K-mesonic atoms of lithium, beryllium, 
boron and carbon have been identified. Mesonic 
atoms differ from natural atoms in that a nega
tive meson moves about the positively charged 

nucleus replacing a negatively charged electron. 
High-energy accelerators produce several kinds 
of elementary particles that can be substituted 
for one of the electrons in natural atoms. These 
new atoms are described by the kind of particle 
that has replaced an electron; for example, mu-
mesonic and pi-mesonic atoms contain muons 

21 



22 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

— ] 1 » , 1 T—«—, 1 ] 1 r-»—i 1 [ 

' rt = l , (x Ю'г] n:2,(xl0'J) r» = 3, (x io " J ) n=4. {xiO"3) 

4 та i? 1 I 

I.1 .V. , , i! -: 
1 I и 1 1 1—«—J 1 1 1 1—„L j I I ! 
5 10 15 20 25 40 45 50 55 60 75 80 85 90 95 

Atomic number 

Fig. 1-15. Pi Mesonio X-Rays. X-ray energies are meas
ured by means of a solid-state detector, which has the 
property of collecting all the charge pairs created by 
the X-ray so that the size of the output pulse is 
directly proportional to the energy of the X-rays. The 
system can be calibrated by using X-rays of known 
energy from radioactive sources. The Lawrence Radia
tion Laboratory, Berkeley, chart shows the energy 
shift of X-rays for various elements due to pion-
nucleus interaction ; n is the principal quantum number 
of the orbit to which the pion makes a transition and 
the mean radius of an orbit is proportional to n". 

and pions. The lifetimes of mesonic atoms are 
generally shorter than one millionth of a second 
because the substituted particle may be captured 
by the nucleus or may decay naturally. They are 
studied by observing the light they emit. For 
mesonic atoms this light is in the X-ray region 
of the electromagnetic spectrum. 

Mu-mesonic and pi-mesonic atoms have been 
studied for about 20 years. Although К particles 
were discovered about 15 years ago, their scar
city has until recently prevented the study of 
K-mesonic atoms. The first K-mesonic X-rays 
were observed in helium by a group at Argonne 
National Laboratory in 1965." 

Characteristic X-rays of lithium and beryl
lium corresponding to transitions from orbital 
numbers n=3 to n=2 were observed at 15.3 
thousand electron volts (Kev.) and 27.6 Kev., 
respectively. In carbon transitions from n= 4, 
5, and 6 down to n=3 were observed at energies 
of 22.0,32.2, and 37.8 Kev., respectively. Similar 
radiations were detected from boron. The num
ber of X-rays of a given energy emitted per 

u See pp. 182-183, "Fundamental Nuclear Energy Re
search—1966." 

stopped К - particle depends upon the atomic 
species and the transition involved and ranges 
up to about 0.3. Such studies of KSmesonic 
atoms should give information on nuclear struc
ture and the Kr-nucleon interaction. 

Negative pi-mesons when stopped in a given 
material, are captured into orbits around the 
positively charged nuclei of the material. Al
though they remain in the orbit an extremely 
short time before being captured in the nucleus 
itself, it is a sufficient time for them to emit 
X-rays as they transfer from one orbit to an
other of lower energy. These X-rays have a 
unique energy; a measurement of this energy 
and a comparison with its expected value cal
culated on the basis of the pi-meson's electric 
interaction with the nucleus, yields information 
on the way in which the pion interacts with the 
nucleus through the nuclear force. The results 
obtained for the pion-nucleus interaction agree 
very well with those calculated on the basis of 
the known interactions of pions with individual 
neutrons and protons (see Fig. 1-15). 

Nuclear Shapes and Sizes 

The muon is a particle that is identical to an 
electron except that it is 207 times as heavy. 
Consequently, it can form an atom similar to a 
normal electronic atom. But because of its 
greater mass, the muon orbits are only %07 as 
large as the corresponding electron orbits. 
Therefore, since the muon spends most of its 
time near, or even inside, the nucleus, it is a use
ful particle for probing the interior of the nu
cleus. A collaborative series of experiments 
were undertaken by Argonne National Labora
tory, Carnegie-Mellon University, Pittsburgh, 
Pa., and the State University of New York, 
Binghamton, to measure the spectra of X-rays 
from muonie atoms produced by the muon 
beam from the Carnegie synchrocyclotron. The 
shapes of nuclei and the distributions of elec
tric charge and magnetism in nuclei have been 
extracted from the data (see Fig. 1-16). The 
results agree with earlier nuclear size measure
ments but are more precise and offer definite in
formation on the size and shape of nonspherical 



Fig. 1-16. Nuclear Shapes and Sizes. A collaborative 
series of experiments were undertaken by Argonne 
National Laboratory, Carnegie-Melon University, 
Pittsburgh, Pa., and the State University of New York 
at Binghamton, to measure the spectra of X-rays from 
nraonie atoms produced by the muon beam from the 
Carnegie synchrocyclotron. Many of these effects are 
dramatically illustrated in the spectra of the rare 
separated isotopes of europium-151 and -153. The iso
tope shift is visible as a large shift in the prominent 
line on the left of the two spectra while the nuclear 
magnetism causes broadening in the left peak of 
europium-151. The "Bu153" spectrum is more compli
cated because the europium-153 nuclear shape is more 
distorted. 
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nuclei, and the difference in size between 
isotopes. 

In these experiments, a beam of muons strike 
a target, and some of the muons are captured in 
the outer orbits of the target atoms. Through 
emission of X-rays or by other energy transfers, 
the muon drops into orbits lying successively 
closer to the nucleus. It very quickly reaches the 
most tightly bound orbit, which is very small. 
In fact, within a heavy nucleus, the muon in the 
innermost orbit may spend half of its life 
actually within the nucleus. Eventually (after 
about one ten-millionth of a second in a heavy 
atom) it is captured by the nucleus itself. The 
energies and intensities of the X-rays emitted 
in these muon transitions, especially those to 
the most tightly bound orbits, depend critically 
on the electric and magnetic fields in which the 
muon moves. These, of course, are directly re
lated to the shape and size of the particular 
nucleus involved. 

Nearly spherical nuclei were studied in one 
series of measurements. In gold, the hyperfine 
splitting due to the nonspherical charge dis
tribution in the nucleus was observed in detail 
for the first time. The magnetism of the bismuth 
nucleus was shown to be distributed over a vol
ume, not concentrated at a point. The isotope 
shift (an electrostatic effect associated with the 
muon penetrating farther into a larger nucleus 
than into a smaller one) was observed clearly in 
silver and cerium. 





Fig. 1-17. New Accelerator. The world's first Emperor Tandem Van de Graafl* electrostatic accelerator has been 
Installed and brought into full operation for AEC-sponsored research at Yale University, New Haven, Conn. 
Built by High Voltage Engineering Corp., Burlington, Mass., there are only five additional Emperor-type 
accelerators in existence or under construction in the western hemisphere. The negative ion injector appears in 
the shielding enclosure in the extreme background and the beam energy defining and first beam switching magnets 
appear in the foreground,, leading to the experimental areas. The accelerator tank is 81 feet in length, 20 feet 
in diameter, and is constructed of 2-inch steel and weighs 400,000 pounds. The projectile beams travel up to 
300 feet at speeds up to 500 million miles per hour before reaching the targets under study. The Emperor is 
capable of producing proton beams four times more energetic than those produced by conventional one-stage 
Van de Graaffs and 20 percent more energetic than those produced by other existing tandem accelerators. I t 
is also designed to produce intense beams of a wide variety of heavy ions. 

LOW ENERGY PHYSICS. 
Research in low energy physics seeks to further existing knowledge on the 
behavior and structure of nuclei, nuclear components, and nuclear forces. Areas 
of investigation include nuclear theory, charged particle physics, neutron 
physics, and atomic and classical physics. 

NUCLEAR THEORY 
Kesearch in the area of nuclear theory is 

based in large part on nuclear models. Such 
models are useful in interpreting experiments 
and have advanced significantly from the early 
model of the atom. 

275-845 О—68 4 

Non-Spherical Light Nuclei 

In general it is assumed that light nuclei, i.e., 
nuclei with masses less than 100 times the mass 
of the hydrogen atom, are spherical. However, 
a large number of observed properties such as 
locations of energy states corresponding to var-

25 



26 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

382'0" 

• ss;;sss^;f;j;js;;;;>;^s>^;-7- •J •* S S J^r ^ i 

ACCELERATOR ROOM # I 

^yyyyyyyJ^P:?t^zyyyyyyyyyyyyyyy< 

; > , > , ? > ; > > ' > > > > > * > > > > * ' > > ; ; ' ; ; ; ; ; ; > ; " ' ; ; > 

OR ROOM # ? Ы 

' ШЛ1 1 

MECHANICAL 
EQUIPMENT 

ROOM 

ACCELERATOR ROOM # 2 

/*}• V \ 
'iy^yyy:<yyyyyyT^ 

WALKWAY TO 
EXISTING 

CYCLOTRON BLDG 
трр^я^дурр^рр 

120 0 

FIRST FLOOR PLAN 

Fig. 1-18. New BrooTchwoen Facility. Two Emperor Tandem Van de Graaffs will be installed in line in Accelerator 
Rooms No. 1 and 2 as shown in this drawing of Brookhaven National Laboratory's new Tandem Van de Graaff 
facility. Accelerator No. 1 can provide a beam into Target Room No. 1 operating as a conventional two-stage 
Emperor Tandem Van de Graaff. Accelerator' No. 2 can also provide a beam into Target Rooms No. 2, 3, or 4 
when operating as a standard two-stage) Emperor Tandem Van de Graaff. In order to operate the facility as a 
three-stage unit, a special terminal ion source designed by BNL will be installed in the terminal of Accelerator 
No. 1. This machine will then be operated to accelerate negative ions from the terminal ion source to ground 
potential. These ions which have now attained an energy of 10 Mev. are then injected into Accelerator No. 2 and 
accelerated through the last two stages for an additional energy gain of 20 Mev. which results in a final energy 
of 30 Mev. The primary use of the facility will be as a three-stage accelerator; hence, the three-target rooms for 
the three-stage beam allow for easy access and experimental set up in two of the rooms while the third is being 
used with beam for experimental measurements. 

ious modes of excitation, the decay probabilities 
of these excited nuclei to other excited or ground 
states, and the gradient of the charge distribu
tion (quadrupole moments), cannot be ade
quately understood in terms of this basic 
assumption. This led to the proposition that the 
mass distribution of light nuclei could be ellip
soidal, and hence, particles inside these nuclei 
move within an ellipsoidal potential surface. 
The initial consequences of this proposition look 
very encouraging. I t explains the above-men
tioned difficulties for many light nuclei with 
an odd number of particles. The theoretical 
consequences of particles moving in an aspheri-
cal potential is more complex than in the spher

ical case. The ellipsoidal nature of these nuclei 
implies a rotational motion, and the motion of 
particles inside the nucleus gets coupled to 
this rotation. A theoretical calculation of this 
coupled motion was performed at Yale Univer
sity, New Haven, Conn. This coupling in
fluences profoundly the above-mentioned ob
served properties, and the calculation of them 
agrees with the observed results. 

CHARGED PARTICLE PHYSICS 
Protons, deuterons, heavy ions, and photons 

are used as nuclear probes. These particles are 
obtained from accelerators such as Van de 
Graaffs, linacs, and cyclotrons. Some of the 
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types of research conducted under this program 
are elastic, inelastic and reaction differential 
cross section measurements as well as heavy ion 
reaction studies, fission studies, and studies 
using polarized targets and polarized bombard
ing particles. Other programs include the study 
of nuclear reactions induced by gamma rays, 
double beta decay studies, particle channeling 
studies, and studies involving the unraveling of 
nuclear decay schemes. 

Study of Excited States of Nuclei 

A recently developed method of analyzing 
nuclear particle bombardment of nuclei by fluc
tuations in the yield has been used by the Los 
Alamos Scientific Laboratory to continue the 
study of the states of excitation of nuclei and 
to obtain significant new information in the con
tinuum region of nuclear excitation energy 
where the states are so numerous that they are 
no longer distinct. Different bombardment con
ditions allowed determinations of the change of 
the widths of these states both with the excita
tion energy and with the amount of the nuclear 
spin. These widths can then be related to the 
state lifetimes by means of the uncertainty prin
ciple of quantum mechanics^ which states that 
the width is inversely proportional to the life
time. The results showed that the time in which 
nuclei de-excite decreases as the energy increases 
and increases as the spin increases. 

The fluctuations in the cross section have been 
analyzed for the production of alpha particles, 
helium-4 nuclei, from proton bombardment 
of phosphorus-31 to determine the width change 
with energy for the sulfur-32 nucleus formed 
by this bombardment. Use was made of a change 
of proton energy from 5 to 22 Mev. obtained, 
respectively, from single-stage and three-stage 
use of the Los Alamos tandem Van de Graaff 
accelerator (see Fig. 1-19). Analysis showed a 
change in average width from 10 Kev. to 95 
Kev., which confirms the expected trend. 

For the study of the change of width with 

the amount of rotation or spin, of the nucleus, 
the fluctuations in the cross section for produc
ing alpha particles from oxygen-16 bombard
ment of oxygen-16 were measured over the 
energy range from 24.9 to 29.2 Mev. in 25 Kev. 
steps. This enabled a comparison of the aver
age level width from the same sulfur-32 nucleus 
at the same excitation energy as for the higher-
energy proton bombardment of phosphorus-31. 
Oxygen ions were obtained from two-stage use 
of the tandem Van de Graaff. Oxygen ions im
part more rotation to the compound nucleus 
than protons, and this larger amount of spin 
was found to reduce the width to 73 Kev. from 
the 95 Kev. found for proton bombardment. The 
higher-spin states are expected to live longer 
because few particles emitted from an excited 
nucleus in its decay are capable of providing the 
required reduction in spin. The resulting longer 
lifetime of excited states for larger-spin nuclei 
results in the smaller width observed. 

Nuclear Lifetimes Using Doppler Shift 

Nuclei generally exist in unstable configura
tions for very short periods of time. This time, 
which is intimately related to the nuclear struc
ture, becomes increasingly more difficult to 
measure for times shorter than ten picoseconds 
(Ю-11 second). A combination of the Coulomb 
excitation process and Doppler shift is now 
being applied at the Oak Eidge National Lab
oratory to a study of nuclear lifetimes in this 
range. In Coulomb excitation, a nucleus is 
forced into an unstable configuration by bom
barding it with high-velocity charged particles. 
If the charged particles are heavy (oxygen ions 
are presently being used), the bombarded 
nucleus is also left with a significant velocity 
(typically a few percent of the velocity of 
light). The energy of the gamma ray emitted by 
the nucleus in returning to its normal condition 
depends, according to the Doppler principle, on 
the velocity of the nucleus. (A frequently ob
served example of the Doppler shift dealing 
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Fig. 1-19. Los Alamos Three-Stage Van de Graaff Facility. Cutaway drawing shows the two electrostatic 
accelerators making up the Los Alamos Scientific Laboratory's three-stage Van de Graaff facility. On the left 
is the vertical accelerator that can accelerate protons to 8 million electron volts (Mev.) and can also produce 
beams of deuterons, tritons, and helium ions. I t is used independently (mostly for neutron research), or is 
used as an injector for the two-stage horizontal machine (center of drawing), a 17-Mev. tandem Van de Graaff 
that produces beams of the same variety as the vertical machine and can be operated independently, primarily 
for charged particle experiments. When operated in series the two machines can produce a maximum proton 
energy of over 25 Mev. The facility produces the world's only tritons (tritium nuclei) with a greater than 20-Mev. 
energy, a factor instrumental in the recent discovery of the new helium-7 radioisotope (see p. 31). 

with sound waves is the change in pitch of a 
railroad warning signal heard by a passenger 
on a fast moving t rain) . Since the nucleus is 
slowed down by collisions with other nearby 
atoms, the velocity at the moment of gamma-
ray emision depends on how quickly the nucleus 
returns to its stable configuration. Thus, the 
magnitude of the Doppler shift is directly 
related to the nuclear lifetime. A measure of 
this has, for example, established that two ex
cited configurations of tin-117 have lifetimes of 
two trillionths (2X lO12) of a second and nine-
tenths of one-trillionth (9X10-13) of a second. 

These measurements would not have been pos
sible without the recently developed high-
resolution germanium detectors. 

Resolution vs. Energy in Detectors 

One of the less desirable properties of silicon 
and germanium lithium drifted detectors is the 
change in resolution of the detector with energy 
(see also "Semiconductor Detectors" section, 
p. 319, in Par t Three—Biological, Medical 
and Environmental Research). Ideally these 
detectors would collect 100 percent of the hole-
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Fig. 1-20. Isotope Separator System. The first success
ful operation of an isotope separator connected to a 
reactor for the purpose of continuously studying short
lived radioactivity produced by fission of uranium-235 
(U235) has been achieved at the Ames Laboratory 
research reactor. Gamma ray spectra of xenon and 
krypton isotopes (with half-lives down to less than 2 
seconds) have been analyzed, and some observations 
have been made of other types of radiation, such as 
neutrons. In the operation, a sample of U233 is placed 
in the reactor neutron flux (near the reactor core) and, 
through fission, acts as a source of gaseous radioactive 
atoms. These atoms then travel from the uranium-235 
sample to the ion source of the isotope separator 
through a transport line. The isotope separator serves 
to produce—for collection and simultaneous study of 
radioactive decay—pure radioisotopes so that compet
ing activities from neighboring masses are eliminated. 

electron12 pairs produced by the incoming ioniz
ing radiation and (together with the associated 
electronics) produce a pulse the amplitude of 
which is directly proportional to the number 
of hole-electron pairs. However, this pulse 
height would not always be the same for iden
tical events but would show statistical fluctua
tions resulting from the statistics involved in 
the production of the hole-electron pairs. A 
spectrum for mono-energetic ionizing events in 
the detector should then be a gaussian line with 
a characteristic full width at half maximum i.e., 
resolution, increasing with the square root of 
the number of hole-electron pairs produced. 
However, it is only at the lowest energies that 
the line shape is even approximately gaussian. 
As the energy increases the line broadens on the 
low energy side as though efficiency for the col
lection of hole-electron pairs is not uniform. 

Studies hav& been made at Brookhaven Na
tional Laboratory on the line shape as a func
tion of pulse rise time to try to eliminate pulses 
which degrade the resolution. This idea of such 
pulse shape discrimination in counters is not 
new but has been used (on a different time scale) 
in both gas and solid state counters. 

Using a small (1 cm2 X 1.5 mm) silicon lith
ium drifted detector the resolution before pulse 
shape discrimination was measured to be 0.850 
Kev. at 14 Kev., 1.3 Kev. at 68 Kev., and 1.6 
Kev. at 122 Kev. The line shape at the higher 
energies was very asymmetric on the low energy 
side of the line. With pulse shape discrimination 
the resolution could be 0.850 Kev. at all the 
above energies. The curious and unanticipated 
result of this investigation at Brookhaven is 
that it is the slowly rising pulses and not the 
fast ones which give the improved resolution. 
This appears to be inconsistent with the reasons 
commonly given for the degradation of resolu
tion with increasing energy. 

12 A "hole" is the absence of an electron, or an effective 
positive charge. 

The collection of the activities can be made either in 
a beta ray spectrometer or in a variety of other ar
rangements with suitable detectors for specific studies 
of the different aspects of the radioactive decays. 
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Fission Crass Section of Am24!m 

The fission cross section of metastable13 amer
icium-242 (Am ! i ! l ) at thermal energy is 7,200 
barns," much larger than that of any other 
known nucleus. However, only recently has 
Am242m been available in sufficiently large quan
tities for detailed measurements to be attempted 
at other energies. A severe problem with meas
urements on this nucleus is its short alpha-decay 
half life which makes it very difficult to detect 
fission fragments in the high background of 
alpha particles which the sample emits continu
ously. This problem has been solved at the Law
rence Radiation Laboratory, Livermore, by 
using spark chamber detectors. Cross section 
measurements for neutrons ranging in energy 
from thermal (0.02 ev.) to 6 Mev. have been 
obtained. The measurements were carried out 
using the beam from an electron linear accelera
tor as a pulsed neutron source. The whole un-
normalized cross section curve as a function of 
energy can be normalized to the easily-measured 
thermal fisson cross section. Thus, there is no 
need for carrying out measurements in different 
energy ranges on different kinds of apparatus 
and then trying to piece the results together to 
get a broad energy region, as has been done in 
the past on most other fissile nuclides. The fis
sion cross section below 4 ev. is shown in Figure 
1-21. The fission cross section from below ther
mal to 0.2 ev. is relatively flat and has a value of 
about 6,000 barns. This is more than 10 times 
larger than that of any of the common fissile 
nuclides over most of that energy range. The 
cross section falls rapidly from 0.2 to 1 ev., but 
even at 1 ev. the cross section is as large as the 
uranium-235 cross section is at thermal energy. 
This extremely large cross section over 
the neutron energy range in which thermal re
actors operate suggests the possibility of build
ing much smaller and lighter reactors than are 
presently possible provided the americium-242 
can be made in useful quantities. Such reactors 
could have important applications, for example, 
in space power systems. 

This is the only odd-odd15 nucleus for which 
the fission cross section has been studied. These 
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Fig. 1-21. Fission Cross Section of Am242"1. The fission 
cross section of metastable americium-242 (Am'"") at 
thermal energy is 7,200 barns, much larger than that 
of any other known nucleus. Since AmMm has become 
available in quantities large enough for detailed meas
urements to be attempted at other energies, the 
Lawrence Radiation Laboratory, Livermore, has meas
ured the fission cross section for neutron energies less 
than 4 electron volts (ev.). As indicated in the above 
figure, the fission cross section from below thermal 
(0.025 ev.) to thermal (0.2 ev.) is relatively flat and 
has a value of about 6,000 barns which is more than 10 
times larger than any of the more common fissile nu
clides over most of that energy range. The figure shows 
a rapid decline to about 300 barns in the range from 
0.2 to 1 ev. but even above 1 ev. the cross section is as 
large as the uranium-235 cross section at thermal 
energy. 

measurements have demonstrated a capability 
for measuring fission cross sections of other 
rare heavy nuclides which now are becoming 
available in samples of adequate size for such 
studies. The measurements promise to be a 
source of information which could lead to ap
plications of the fission properties of these rare 
heavy nuclides which might be uniquely 
different from those of the more common fissile 
materials. 

13 Uletaatable Americium-242—The radioisotope decays with
out particle emission to a more stable form of the element. 

14 Barn—The unit of measure of the probability that a 
given nuclear reaction will occur; more specifically, the unit 
for expressing cross-section values for reactions between 
particular nuclides and particular incident particles of par
ticular energies. In physical terms, the barn is a unit of 
area—10-24 square centimeters. 

15 Odd number of neutrons and protons. 
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New Isotope, Copper-69 

Nuclear disintegrations in which protons 
are selectively removed from nuclei are con
veniently performed by irradiation of elements 
with high energy X-rays. A recent result of a 
continuing research program at the Ames Lab
oratory to investigate possible new radioactivi
ties formed in this way has been the discovery 
of a new isotope, copper-69. This isotope was 
produced by bombarding an enriched sample of 
the isotope zinc-YO with X-rays from the Iowa 
State University electron synchrotron. The 
half-life of the new activity in copper was de
termined to be 3.0±0.1 minutes, and quantum 
numbers of several of the energy levels were 
identified. 

New Isotope, Helium-7 

Very light nuclei have been studied at the 
Los Alamos Scientific Laboratory by means of 
nuclear reactions induced by tritons from a 
three-stage tandem Van de Graaff accelerator 
and one particularly significant result has been 
the discovery of the nucleus helium-7 (He7). 

The LASL tandem accelerator produces the 
world's only tritons (tritium nuclei) with an 
energy greater than 20 Mev. This triton beam 
permits unusual neutron-rich light nuclei to be 
formed by nuclear reactions. For example, 
when a triton beam strikes a tritium target, one 
reaction that may take place is: triton+triton 
-»hydrogen-5+proton, ( t+t ->H 5 +p) . The 
proton energy spectrum from the reaction can 
be measured in a detector system, and the spec
tral shape will indicate the possible existence of 
the residual hydrogen-5 (H5) nucleus. A series 
of experiments using this technique have been 
performed to study nuclear systems having 
mass numbers 3 through 7. These experiments 
explore a new region of high excitation energy 
in these nuclei and permit a search for hitherto 
undiscovered nuclei. In addition, measurements 
of the spectra of reactions such as triton+ 
triton-»(3 neutrons)+helium-3 (t+t-»(3n) + 
He3) are expected to shed further light on the 
three-body nuclear force. 
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Fig. I-Z2. New Radioisotope, Helirnn-t, Found. Using 
the triton beam from the Los Alamos three-stage tan
dem Van de Graaff accelerator to bombard a lithium 
target, experiments have produced a new isotope of 
helium, helium-7 (He7). The figure shows the energy 
spectrum of He3 particles arising from the BP+Li7-» 
He7+He3 reaction. The He3 particles were observed in 
detectors placed at an angle of 10° to the incoming 
triton beam. The data points rise to a peak between 
9 and 10 Mev. and this peak together with data taken 
at other angles shows the existence of the new isotope 
He7. The energy width of the peak has been measured 
and is related to the detailed nuclear structure of He7. 

The Her nucleus was observed by use of the 
tritium+lithmm-7-^helium-7+helium-3 ( t+ 
Li7-»He7+He3) reaction. From a peak in the 
He3 energy distribution the existence of He7 

was shown, and its nuclear mass was deter
mined (see Fig. 1-22). Helmm-7 is unstable for 
it decays into He6+n, but nevertheless clearly 
appears as a fairly narrow peak in the He7 ex
citation spectrum. Based on the mass of He7, 
the systematics of neutron binding in light 
nuclei can be extended. For instance, the neu
tron pairing energy of He8 is determined now 
that the mass of He7 is known. Also, from the 
masses of He7 and its analogues in Li7 and 
beryllium-7 (Be7), the mass of the undiscovered 
nucleus of boron-7 (B7) can be predicted. 

Negative Helium Ion Source 

The University of Wisconsin at Madison has 
developed a new type of ion source capable of 
producing much more intense beams of nega-
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tive helium ions. Negative ions are required for 
the operation of tandem Van de Graaff ac
celerators. By injecting negative helium ions 
into a tandem Van de Graaff an emergent beam 
with an energy three times that of the terminal 
voltage becomes available. The new ion source 
uses the interaction of cesium vapor with low 
energy positive helium ions to convert approxi
mately two percent of the positive ions to nega
tive ions. Previous ion sources employed hy
drogen as the converting gas and only about 
0.01 percent conversion of the positive ions was 
achieved. The new source will now make prac
tical accurate studies of many more alpha-
particle and helium-3 ion induced nuclear 
reactions. 

Analog States in Barium Isotopes 

If a nucleus is excited to a high enough 
energy to have many different ways of giving 
up this energy, the notions of its particles are 
usually too complicated to be understood on the 
basis of the present theoretical models. One of 
the few types of high-energy nuclear states to 
escape this general complexity is the isobaric 
analog state. This is a state whose structure is 
nearly identical to that of a clearly identified 
state of an isobaric nucleus—a nucleus with the 
same total number of particles but with a neu
tron replaced by a proton. The remarkable 
similarity of a state and its isobaric analog is 
fundamentally due to the dynamical similarity 
of neutrons and protons, which enables nuclear 
theory to relate the properties of a nucleus to 
those of its isobar. This simplification has been 
used by Argonne National Laboratory in a de
tailed study of analog states in the barium iso
topes, which are near the neutron closed shell 
with 82 neutrons. Observations of the decay of 
analog states have yielded detailed information 
about states that correspond to basically simple 
motions of neutrons in the barium isotopes of 
even mass numbers. 

In this experiment, protons from the tandem 
Van de Graaff are scattered inelastically from 
isotopically separated barium targets. When the 
energy of the incident proton is exactly right to 
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Flg. I-23. Analoff States in Barium Isotopes. The 
graphs show the spectra of protons scattered elasti-
cally and inelastically from barium-138 in an Argonne 
National Laboratory study. The energy (Ep) of the 
incident protons (in Mev.) is indicated for each spec
trum. Peaks due to impurities (carbon-12, carbon-13, 
nitrogen-14, and oxygen-16) are labeled. The top and 
bottom spectra were obtained at resonances (at which 
the protons had exactly the right energy to excite an 
analog state). The middle spectrum was obtained at 
an energy between resonances. The strong peak at zero 
excitation energy in barium-138 represents protons 
scattered elastically (without loss of energy). The 
group of strong peaks at about 4 Mev. appear selec
tively at the resonance energies. These states corre
spond to basically simple motions of the nuclear par
ticles, but despite this they would be very hard to excite 
in any other reaction. 

excite an analog state, groups of protons in the 
measured spectra stand out dramatically above 
the background (see Fig. 1-23). At other ener
gies (middle spectrum), such groups are miss
ing. In the nuclear reaction producing these par
ticular spectra, the proton enters the barium-
138 nucleus to produce the compound nucleus 
lanthanum-139. The latter emits a proton with 
less energy than the incident one, so the nucleus 
that remains is barium-138 in an excited state. 
Specific states of barium-138 are excited 
strongly only by way of those states of lan-
thanum-139 that are isobaric analogs of low-
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lying states in barium-139 and have the same 
simple structure. 

If the states seen in these experiments have 
the simple structure they appear to have, the ef
fective law of force between two neutrons in 
a nucleus can be extracted from this experiment. 
This is one of the first intermediate-mass nuclei 
for which there has been sufficient experimental 
data to make this extraction possible. The prop
erties of the force law thereby determined can 
be used in two important ways: (a) they enable 
the making of fairly reliable theoretical predic
tions about the structure of other nuclei in this 
mass region, and (b) they can be used to 
examine whether or not the effective law of 
force between neutrons in a nucleus can be de
rived from the force between free nucleons. 

NEUTRON PHYSICS 

Neutron physics is of special importance to 
the AEC's reactor and wTeapons development 
program. Included in this category are basic 
studies of neutron scattering (elastic and in
elastic), neutron-induced reactions, and neu
tron-induced fission research. Neutrons used in 
these studies are produced in nuclear reactors 
and by beams of charged particles from parti
cle accelerators. 

Spin Dependence of Nuclear Forces 

Neutrons and protons possess nuclear spin, 
i.e., they may be visualized as spinning rapidly 
about an axis and when they are all spinning in 
the same direction they are said to be polarized. 
The fundamental force acting between neutrons 
and protons, which is the force which binds all 
nuclei together, is greatly affected by the spin 
of these particles. Consequently, a variety of 
experiments sensitive to the presence of spin, at 
many energies, are required for the understand
ing of the nature of the force. Two recent ex
periments at the Los Alamos Scientific Labora
tory (LASL) bear on this problem. 

Neufron-proton scattering. In the first experi
ment of its kind, a polarized beam of 23 Mev. 

neutrons was scattered from a target of polar
ized protons to study the spin dependence of 
nuclear forces. The object of the experiment was 
to measure the difference in the rate at which 
protons were knocked out of the target, when 
the neutron and proton spin polarizations were 
parallel, as compared to the case where they 
were anti-parallel. This measurement is called 
a "CNN" spin-correlation experiment in neutron-
proton scattering. The LASL results have 
caused definite modifications in the empirical 
data analyses made by a Lawrence Radiation 
Laboratory, Livermore, theoretical group. In 
addition, the data are also being employed in 
similar analyses at Yale, at Harwell in Great 
Britain, and at Dubna in the U.S.S.R. The ex
periment, which is diagrammed in Fig. 1-24, 
required cooperation between widely different 
disciplines for its success. Nuclear physics tech
niques produced the neutron flux and provided 
particle detection. Target polarization required 
microwave and radio methods in a low tempera
ture cryostat operating near absolute zero tem
perature (—273° C.) in a 14,000 gauss magnetic 
field. The results, together with certain theo
retical phase shift calculations are shown in 
Fig. 1-25. I t should be noted that the Yale 
curve is a prediction, since Yale did not have 
prior knowledge of these data, whereas the 
Livermore and Dubna curves were obtained 
after fitting the data at 140° and 174°. Both 
these latter curves represent substantial changes 
from their original predictions. Further work 
remains to be done in order to obtain better 
agreement at small angles. 

Profon-profon scattering. In the second LASL 
experiment, done cooperatively with the Uni
versity of Colorado, the relative orientation of 
the spins of the twTo scattered particles in 
proton-proton scattering was studied, and the 
spin correlation, "CNN" was measured. The re
sults were used along with the other various 
types of spin-dependent scattering measure
ments to seek a complete experimental descrip
tion for the proton-proton interaction, which 
a successful theory of nuclear forces must ex
plain. As shown in Fig. 1-26, the 27-Mev. proton 
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Figs. 1-24 and 25. Polarized Neutron-Proton Experiment. The schematic diagram, left, shows the arrangement 
for a Los Alamos Scientific Laboratory experiment in which a polarized beam of 23-Mev. neutrons were 
scattered from a polarized proton target to study the dependence of nuclear forces on neutron and proton 
spin. The polarized neutrons are produced by bombarding tritium gas with a beam of deuterons. The 
polarized protons are contained in a "LMN" crystal [La2Mg3(N03)i2 • 2ffl20] immersed in liquid helium in a 
14,000 gauss magnetic field. The protons knocked out of the target were detected by a scintillation crystal and 
photo tube. The results of the study of the dependence of the fundamental nuclear binding forces on the spin 
of neutrons and protons are shown in the curve at right. The circled points are the measured values of the 
differences in the.rate at which protons are knocked out of a polarized proton target by polarized neutrons 
when the neutron and proton spin polarization are paralleled from the rate when the polarizations are anti-
parallel. This measurement is called a "CW spin-correlation experiment. The curves are various theoretical 
calculations of these values. 

beam of the University of Colorado cyclotron 
struck a thin liquid hydrogen (proton) target. 
The emergent proton pairs from this collision 
were then analyzed for their simultaneous 
polarizations by scattering from thin liquid 
helium targets. The final data were obtained in 
a 200-hour run in which the desired events oc
curred at a rate of 20 per hour. An involved 
Monte Carlo computer analysis showed that for 
90° scattering (center of mass), 84.4 percent of 
the scattering events take place with the proton 
spins anti-parallel. This information in con
junction with the neutron-proton information 
has been employed in theoretical analyses of the 
generalized nucleon-nucleon interaction. 

ATOMIC AND CLASSICAL PHYSICS 
Research in the area of atomic and classical 

physics includes spectroscopy studies of atoms 
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Fig. 1-26. Proton-Proton Scattering. Drawing shows 
the arrangement of a Los Alamos Scientific Laboratory 
experiment, done in cooperation with the University 
of Colorado, to study the spin dependence of the bind
ing forces between protons. A beam of 27-Mev. protons 
from the University of Colorado cyclotron was directed 
at a liquid hydrogen target. The polarizations of the 
proton pairs scattered from the target were determined 
by scattering these protons from two liquid helium tar
gets. As shown in the drawing, simultaneous pulsing 
of detectors 3 and 4 indicates that the two protons are 
spinning in opposite directions, that is, their polari
zations are anti-parallel. 
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and molecules, crystals, atomic beam studies, 
low temperature physics, and atomic cross sec
tion measurements. 

Quadrupole Moment Correction 

The distribution of electric charge in the nu
cleus of an atom can be characterized by what 
is called the nuclear electric quadrupole mo
ment. The magnitude and sign of the moment 
can be predicted theoretically for any particular 
nuclear state once a nuclear model has been 
assumed. Although such predictions have been 
strikingly successful in all similar cases, the 
prediction for the nuclear ground state of 
vanadium-51 has been in sharp disagreement 
with the only experimental value. For this rea
son, the validity of the theory hns been in ques
tion. Argonne National Laboratory remeasured 
the quadrupole moment with a more precise 
technique than had been used previously. The 
final result is in agreement with theory and 
shows that the previous measurement was in 
error. 

In this experiment, the atomic-beam mag
netic-resonance technique was employed to ex
amine in detail the hyperfine spectra of nine 
atomic levels in two distinct electronic config
urations of vanadium-51. After the electric-
quadrupole part of the hyperfine structure had 
been separated from the part due to other causes, 
it was possible to use the data from each of 
eight atomic levels separately to calculate the 
quadrupole moment of the nucleus in its ground 
state. Although the eight values obtained should 
have been the same, large differences were 
found. The differences between the values ob
tained for the four states of each configuration 
were much larger than the estimated experi
mental errors (see Fig. 1-27). This large scatter 
among the measured values of the quadrupole 
moment was at first disturbing. However, fur
ther consideration of the theory showed that 
each level should be suitably corrected for the 
effects of admixture with nearby atomic energy 
levels. The final values of the quadrupole mo
ment were found to be the same for states of 
both electronic configurations. 
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Fig. 1-27. Quadrupole Moment Correction. The chart 
shows the values of the electric quadrupole moment 
of the vanadium-51 nucleus in its ground state, as 
computed at Argonne National Laboratory from the 
measured hyperfine structure of the atom in four elec
tronic states in one configuration. These states cor
respond to four values of the angular momentum J in 
this electronic configuration. Before correcting for the 
effects of admixture with other states (left-hand por
tion) , the values differed widely from one to another. 
After the correction, all measurements are consistent 
with a single value (dotted line in the right-hand 
portion). 

Iodine Clock 

Radioactivity which was still alive at early 
times in the solar system, but has now com
pletely died out, has led to the interesting dis
covery that very stable minerals in 10 different 
stone meteorite samples were all formed within 
1 or 2 million years of each other. This finding 
by the University of California, Berkeley, 
illustrates the unique advantage of an extinct 
radioactivity "clock", because the minerals in 
question were formed about 5 billion years ago. 
With ordinary radioactive clocks, such coinci
dences in time can be established only 100 
million years or so back. 

It is likely, but not yet proven, that the min
erals giving this result are "remembering" a 
rapid cooling of chondrules in the early solar 
system. Chondrules are mysterious stony spheres 
which occur in most stone meteorites. The 10 
samples studied contained chondrules, and one 
of the samples was an individual chondrule 
pried out of a meteorite. Aside from all having 
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chondrules, the stone meteorites in the study 
were quite diverse in character. 

The meteorite samples were irradiated in a 
Brookhaven National Laboratory reactor which 
resulted in a little of the iodine in these objects 
changing into a xenon-128 (Xe12S) isotope. In 
early days of the solar system these samples also 
contained a trace of radioactive iodine-129, 
which decayed within 25 million years, on the 
average, to stable xenon-129. After the irradi
ation, the samples were heated in steps and the 
xenon driven off was examined in a sensitive 
mass spectrometer, which could measure for 
each temperature fraction the ratios Xe128/ 
Xe132 and Xe129/Xe132. If the early iodine-129 
was present to a random extent in these objects 
or if the time of cooling of the primitive min
erals in these objects was variable, there would 

be no relation between the two ratios. But for all 
10 samples these ratios for fractions expelled 
above 1,100° C. when plotted against each other 
on an "x-y" plot, fell accurately on a single 
straight line. The straight line plot is a con
sequence of synchronous cooling of the chon
drules. 

Just why the early solar system contained 
radioactive iodine-129 in the first place is still 
open to question, but these results show that this 
fossil radioactivity was well mixed with ordi
nary iodine to very nearly one part in 10,000 
at the time when stable minerals in stone meteor
ites took form. I t is hoped that the iodine clock 
will become useful in dating other solar events, 
thus verifying theories of the creation and 
evolution of the early solar system. 



Fig. 1-28. High Energy Fission Studies. Brookhaven National Laboratory has studied the angular correlation 
between fragments produced in uranium fission induced by 3-Bev. protons from an accelerator. The probability 
of fission events as a function of the angle between fragments is shown above on a three-dimensional basis. 
The proton beam direction is indicated, and the thin uranium target was located at the intersection of 
the beam line with the 90° line. One of the two fragment detectors was directly below that point. By moving 
the second detector on the opposite side, the relative probability of the occurrence of fission is shown by the 
height of the peak at the angle of interest (see page 40 for details). 

CHEMISTRY RESEARCH _ 
Basic research in chemistry deals with matter, its properties, and the trans
formations it undergoes. Investigations on materials range from forms as 
simple as atoms of hydrogen and as complex as the large molecules of enzymes 
and nucleic acids. The research is basic in nature and provides the discoveries 
on which advances in nuclear science and technology depend. The program 
includes research in nuclear chemistry, heavy element chemistry, radiation 
chemistry, theoretical and structural chemistry, analytical chemistry, physical 
chemistry, inorganic chemistry, separation chemistry and technology, high 
temperature chemistry, and isotopic geochemistry. 
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NUCLEAR CHEMISTRY Improved Particle Identifier System 

Eesearcli in nuclear chemistry deals with nu
clear structure, nuclear reactions, and radio
active transformations. Emphasis is placed on 
complex phenomena such as the structure and 
synthesis of the heavier nuclei, high energy nu
clear reactions, the preparation and separation 
of different nuclei formed in accelerator bom
bardments or reactor irradiation, and applica
tions and measurements of stable and radio
active nuclei to study fundamental chemistry 
and physics. 

Alpha Particle Reactions on Calcium 

The half-life and characteristic radiation of 
calcium-47 make it by far the best radioactive 
tracer for studying the role of calcium in bio
logical systems. Yields of calcium-47 formed by 
cyclotron bombardment of calcium-48 have been 
measured experimentally at Brookhaven Na
tional Laboratory, and shown to be substantially 
higher than that predicted by theory. I t was 
shown that if a thick target of calcium-48 was 
bombarded with alpha particles of 40 million 
electron volts (Mev.) energy the yield of cal-
cium-47 would be substantial. The isotope can 
be produced by reactions in which various nu
clear projectiles bombard either calcium-46 or 
calcium-48. Because of the importance of the 
calcium-47 produced and the expense of these 
targets, it is worthwhile to make maximum use 
of the reaction yields. The experimentally meas
ured curve of yield versus energy of bombarding 
particle showed interesting differences from the 
theoretically predicted curve. These differences 
suggest that the mechanism for the reaction 
between an alpha particle and a calcium-48 atom 
to produce a calcium-47 atom i e differs from the 
mechanism of most other alpha in, alpha plus 
neutron out («, an) reactions that have been 
reported. The interpretation of these results is 
expected to lead to information concerning the 
nuclear structure of unusual nuclides such as 
calcium-48; therefore assisting in the under
standing of nuclear structure in general. 

The identification of energetic light nuclei 
in the complex mixture of products produced 
by nuclear reactions, nuclear fission, and high 
energy nuclear fragmentation has always posed 
problems. A mixture might contain isotopes of 
hydrogen ( H ) , helium (He) , lithium (Li) , 
beryllium (Be), etc., with kinetic energies of 
many million electron volts. A common solution 
to the identification problem is to place a thin 
particle detector made of a silicon semicon
ductor crystal in front of a thick detector of the 
same material. When a particle traverses the 
detector assembly, the thin detector produces 
an electrical pulse proportional to the energy 
loss rate of the particle and the thick detector 
gives a signal proportional to the particle's total 
energy. The type of particle can be identified by 
suitable calculations performed with the de
tector signals because different kinds of particles 
of the same energy lose energy at different rates. 
Now a much improved particle identifier system 
has been developed at the Lawrence Radiation 
Laboratory, Berkeley. 

The improved system makes use of an assem
bly of two thin detectors and one thick detector 
of silicon semiconductor material. Electrical 
signals are passed through fast-timing circuits 
and then introduced to an analog computer 
which generates an output pulse characteristic 
of the identity of the particle and the second 
pulse proportional to its kinetic energy. An im
portant feature is that the identification is made 
twice by independent calculations based on the 
electrical pulses from the two thin detectors and 
only those events in which the two identifica
tions agree are recorded. This feature markedly 
improves the capability of the system to identify 
closely similar particles. This improved particle 
identifier technique has been successfully ap
plied to a variety of problems and has brought 
much acclaim from nuclear chemists. 

In one study of light fragments ejected from 
heavy target elements such as gold or uranium 

M Such a reaction is termed an alpha, alpha neutron (a§ a n ) 
reaction to indicate that an alpha particle has caused the 
removal of a neutron from a target atom. 
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Fig. I~29. Improved Particle Identifier System. Shown 
above is a particle spectrum resulting from the im
proved particle identifier system that has been de
veloped at Lawrence Radiation Laboratory, Berkeley. 
This new system allows the systematic identification 
of all energetic fragments of hydrogen, helium, lithium, 
beryllium, boron, and carbon. An additional Ьопда of 
this new system, is that boron-14, boron-15, and 
lithium-11 nuclei have been identified for the first time. 

bombarded with 5.4 billion electron volts (Bev.) 
protons in the external beam of the Bevatron, 
the new technique allowed systematic identifica
tion of all fragments of hydrogen, helium, 
lithium, beryllium, boron, and carbon (see Fig. 
1-29). Heretofore, photographic emulsions and 
radiochemical methods were used to gather in
formation on only a selected few of the 
fragments. 

The spontaneous fission of californium-252 
was reinvestigated using this new system to gain 
information on very rare events in which the 
splitting of the californium nucleus into two 
massive fragments is accompanied by the ejec
tion of a light fragment. Results showed the 
emission of 13 fragments: H1, H2, H3, He3, He4, 
He6, He8, Li6, Li7, Li8, Li9, Be9, and Be10. The 
presence of these light fragments is of interest 
for the detailed description of the extremely 
distorted shapes occurring in nuclear matter at 
the exact moment of nuclear scission, i.e., the 
precise moment of the division of an atom. In 
addition, the presence or absence of specific frag
ments provides information on the particle 
stability of previously unstudied species. 

New Theory of Nuclear Structure 

A partial theory of nuclear structure has been 
formulated at the Lawrence Radiation Labora
tory, Berkeley, which is both fairly accurate and 
simple and goes beyond the simplest "liquid 
drop" model of nuclei which describes a nucleus 
as a fluid with properties built mainly on two 
kinds of force: surface tension, and electrostatic 
repulsion. I t takes account of the principal ef
fects of nuclear shell structure, but remains com
parable in simplicity to the liquid drop model, 
which has been used for 30 years in describing 
trends in nuclear masses (or binding energies) 
throughout the periodic table. 

The description of these trends, considered as 
functions of the numbers of neutrons and 
protons in a nucleus, has been a long standing 
problem in nuclear physics. The liquid drop 
formula of Bethe and Weizsäcker introduced in 
the 1930's, had for a long time served as a stand
ard tool for representing, approximately, nu
clear masses or binding energies. Over the years, 
a vast amount of experimental information has 
accumulated on the details of the deviations of 
nuclear masses from the liquid drop formula 
and on the related question of the deviations of 
nuclear shapes from the spherical form, which 
is the shape predicted by a liquid drop formula. 
The reasons for these deviations were under
stood in principle as caused by nuclear shell 
structure. These deviations, when plotted as 
functions of the number of neutrons and 
protons in a nucleus show irregular oscillations. 
Previous attempts at taking account of these 
effects had led to unwieldly expressions with 
dozens of adjustable parameters. 

The new theory, with only three parameters 
beyond those of the liquid drop theory, approxi
mately reproduces the oscillations in nuclear 
binding energies due to shell structure and in 
addition, gives a rough account of the non-
spherical equilibrium shapes of nuclei. It is 
suited for the discussion of arbitrarily deformed 
nuclear configurations and gives a fair descrip
tion of the critical shapes and barrier energies 
relevant for the theory of nuclear fission. 
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Even this new theory is by no means in per
fect agreement with all experimental data, but 
its extreme simplicity has made it possible to 
isolate clearly the remaining defects. Some new 
insight into nuclear structure has already been 
achieved by recent attempts to interpret the 
newly seen discrepancies. The theory is expected 
to serve for some time as a useful replacement 
of the Bethe-Weizsäcker formula. 

High Energy Fission Studies 

Uranium is the only naturally occurring ele
ment which can fission at very low energies. At 
higher energies, lighter nuclei undergo reactions 
in which one or more heavy fragments are 
emitted but these results cannot be described by 
a simple extrapolation of the fission theory 
based on low energy data. I t is now possible to 
study in detail the mass and energy of the frag
ments emitted in these high energy reactions 
using new techniques of particle detection and 
electronic instrumentation. Brookhaven Na
tional Laboratory has investigated the nature 
of the fragments produced by the interaction 
of 3-Bev. protons with uranium and bismuth 
targets. Results showed a broader distribution 
in the angle between pairs of fissions fragments 
produced at high energies compared to low 
energies where all fragment pairs are emitted 
very close to 180°. The greatest probability for 
fission occurred at angles which correspond to 
the motion of the fissioning parent in the beam 
direction. Interestingly, the experiments of 
fragment pairs show no evidence for the rela
tively slow, massive neutron-deficient fragments 
found in radiochemical experiments. Evidence 
about these fragments may appear in the results 
accumulated in the events in which only a single 
heavy fragment was observed (see Fig. 1-28). 

Improved Cross Section Measurements 

An improved technique for determining ac
tivation cross sections of neutron reactions 
which lead to gamma-ray emitting radioactive 
nuclei has been found at the Georgia Institute 

of Technology, Atlanta. This method takes ad
vantage of the high resolution of lithium-
drifted germanium detectors and permits the 
identification of very low (long-lived) activities 
and accurate measurement of their neutron for
mation cross sections. Although the method is 
limited to nuclides emitting gamma-rays of 
well-established intensities, it has the additional 
advantage that natural elements often can be 
used as targets in place of expensive highly 
enriched isotopes, since all of the gamma activi
ties can be identified and their half-lives fol
lowed simultaneously. Radiochemical separation 
often becomes unnecessary for identification and 
measurements, permitting shorter-lived nuclei 
to be measured. 

If the cross section of one of the resulting ac
tivities in the natural sample under investiga
tion is known to be accurate, it may be used as 
an internal monitor for the neutron flux. Other
wise, internal monitors can be added by mixing 
the powdered sample with aluminum and/or 
iron powders of the same grain size. From the 
ratio of manganese-56/sodium-24 (Mn56/Na24) 
activities formed from iron and magnesium in 
14.4-Mev. neutron irradiations, it is possible to 
recognize any error arising from possible non
uniform mixing of sample and monitor pow
ders. In cases where a stoichiometric " chemical 
compound is available, one of the constituents 
often can be used as an internal monitor. The 
procedure of mixing the monitor uniformly with 
the sample to be investigated eliminates geomet
rical errors present in the normal procedure of 
sandwiching the sample between foils that act 
as flux standards. This method can be applied 
only when the high resolution of lithium-drifted 
germanium detectors permits all of the gammas 
from sample and monitor activities to be iden
tified simultaneously. This feat was not possible 
with former low-resolution detectors, such as 
sodium iodide scintillation spectrometers which 
have been in use for at least 10 years for neutron 
cross section measurements. The technique has 
been applied to cross section studies of selenium, 

17 Stoichiometric—Having the exact proportions of elements 
to make a pure chemical compound. 
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Fig. ISO. Chemical Effects of High-Energy Recoiling Atoms. Using the gas-liquid chromatographic apparatus, 
chemists at Brookhaven National Laboratory are investigating the products formed when atoms of very high 
kinetic energy interact with organic molecules. After irradiation, either in a reactor or accelerator, a very small 
amount of target material is injected into the apparatus with a hypodermic syringe, as shown in photo. As 
the material passes through the spiral column, the different organic species travel at different rates and are 
separated one from the other. The material passes through a radiation detector after leaving the column and 
thus the amount oi radioactive content of each species is determined. Analyses are carried out automatically on 
samples: containing such short-lived radioactive products as carbon-ll, nitrogen-13, and oxygen-15 and the data 
recorded on magnetic tape. The results are then evaluated and corrected on a computer. 

bromine, mercury, and germanium isotopes with 
14.4-Mev. neutrons. 

The neutron cross sections are important for 
basic cross section systematics leading to an un
derstanding of the mechanism of neutron reac
tions at higher energies, and some of the cross 
sections are of interest in reactor physics and 
in nuclear astrophysical theories of the nucleo
synthesis of the elements in stars. 

HEAVY ELEMENT CHEMISTRY 

The elements heavier than uranium (element 
92) have all been synthesized and produced by 

275-84,5 O—68 5 

man—and represent one of the greatest advances 
of modern science. These heavy elements have 
increased by ten percent the number of known 
elements as shown in the Periodic Table. The 
study of their chemical behavior and of their 
various isotopes is vital to the success of the 
atomic energy program, because they offer so 
many opportunities for use of nuclear radiations 
such as isotopic power in "small packages" and 
radiation sources for industry and medicine. 
Further knowledge of nuclear, atomic, and 
molecular structure is increasingly being shaped 
by discoveries and theories concerning this new 
group of elements. 
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Electronic Structure of the Actinides 

The actinide elements1S have long been rec
ognized as forming a second rare earth series, 
similar to the lanthanides but with important 
differences. The lanthanide elements have simi
lar chemical properties because they have the 
same number and arrangement of electrons on 
the outside of the atom. They differ from one 
another in that the successive members of this 
group have an increasing number of electrons 
put into an incomplete inner shell (the 4f 
shell19) where they are protected and do not 
participate when the rare earth atom reacts 
chemically with other atoms to form a com
pound. However, if energy is supplied to the 
lanthanide atom a 4f electron can be promoted 
to an outer electron in the 5d shell where it can 
react, increasing the valence. The actinide ele
ments have an analogous incomplete inner shell 
(the 5f shell) with the same possibility of 
promotion to the appropriate d shell giving 
higher valences. For the actinides, however, the 
f-level to the d-level energy is less, resulting in 
the possibility of promoting more f electrons 
and consequently of having higher valences 
than the corresponding lanthanides. The energy 
is measured most precisely by atomic spectros
copy, and enough lanthanide and actinide spec
tra have now been analyzed to permit descrip
tion of the variation of the binding energies of 
the different types of electrons as a function of 
atomic number and degree of ionization. These 
variations show a good correlation with chemi
cal behavior. 

Plutonium studies. Actinide spectra contain 
numerous lines of different wavelengths, which 
makes it difficult to determine those energy 
levels giving rise to the transitions and even 
more difficult to identify the levels in terms of 
quantum numbers and electron configurations. 

18 Actinide elements refer to a series of elements starting 
with actinium, atomic number 89 and going through to 
lawreneium, atomic number 103. The lanthanide or rare earth 
elements refer to a series of elements from lanthanum, atomic 
number 57 through lutetium, atomic number 71. 

18 4f shell—Electrons can be considered to be located in 
shells and subshells of different energies. The number 4 refers 
to the fourth shell and f refers to one of the subshells in the 
fourth shell. 
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Fig. 1-31. Electronic Structure of the Actinides. Some 
of the results of a cooperative study of electronic struc
ture of the actinides at Argonne National Laboratory 
are presented graphically above. Relative energies of 
two configurations, one with N electrons in the f shell 
and the other with one d electron leaving only (N-l) f 
electrons. The figure, therefore, shows the tendency for 
an inner non-bonding electron to be promoted to an 
outer valence electron, and has a good correlation with 
the tendency of a lanthanide or actinide element to exist 
in more than one valence state. Working with Argonne 
on this study were Lawrence Radiation Laboratory, 
Berkeley and Livermore, Los Alamos Scientific Labo
ratory, and the French Centre National de la Recherche 
Scientifique. 

A complete study has been made for plutonium, 
as a joint project of Argonne National Labora
tory, Lawrence Radiation Laboratory at Liver-
more, and the Centre National de la Recherche 
Scientifique at Bellevue, France (see Fig. 1-31). 
The interpretation was aided by comparison 
with theoretical calculations using computer 
programs developed mostly at Argonne, but 
also in part at Los Alamos and Berkeley. The 
plutonium analysis indicates that for the other 
actinide elements, with less data available, the 
relative positions of the most stable configura
tions for these elements can nevertheless be de
rived with some confidence. 
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Oxidation stales. For the major part, elec
tronic spectroscopy has been used to identify 
various oxidation states of actinides and lantha-
nides. A more difficult task is to explain the 
chemistry of a given oxidation state. The diffi
culty stems from the relatively small effect of 
external environment on the electrons. This is 
especially true for the lower oxidation states. 
Studies in this area are underway at Pacific 
Northwest Laboratory (PNL). 

For an actinide chemist, it is encouraging to 
note that the external effect is larger for acti
nides than for lanthanides, although it is gen
erally much less than for the d-transition ele
ments ( scandium through copper and yttrium 
through palladium). The fact that f electrons 
are shielded from the environment requires 
careful examination of the electronic spectra 
(f->f transition) in order to determine the na
ture of the environment. Whereas the identifica
tion of an oxidation state or of the environment 
of a d-transition element requires only rela
tively crude qualitative analysis, actinides re
quire careful quantitative analysis, not only of 
energy levels, but of transition probabilities and 
perturbations of transitions probabilities as a 
function of temperature and energy. 

Few such careful analyses have been made, 
the most outstanding being that of tetravalent 
uranium in an octahedrally coordinated envi
ronment. Protactinium has also been examined 
in octahedral fields. Some preliminary efforts 
have been made to calculate intensities of acti
nide spectra of aqueous solutions but the ap
proximations necessary for these analyses were 
rather severe. 

Crystal studies. Some work has been done at 
Pacific Northwest Laboratory and at the Uni
versity of California at Los Angeles with acti
nides incorporated into the host crystals, tho
rium dioxide (Th02) and lanthum chloride 
(LaCl3). The spectra of actinides in fused 
chlorides have been examined at PNL with par
tial success in identifying the configuration 
about some actinide ions. This has only been 
possible where comparisons could be made with 
compounds whose structure and spectra were 

known. The theory simply has not progressed 
to the point that configurations can be predicted 
on the basis of spectra alone. This inadequacy 
has necessitated a turn to the general theory in 
attempt to make it more useful. 

New Isotopes of Heavy Elements 

Four new heavy element isotopes have been 
discovered: berkelium-251 (Bk251), califor-
nium-242 (Cf242) and Of243, and mendelevium-
258 (Md258). 

Calif ornium-242 and -243 were found by both 
LKL-Berkeley, and ANL, using different ap
proaches. At Berkeley, Cf242 and Cf243 were pro
duced by bombardment of certain uranium iso
topes with carbon-12 ions in the Heavy Ion 
Linear Accelerator (HILAC). At Argonne, the 
same isotopes were produced by helium-3 (He3) 
reactions with curium-242 (Cm242) and Cm243. 

Argonne also found berkelium-251 by deter
mining that einsteinium-255 (Es255)—produced 
in thermonuclear weapons tests—in addition to 
emitting beta particles also emitted alpha par
ticles to produce Bk251. Based on this observa
tion, it was possible to isolate Bk261 from 
reactor-produced einsteinium and demonstrate 
that it has a 57-minute half-life. 

A lower limit to the spontaneous fission half-
life of einsteinium-255 has been set at 24 mil
lion (2.4 x 107) years. This means that, contrary 
to previous beliefs, there is no odd-odd nucleus 
whose ground state decays perceptibly by spon
taneous fission. 

The heaviest known isotope of firmly estab
lished mass number, mendelevium-258 was pro
duced by a Berkeley-Livermore team using the 
HILAC at Berkeley to bombard einsteinium 
with helium ions. This isotope of mendelevium 
is particularly significant because it has a half-
life of about two months which is unusually 
long for any isotope appearing in this ex
tremely high region of the Periodic Table of the 
Elements. This means that it can be made in 
sufficient quantities to carry on substantial 
tracer chemical studies. 
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Fig. 1-82. Proton Bombardment Study. A copper foil is placed on a target mechanism at the Alternating Gradient 
Synchrotron at Brookhaven National Laboratory. By measuring the radioactive products formed in such targets 
after irradiation with 30-Bev. protons, nuclear chemists are studying details of interaction between high energy 
particles and complex nuclei. Since the accelerator can operate only under very good vacuum, all targets must 
be pumped out in an air lock (round opening at right) before they can be inserted into the operating portion 
of the accelerator. To the left of the target an expandable plastic jacket prevents dust particles from settling 
on the shaft which drives the target mechanism. 

RADIATION CHEMISTRY 

The area of radiation chemistry investigation 
is concerned with the chemical effects of ionizing 
radiation and of related chemical effects of 
ultraviolet light and other radiant energy. The 
interaction of energetic radiation—gamma rays 
and X-rays, fast electrons, alpha and other 
charged particles—with matter is extremely 
complex. Very high-speed measurements of pri

mary physical and chemical events caused by 
radiation have led to the investigations of 
previously little known transient chemical 
species. Theoretical studies are concerned with 
the mechanism of the dissipation of absorbed 
energy, delineation of the role of diffusion and 
of ions and radicals in chemical reactions. 

Silica and Silica-Alumina Gels 

Silica and silica-alumina gels are hard solids, 
chemically similar to sand or quartz; however, 
the gels are sponge-like in their high porosity 
and, hence, possess a very large internal surface 
area that is accessible to the molecules of chemi
cal reagents. Silica-alumina gel is an important 
catalyst for various chemical reactions (notably 
those involved in petroleum cracking) at elevat
ed temperatures. Gamma irradiation of silica 
and silica-alumina gels produces localized cen
ters that exhibit chemical activity. At the AEC's 
Eadiation Laboratory, University of Notre 
Dame, the behavior of such centers is being 
studied by a number of methods. They include 
measurement of chemical products, thermolu-
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minescence, chemiluminescence, and electron 
spin resonance (ESR) signals. These measure
ments have been made under a variety of ex
perimental conditions and include measure
ments at temperatures ranging from—196° С 
to above room temperature. By using a combina
tion of methods and experimental conditions, it 
is possible to associate radiation-induced chemi
cal activity with specific radiation-produced 
color centers and thus to gain some insight into 
the "why" and "how" of radiation-induced 
chemical activity and perhaps of ordinary 
catalytic activity. For example, the behavior of 
isopropylbenzene in conversion to benzene on 
irradiated silica gel was found to parallel that 
of certain color centers identified as electrons 
trapped at oxygen vacancies in the silica matrix. 
In irradiated silica-alumina gel, certain color 
centers (which, in this case, impart a visible 
color to the solid) have been identified as posi
tive holes trapped on aluminum atoms present 
in the matrix. Such color centers have a charac
teristic ESR signal, the intensity of which is a 
measure of the number of color centers. The 
chemical activity of an irradiated silica-alumina 
sample (in this case, in conversion of isopropyl
benzene to benzene) has been shown to correlate 
with the visible color and the intensity of the 
ESR signal (see Fig. 1-33). The addition of 
isopropylbenzene destroys both the color and the 
ESR signal of an irradiated silica-alumina 
sample with concomitant formation of benzene. 

Pressure Effect on Hydrated Electron 

Research at AEC laboratories and elsewhere 
has established that the hydrated electron (elec
tron in a cavity of water molecules to which 
it is bound by electrostatic forces) is produced 
in the radiolysis of aqueous solutions. An im
portant property of such hydrated electrons is 
their partial molal volume, V, defined as the 
change in volume of a relatively large amount of 
water on addition of one mole of a solute (in 
this case, the electron). When the solute is a 
charged particle such as an ion or electron, the 
partial molal volume may be negative; in such 

Dose (ev/g of solid) x 10' 

Fig. 1-33. Silica <md Alumina, Gels. This diagram from 
the Radiation Laboratory at the University of Notre 
Dame, illustrates the yield "Y" of radiation-produced 
centers in silica-alumina (relative to the maximum 
value) as a function of dose: O, color centers as meas
ured by electron spin, resonance (ESR) signal- in
tensity ; • centers of chemical activity for conversion of 
isopropylhenzene to benzene. The ESR signal intensity 
and the chemical activity grow in the. same manner 
with increase in radiation dose. 

a case, contraction of water molecules around 
the charged particle causes a decrease in volume 
that exceeds the intrinsic volume of the added 
particle. For the occurrence of a chemical re
action, the reactants generally must come to
gether with sufficient energy to surmount an 
energy barrier to the reaction. In such a reactive 
state, the combined reactants constitute an "ac
tivated complex" which has the properties of a 
molecule, including a partial molal volume. The 
difference between the partial molal volume of 
the activated complex and the sum of those of 
the reactants determines how pressure affects the 
rate of a chemical reaction. Therefore, study of 
the effect of pressure on the rate of an appro
priate hydrated-electron reaction provides a 
possibility of determination of the partial molal 
volume of an electron (partial molal volumes of 
various ions being known). A 10- fold increase 
in the rate of such a reaction at 1,000 atmos
pheres corresponds to a decrease in volume of 
approximately 57 milliliters per mole on forma-
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Fig. 7-34- Nanosecond Pulse Radiolysis. On the left is a graphic presentation of pulse radiolysis of pure water 
data as obtained at Argonne National Laboratory through an oscilloscope picture of the reaction of hydrated 
electrons in a "spur." The abscissa represents time, with one small square being 50 nanoseconds, and the 
ordinate represents light absorption, with one small square being 6.25 percent absorption. The light absorption 
is proportional to the concentration of hydrated electrons. On the right is a pulse radiolysis of a solution of 
0.3 moles/liter biphenyl in cyclohexane. The oscilloscope picture shows the rapid decay of biphenyl negative 
ions in the "spur." The abscissa represents time, with one small square being 100 nanoseconds, and the ordinate 
represents light absorption, with one small square being 5 percent absorption. The light absorption is proportional 
to the concentration of biphenyl negative ions. 

tion of the activated complex. Such, a result 
could yield a value for the partial molal volume 
of the electron of the order of 40 to 60 milliliters 
per mole, depending on the particular reaction 
involved. 

At the AEC's Kadiation Laboratory on the 
campus of the University of Notre Dame, cer
tain aqueous solutions were chosen for study in 
which a particular radiolysis product might 
serve as an indicator of an effect of pressure 
(varied from 1 to 7,000 atmospheres) on the fate 
of hydrated electrons produced by gamma-irra
diation. The first such solutions studied con
tained 0.01 M glucose and sodium bicarbonate 
at concentrations between 0.005 and 0.5 M. The 
hydrogen radiolysis yield, G (H2), was governed 
by a reaction between the hydrated electron and 
bicarbonate ion. As pressure was increased from 
1 to 7,000 atmospheres, £?(H2) increased from 
about 0.9 to about 2.4. Such data were inter
preted to give for the electron a value of V in 
the range — 6 to — 1 milliliters per mole based on 
a value for the proton of V= — 5 milliliters per 
mole. Approximate equality of the values for 
the electron and proton is consistent with their 
having the same quantity of charge and negli
gible intrinsic volumes. In more recently com
pleted work, the reaction between a hydrated 
electron and a water molecule was shown to ac
celerate with increase in pressure. The range of 

values obtained for V of the electron was in 
good agreement with the previous estimate. 

Nanosecond Pulse Radiolysis 

It is generally assumed that the action of 
high-energy radiation on liquids produces posi
tive ions and electrons, and that the radiation 
energy is not deposited uniformly throughout 
the medium, but is lost in discrete amounts 
along the radiation track. Losses of this nature 
give rise to "spurs," i.e. high concentrations of 
ions in isolated regions. In the "spurs" the ions 
and electrons react together very rapidly. Some 
ions diffuse away from the "spur" and react in 
the bulk of the liquid with ions that have dif
fused from other "spurs." At Argonne, a Van de 
Graaff generator has been redesigned so that it 
produces nanosecond (one-billionth second) 
pulses of electrons with energies of 3 million 
volts and currents of about 2 to 5 amperes. 
These intense radiation pulses produce up to 
ten micromoles per liter of ions in a liquid. This 
concentration of a light-absorptive species is 
quite sufficient for the species to be observed di
rectly by fast absorption spectroscopy. With 
this technique, species with lifetimes less than 
one-half a nanosecond can be observed. This is 
1,000 times faster than previous measurements. 

The results in water are illustrated in the 
left portion of Figure 1-34, where the decay 



BASIC PHYSICAL RESEARCH 47 
of hydrated electrons in pure deoxygenated 
water versus time is followed. This oscilloscope 
picture is the first direct observation of reac
tions in a "spur." The XY portion of the trace 
defines the 100-percent transmission of the 
analyzing light by the water before the radia
tion pulse hits the solution at a time represented 
by Y. The hydrated electrons are produced at 
Y, and absorb a portion of the analyzing light 
moving the trace to A. The portion AB is the 
rapid reaction in the "spurs," while the slower 
portion ВС is due to reaction in the bulk of the 
liquid. Addition of sodium hydroxide, which 
removes hydrated protons, eliminates about 50 
percent of the "spur" decays while addition of 
ethyl alcohol removes hydroxyl radicals, elim
inating the remaining 50 percent. Hence, the 
hydrated electrons must be reacting with hy
drated protons and hydroxyl radicals in the 
"spur." 

In pure ethyl alcohol similar results are ob
tained, but the addition of sodium hydroxide 
completely eliminates the "spur," indicating 
that the solvated electrons only react with the 
positive ion. 

In a hydrocarbon such as cyclohexane, the 
reaction of the negative ion is observed by add
ing a solute such as biphenyl which reacts 
rapidly with an electron to give an observable 
negative ion. A typical decay curve is shown in 
the right portion of Figure 1-34. In this case, 
the path of decay of the negative ion is entirely 
via decay with the positive ion. Here the "spur" 
reaction is much larger than in water; in keep
ing with the much lower dielectric constant of 
cyclohexane. 

The above data illustrate that the model of 
the radiolysis of liquids described in the first 
paragraph is essentially correct, and the data 
will define exactly the size of the "spur" and 
the nature of the primary processes in the radi
olysis of liquid. 

OH, The Free Hydroxyl Radical 

' Free radicals or other reactive species may be 
produced from many gases under the influence 
of intense heat, energetic light, or beams of 

subatomic particles. Often in systems of prac
tical importance the free radicals can undergo a 
variety of reactions with other molecules which 
may be present, so that the nature of the prod
ucts formed depends on the relative rates of the 
different reactions. Hydroxyl (OH) radicals 
are produced, for example, in flames, explosions, 
polluted air, and water (H20) when exposed to 
ultraviolet or nuclear radiation, but little is 
known of the rates of reaction of OH in these 
systems. The reactions of OH with other gases 
are being studied at the Los Alamos Scientific 
Laboratory. OH radicals were produced in the 
presence of other gases by exposing the gases 
mixed with H 2 0 vapor to a short burst of ultra
violet light, which decomposed the H20 into 
hydrogen (H) atoms and OH radicals. The 
number of OH radicals remaining at various 
times after their formation was determined by a 
technique known as absorption spectroscopy, 
which depends on the fact that the OH radicals 
selectively absorb light of certain known wave
lengths. The rate of the reaction of OH with 
the added gas can then be deduced from the rate 
of disappearance of OH. The results show that 
OH radicals react much faster with the hydro
carbons-methane (CH4), ethane (C2He), pro
pane (CSH8), and iso-butane (C4H l0)_ than 
do most other radicals at ordinary temperatures. 
This suggests that reactions of hydrocarbons 
with OH may be important in polluted air. 
Further studies of OH reactions may help show 
how planetary atmospheres behave under the in
fluence of solar radiation, and how the various 
products of flames and explosions are formed. 

Excited Molecules in the Liquid Phase 

When materials are subjected to ionizing 
radiation, it is known that some of the molecules 
receive extra energy and thereby become excited. 
Thus, a knowledge of the chemistry of excited 
molecules is required in order to understand 
radiation effects in materials. At the present 
time, little is known about the reactions of these 
intermediates in the liquid phase. Work at 
Atomics International, Canoga Park, Calif., has 
suggested a new interpretation of radiation pro-
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2,2,4 - TRIMETHYL PENTANE 

Fig. 1-35. Bwcited Molecules in the Idquid Phase. Stud
ies at Atomics International, Canoga Park, Calif., has 
shown that only certain fragmentation products formed 
in radiolysis of hydrocarbons can be accounted for by 
reactions of the excited molecules. The above are gas-
radiochromatographs showing the products of radioly
sis and photolysis of 2,2,4-trimethyl pentane. The 
upper curves show the total yields of products, lower 
(filled in) curves show the yields of radioactive 
products. 

tection. It has been shown that only certain of 
the fragmentation products which are formed 
in the radiolysis of hydrocarbons can be ac
counted for by the reactions of the excited mole
cules. A radiochemical technique is used to com
pare the fragment radicals formed in radiolysis 
with those formed from excited molecules (see 
Fig. 1-35). This technique is based on generat
ing, in the liquid, a small number of radioactive 
free radicals which react with the other free 
radicals normally produced yielding radio-
actively labeled products. In essence, the radio
active free radical provides a means for the ex

perimentalist to see what transient radicals are 
present in the system being irradiated. These 
studies showed that only certain of the frag
mentation products formed in the radiolysis of 
hydrocarbons can be accounted for by the re
actions of excited molecules. Also it was found 
that these excited molecules, although very 
short lived—they survive for only one one-
hundredth nanosecond (lO-11 of a second)—will 
react with excited aromatic solutes. This re
action can account for the known effect whereby 
the radiation decomposition of liquids is reduced 
by the addition of an aromatic solute to the 
liquid. 

Photochemistry of Complex Ions 

Coordination compounds comprise a class of 
substances formed between almost any metal ion 
and a variety of chelating agents or groups 
called ligands. These compounds are generally 
colored—often brilliantly—and the theory of 
the higher energy states whose presence is re
sponsible for the colors is coming to be fairly 
well understood. Recent research shows that co
ordination compounds very often are photo
sensitive, i.e., react chemically on absorption of 
light, and, moreover, that the nature of the 
chemical reaction can depend on the choice of 
wavelength of the light used. 

Work at the University of Southern Cali
fornia (USC) Los Angeles, has led to the estab
lishment of a set of rules for the behavior of 
trivalent chromium coordination compounds. In 
terms of these, it was predicted that the ion 
thiocyanate pentammine chromium (III) 
[Cr (NH3)5(NCS)+2] in water solution, should 
release primarily ammonia (NH3) rather than 
thiocyanate (NCS") when irradiated with 
visible light. This prediction, which, is the op
posite of what the compound does on heating, 
was confirmed. 

Chromium compounds can also re-emit light, 
i.e., as fluorescence of phosphorescence; in fact, 
the phosphorescent effect is closely related to 
the ruby laser, since ruby derives its color from 
a coordinated chromium "impurity" and the 
red light of the laser is that of the phosphoree-
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cence of the chromium. The USC work includes 
studying such light emission from various other 
chromium compounds, and with concurrent 
measurements of their photochemical sensitivity. 
Thus, the compound tetra thiocyanatodiamine-
chromium (II I ) , [Cr(NH3)2(N"CS)4], when 
dissolved in a mixed solvent "soup" which 
freezes to a glassy state on cooling, phos
phoresces increasingly as the system is cooled; 
however, the light stimulating the phos
phorescence also causes a chemical reaction, and 
it is found that at the "glass point", the phos
phorescence increases strongly while the chemi
cal change becomes less important. It could thus 
be determined that there was some third process 
which, while it interfered with the phosphores
cence, led to a chemical reaction, and that this 
third process rapidly becomes less important as 
the system becomes rigid. The inference from 
this observation is that, contrary to a prevalent 
opinion, the energy state that reacted chemically 
is not the same as the energy state responsible 
for the phosphorescence. 

Radiolysis of Liquids 

At the University of Delaware, Newark, 
studies have been conducted in an effort to 
identify the excited molecular species formed 
when ionizing radiation, such as X-rays or 
gamma rays, pass through liquid organic mat
ter. The manner in which a significant portion 
of this energy is imparted to the organic mole
cules is in some aspects very similar to the man
ner in which organic matter absorbs high energy 
photons of light in the ultraviolet region of 
the spectrum (photochemistry). It was found 
that the nature of the excited molecular states 
produced by the absorption of light photons and 
those produced by gamma rays were quantita
tively the same in at least two different organic 
systems and lead to a common decomposition 
product. 

These results suggest the possibility that at 
least part of the energy absorbed by molecules 
irradiated with gamma radiation is low enough 
so that those additives which are successful in 
reducing the energy of the molecules excited by 

ultraviolet light would also be successful in 
preventing decomposition of these molecules 
when they are exposed to ionizing radiation. It 
may be possible that certain radiation damage, 
either in reactors moderated by organic mate
rials or in other liquid materials exposed to 
ionizing radiation, may be minimized or pos
sibly even eliminated completely. 

The systems investigated have been the ben-
zene-cyclopentanone (the latter compound is a 
cyclic ketone) and the cyclopentanone-1, 3-
butadiene (a compound which is poly
unsaturated, i.e., has two C=C bonds) systems. 
In both instances, the cyclopentanone molecule 
is either electronically excited directly to an 
energy rich state or receives energy through 
molecular collisions to be excited to the same 
state. The decay of this state has been in
vestigated both in photo-chemical and radiation 
chemical studies and both approaches have 
shown quantitatively that this excited molecule 
is a common precursor to a known photo and 
radiation decomposition product in both sys
tems, namely, 4-pentenal (an unsaturated 
aldehyde). This is believed to be the first time 
there has been reported a quantitative identifica
tion of an electronically excited state which is 
the direct precursor to a radiation decomposi
tion product. 

THEORETICAL AND STRUCTURAL 

Both theoretical and experimental research 
are conducted under AEC sponsorship to seek 
a better understanding of the molecular struc
ture, properties, and processes that control 
chemical changes in substances. 

Characterization of Orbitals 

The chemical behavior of molecules is deter
mined by the character of the orbital clouds 
over which electrons are distributed, and 
guessed-at qualitative orbital features have been 
used for some time for intuitive chemical rea
soning. Recently, Ames Laboratory succeeded 
in the first quantitative theoretical calculation 
of the actual character of such orbitals for a 
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series of molecules by determining localized 
self-consistent field molecular orbitals, which 
furnish a rigorous and precise foundation for 
future use of corresponding chemical concepts 
(see Fig. 1-36). 

The wider application of quantum chemical 
calculations requires extreme accuracy in order 
to furnish a quantitative understanding of bind
ing energies and relative stabilities of atoms, 
molecules, and crystals. The development of 
methods yielding such accuracy depends upon 
the resolution of various theoretical difficulties, 
such as the problem of electron correlation. This 
research has led to an approximation whereby 
it is possible to calculate the energies of the 
beryllium atom and ions of seven other elements, 
each having the same number of electrons, to 
within three parts in ten thousand, correspond
ing to an accuracy of a few kilocalories, which 
is near the energies of significance to chemical 
differences. 

Energy Transfer in Ion-Impact Mass Spectra 

A new and much more precise method of ex
citing molecules in order to produce ions for 
mass spectrometry is now in prospect as the 
result of research at Brookhaven National 
Laboratory on the details of energy transfer for 
low velocity ions to target molecules. The 
amount and kind of excitation transferred dur
ing these collision processes is deduced from the 
relative yields of fragments which arise from 
the decomposition of the excited molecules. 

Electron impact ionization is the present 
technique used to produce excited ions which 
decompose to yield mass spectra. Many closely 
related molecules yield very similar mass spec
tra if the electron impact ionization technique 
is used, because the excitation deposited is fre
quently sufficient to obscure subtle differences in 
molecular structure. Ion impact, however, pro
vides a means of depositing energy in such a 
way that a more precise control of the magni
tude of the excitation in the target molecule is 
accomplished. 

If relatively low velocity ions are used as 
projectiles, the bulk of the energy deposited in 

Fig. 1-36. Characterization of Orbitals. With'the use 
of a computer contour diagrams are prepared at the 
Ames Laboratory for a considerable number of localized 
molecular orbitals. The above are contour diagram^ for 
the valence shell orbitals in the boron fluoride molecule. 
Cross sections in a plane containing the inter-nuclear 
axis are shown: (upper contours: lone pair on fluorine; 
middle contours: one of the three trigonally equivalent 
bond orbitals, with maximum in the plane of the paper; 
and lower contours: lone pair on boron). Fundamental 
theoretical calculations of this type are expected to be 
of great help to experimentalists in the prediction of 
properties of materials. At the bottom of the drawing 
the "B" stands for boron; the "a.u." is for atomic unit 
(0.529 Angstrom) ; and "F" is for fluorine. 

an ion impact process comes from the recombi
nation energy of the projectile ion. Additional 
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Fig. 1-37. Energy Transfer in Ion-Impact Mass Spectra. The Brookhaven National Laboratory's electromagnetic 
isotope separator is being used to generate intense, low energy, mass analyzed beams of ions for research on 
ion-molecule collision processes. The beam of ions is brought out of the separator into the ion source of a small 
mass spectrometer (front right foreground) where collision processes take place with neutral gases introduced 
via the glass system on the right. The types of fragments produced by these interactions are collected and 
identified. The relative yields have provided valuable information dealing with energy conversion processes in 
Isolated ion-molecule collisions. 

energy can be deposited locally at the point of 
impact between the colliding molecules by con
version of the projectile ion's translational 
energy into internal energy of the target mole
cule. The Brookhaven isotope separator was 
used to produce an intense beam of ions with 
well defined and low velocities. The ion beam 
passed from the separator into a second mass 
spectrometer (see Fig. 1-37), where it inter
acted with hydrocarbons such as isomeric 
butenes, propylene, and cyclopropane. The re
sulting fragments were collected and identified. 

There are significant differences in the mass 
spectra obtained with 10 ev. ArD+ ions,20 for 
example, as compared with electron impact re
sults. The process by which energy is trans
ferred is believed to depend on the distance 
between the ion and molecule at the time of 
collision. If these distances are long, then parent 
molecule ions are formed. At shorter distances, 
a proton or deuteron may be transferred to form 
a new parent molecule ion which has little in-

™ArD* ions—The ionized form of the molecule formed by 
combining an argon atom with a deuterium atom. 
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ternal excitation energy. Decomposition of these 
slightly different ionic structures take place 
with significantly different rates and produce 
easily observed differences in the distribution 
of fragments. This technique of using rare gas 
hydride or deuteride ions to produce ion-impact 
mass spectra also provides a unique means of 
generating "protonated" molecules with very 
little excitation energy. 

NMR Studies of Proton Exchange 

Nuclear magnetic resonance (NME)21 studies 
at the Los Alamos Scientific Laboratory of 
hydrogen (proton) exchange in room-tempera
ture solutions of water in liquid ammonia 
(NH3) containing up to 50 percent water, have 
conclusively confirmed recent, less comprehen
sive work done elsewhere indicating that these 
exchange reactions take place much more slowly 
(10-1,000 times per second) than had previously 
been thought (100 million times per second). 
Proton exchange consists of hydrogen nuclei 
(protons) moving back and forth between the 
water and ammonia molecules in solution (see 
Fig. 1-38). 

Ammonia-water systems are of particular in
terest because they offer the opportunity for the 
study of exchange processes in systems involv
ing hydrogen bonding, i.e., where weak linkages 
between molecules occur through electron ex
change interactions involving a hydrogen atom. 
Since water itself is a hydrogen-bonded liquid, 
the understanding of much of the solution 
chemistry of both inorganic and biological in
terest rests upon a basic knowledge of the role 
of the hydrogen bond in processes occurring in 
solution. The NMR technique lends itself well 
to such studies because the resonance absorption 
of radiofrequency radiation by nuclei depends 

я Nuclear Magnetic Resonance—The nucleus of an atom, 
which has a positive electrical charge, spinning about on its 
axis behaves as a tiny magnet due to this spin. If a nucleus 
is placed in a constant magnetic field, it precesses (gyrates) 
about the direction of this magnetic field with a frequency 
which depends on the magnetic moment of the nucleus and 
its nuclear environment. This precession frequency can be 
found by measuring the resonance absorption of radiofre
quency radiation by nuclei, that is, the resonance between the 
precession frequency of the nucleus and the frequency of an 
Impressed radiofrequency magnetic field. 

24.0 MOLE % 

(b) 
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Fig. I-SS. NMR Studies of Proton, Exchange. Nuclear 
Magnetic Resonance (NMR) studies of water-liquid 
ammonia solutions at Los Alamos Scientific Laboratory 
show the increase in rate of proton exchange with in
crease in water concentration. Curve a shows a rela
tively low exchange rate. The protons remain in the 
HoO and NHS molecules long enough (about 1 msec, 
or more) to produce sharp NMR peaks. The NH3 reso
nance has three peaks because the nitrogen nucleus has 
three possible spin states producing three different nu
clear magnetic fields. As the water concentration in
creases (curves & and c), this triplet becomes a singlet 
because the increase in the proton exchange rate causes 
the protons to "see" the N atom in an "average" spin 
state. When exchange becomes very rapid, a single 
peak characteristic of an average environment inter
mediate between NH3 and НгО is observed. 

upon the environment of the nucleus under ob
servation, and this in turn is greatly altered 
if the nucleus is involved in an exchange process. 

Sound Attenuation in He3-He' Mixtures 

Argonne National Laboratory has been carry
ing out experimental and theoretical investiga-



BASIC PHYSICAL RESEARCH 53 

tions of helium-3 (He3) and helium-4 (He4), 
and He3"He4 mixtures. Such investigations are 
of continuing interest because of the pro
nounced manifestation of quantum mechanical 
effects in the macroscopic properties. For ex
ample, it has recently been shown experiment
ally that a 6-mole percent solution of He3 in 
He4 does not separate into two pure phases as 
would be expected from classical thermodynam
ics. Rather, for all concentrations lower than 
six percent the solutions remain homogeneous 
as a single phase, whereas more concentrated 
solutions do indeed separate out to a pure He3 

phase and a 6-mole percent phase. Theoretically, 
this is possible only because of quantum 
statistics. 

These dilute solutions offer the possibility of 
investigating the interactions between fermions 
and bosons 22 and of supplying an experimental 
footing for many-body theories. Measurements 
of the sound attenuation, velocity, and the 
changes in these quantities with density are 
powerful microscopic probes in determining the 
interactions existing in these systems. At Ar-
gonne, an investigation has been made of the 
attenuation of sound in a 5-mole percent helium-
3 and helium-4 solution. Experimental evidence 
has shown sound attenuation to take place. The 
observation of an excess attenuation in the di
lute solution over that in a pure He4 at low tem
perature arises because of an interaction of the 
sound waves with He3 excitation. This is equiva
lent to thermion boson interaction. In addition, 
a theoretical explanation of the observed re
sults has been developed. Work is being ex
tended to understand further these interactions 
between fermion (He3 excitation) and boson 
(He4 excitation). 

ANALYTICAL CHEMISTRY 

Analytical chemistry makes use of a broad 
range of chemical and physical and nuclear 
techniques to measure the composition of mat
ter. Today, it is frequently concerned with the 
detection of trace amounts of impurities as they 
may affect the specialized or critical properties 

of nuclear materials, or they may make use of 
newly developed methods, based on nuclear 
techniques, for the analysis of materials of 
chemical, geological, astronomical, biological, 
technological, or criminological significance, etc. 

Fast Neutron Activation Analysis for O16 

As a part of the program to produce purer 
metals, Ames Laboratory is using fast neutron 
activation analysis as a reliable method for the 
determination of trace quantities of oxygen. The 
method uses the reaction of accelerated deu-
terons with tritium to produce 14 Mev. neutrons; 
the deuterons are accelerated to 150,000 electron 
volts.and strike a titanium-tritide target. The 
nuclear reaction which is used to measure the 
amount of oxygen present is that oxygen-16 
plus a neutron gives up nitrogen plus a proton 
(Oie+n-H>N16+p). The 1ST16 is counted by its 
gamma radiation. Since the half-life of N16 is 
only seven seconds, the activation and counting 
are done very quickly and no residual radio
activity is left in the sample. A variety of ma
terials have been analyzed for oxygen by this 
technique. In some cases, the oxygen levels as 
low as five parts per million (p.p.m.) were 
measured with an accuracy of one to two p.p.m. 
At higher levels, around 20 p.p.m., the accuracy 
is about two p.p.m. (approximately 10%) and 
the relative accuracy improves as the oxygen 
content increases. The method is of particular 
value in the case of volatile metals which cannot 
be analyzed by the standard vacuum fusion 
technique, and also is useful as a way of cross 
checking the other techniques used in the lab
oratory for oxygen determination. 

Effects of Radiation in Chemical Analyses 

During a chemical analysis of irradiated or 
originally radioactive materials, the effects of 

22 Statistics of the distribution of particles of a given type 
among the various possible energy levels take into account the 
quantization of the energy levels and the principle of the 
indistinguishability of the particles. Fermions (electrons, pro
tons, He9 atoms) obey Fermi-Dirac statistics: no more than 
one set of identical particles may occupy a particular quantum 
state. Bosons (light quanta, He4 atoms, acoustical waves) 
obey Bose-Einstein statistics in which there is no limitation 
on the occupation number of any state. 
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radiation may be detrimental or useful, depend
ing on the reactions involved. The nature of such 
effects in typical analyses is being studied at the 
Oak Eidge National Laboratory and ways to 
avoid or to exploit them, as the case may be, are 
being sought. For example, ammonium thio-
cyanate, which forms a colored complex with 
uranium, quickly decomposes when exposed to 
gamma radiation. It was found, however, that 
if stannous chloride is first added to the solution, 
the color is maintained for much longer periods 
of time. 

Analyses for halide ions in aqueous solutions 
are frequently necessary in reactor technology. 
Gamma radiation has a deleterious effect on such 
aqueous solutions, thereby causing unreliable 
analytical results; possibly this is not the case 
for nonaqueous solutions. To check this possi
bility, the electroanalytical chemistry of the 
halide ions in dimethyl sulfoxide, a common 
nonaqueous solvent for inorganic substances, is 
being studied with a pyrolytic-graphite elec
trode. 

Alizarin red S and similar hydroxyanthra-
quinone dyes have been used for the spectro
photometry determination of various metals. 
Zirconium (Zr) is one of the few metals that 
forms a colored complex with alizarin red S in 
highly acid solutions. The complex is very sus
ceptible to radiation damage, because the 
quinone structure is readily attacked by reduc
ing radicals. Therefore, a voltammetric method 
for determining Zr as the Zr-alizarin red S com
plex was developed. This method depends on the 
chemical reactivity of functional groups not 
readily affected by radiation. 

Usually a concentrated (12 M) aqueous solu
tion of hydrochloric acid will not attack gold, 
zirconium, tungsten, platinum, niobium or tan
talum. However, under conditions of gamma 
radiation, five of these metals dissolve appre
ciably in this acid. Of the six metals, tantalum 
is attacked most slowly, and therefore, is shown 
to be the best of these metals for use as a con
tainer for highly radioactive acid chloride solu
tions. The increase in the dissolution rate results 
from the formation of chlorine during the 
irradiation. This effect of radiation can be ex

ploited as a simple way to prepare dilute stand
ard solutions of certain metals in acid chloride 
media. On the other hand, this same effect can 
be detrimental by introducing metallic inter
ferences into analytical test solutions, for exam
ple, process solutions contained in inert metals 
or solutions in which inert metals are used as 
electrodes. Some alcohols (methanol, ethylene 
glycol, glycerol, phenol, catechol) scavenge the 
chlorine produced in gamma-irradiated chloride 
solutions and thus partly counteract the radia
tion effect. 

Mössbauer Spectroscopy of Iron in Coal 

Since the discovery of the Mössbauer effect,23 

emphasis has shifted from its use in studies of 
nuclear structure and transformations to its 
application as a tool in many areas of physics 
and chemistry. Carnegie-Mellon University, 
Pittsburgh, Pa., in collaboration with the 
Bureau of Mines of the U.S. Department of 
the Interior, has applied Mössbauer spec
troscopy to the study of iron in coal. This work 
has provided information on the chemical state 
of the so-called "organic" iron present in some 
coals. Such information may conceivably en
hance the nonfuel usefulness of this valuable 
mineral resource. (This use of the Mössbauer 
effect is another example of the widespread ap
plications of advanced nuclear techniques in 
basic and applied research.) 

Minerals identifiable in coals do not account 
quantitatively for all of the iron present, and 
it has been supposed that some sort of organic 
binding of iron in the coal is involved. Since the 
characteristics of the nuclear resonance absorp
tion spectrum of iron-57, as revealed by the 
Mössbauer technique, depend on the oxidation 
state, nature of bonding, and environmental 
symmetry of the iron atoms, and because previ
ous chemical studies had been unable to deter-

я Mössbauer effect—The recoil-free emission and absorption 
of gamma rays by nuclei bound in solids. In 1958, B. L. 
Mössbauer, a German physicist, found that if an excited nu
cleus which decays by gamma ray emission is embedded in a 
solid, it can give up its recoil momentum to the entire solid. 
Therefore, the emitted gamma ray will lose very little energy 
due to recoil and will thus have essentially the same energy as 
that of-the excited state. 
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mine these properties of "organic" iron in coal, 
Mössbauer spectroscopy was attractive. By the 
Mössbauer technique, the iron can be observed 
without altering its chemical state or 
environment. 

A number of samples of whole coal or vitrain, 
in rank from lignite (72% carbon) to anthra
cite (93% carbon), as free as possible from min
erals, were selected for Mössbauer studies and 
chemical analyses. Several of the samples 
showed the well-known 2-line absorption spec
trum of pyrite [iron (II) disulfide, FeS2], a 
mineral known to occur frequently in coal. In 
addition, a widely-spaced 2-line component was 
shown by several of the spectra. This spectrum 
is different from the Mössbauer spectrum deter
mined for any other iron compound. Since this 
sample also contained the highest content of 
"organic" iron according to the chemical anal
yses, its Mössbauer spectrum was probably that 
of "organic" iron in coal. 

Interpretation of this spectrum was attempt
ed through comparison of its quantitative pa
rameters with those of known iron compounds. 
From the spectra, it was deduced that the non-
pyrite iron in coal is in the iron (II) state, has 
four unpaired electrons, and is probably sur
rounded by six neighboring atoms. A few min
erals and synthetic compounds of iron have 
Mössbauer parameters similar to those of the 
non-pyrite iron in coal, but these spectra are 
usually coupled with spectra of other forms of 
iron in the same materials. In addition, many 
of the similar spectra are unsymmetrical, in 
contrast to the symmetrical coal spectrum. 
These comparisons suggest that the iron is most 
likely bound in the coal to aromatic nitrogen 
atoms, though a clay-like silicate mineral or gel 
is also a possibility. 

Mössbauer spectroscopy can be used as a 
guide in selecting coal samples for further 
studies of "organic" iron by chemical and other 
methods, and as an indicator of the stability or 
changes in the chemical state of the iron follow
ing various physical and chemical treatments 
of coal samples. Continuing Mössbauer studies 
of coal and known materials may eventually 

result in positive identification of the "organic" 
iron in coal. 

PHYSICAL CHEMISTRY 

The physical chemistry area of AEC-spon-
sored research is concerned with the relation
ship between chemical and physical properties 
of matter. New mathematical approaches as 
well as the use of computers form a vital part 
of this program. 

Reactions of Gases on Metal Surfaces 

Catalytic reactions are important in many 
chemical processes. In order to understand the 
fundamental nature of such reactions, the cata
lytic decomposition of ammonia has been in
vestigated at the Ames Laboratory. The reac
tion was studied on a clean tungsten surface in 
a field emission microscope, an ultra-high 
vacuum device. The field emission microscope 
produces a million-fold magnified image of a 
metal single crystal and allows a direct obser
vation of the surface layer of atoms. From such 
observations, it has been deduced that the ac
cepted mechanism whereby gaseous nitrogen is 
produced by combination of adsorbed nitrogen 
atoms is incorrect. The production of adsorbed 
nitrogen atoms is the first step in the decom
position, but gaseous nitrogen is produced by 
reaction with more ammonia. 

Surface reactions are also being investigated 
using the field ion microscope which has a suffi
ciently greater resolution than the field electron 
emission microscope so that adjacent atoms are 
resolved as shown in Figure 1-39. On adsorbing 
acetylene new bright spots appear which are 
due to individual adsorbed molecules (shown in 
Fig. 1-40). 

Electrolysis at High Current Densities 

Studies on the high-speed anodic dissolution 
of metals at the Lawrence Radiation Labora
tory, Berkeley, have shown dependence of the 
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Figs. 1-39 and, Ifi. Reactions of Gases on Metal Surfaces. The above is an Ames Laboratory helium, field ion 
micrograph of a clean tungsten emitter (radius about 300A) taken with the emitter at liquid helium tempera
tures. The (111) plane (spacings of 4.47A) is completely resolved with 23 atoms visible. Atom rows on the (211) 
and (121) planes are clearly separated (4.47A between rows) while adjacent atoms along atom rows are 
resolved on the (121) (distance between atom centers=2.74A). The helium field ion micrograph below is of 
the same tungsten emitter after exposure to acetylene. Several dozen new emission centers (indicated by 
arrows) are apparent on the (211) and (411) planes. Tungsten lattice atoms are missing on the (111) and 
(411) planes after the adsorption process. 

* w * • . 
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Fig. 1-41. Formation of IAquid Drops. Extraction of uranium and other materials from solution, purification of 
metals by zone refining, heat transfer in steam generators, and transfer of oxygen in the lungs are examples of 
the broad range of applications in which the formation of drops is important. Recent work at the Ames Labora
tory has produced a mathematical description of a forming liquid drop that is significantly more accurate than 
previous descriptions, especially when drops are formed so rapidly that the resulting train of drops approaches 
a continuous jet. A model has been developed which accurately describes the observable phenomena that occur 
during drop formation and makes it possible to study more subtle but equally important properties of drop 
systems which cannot be directly investigated by experimental techniques. Such properties would include, for 
example, oxygen transfer within drops of blood, and circulation of dissolved metal within the drops of a dispersed 
solution of metal ores. The graph shows a drop profile computed from this model. A photograph of the drop, in 
the process of formation, is superimposed on the profile. 

nature of the dissolution process on hydrody-
namic flow in the electrode gap, and on gas evo
lution from the cathode. It was also shown that 
the valence of the dissolution reaction, and thus 
the rate of dissolution, may strongly depend on 
current density and electrolyte composition. 
Electromachining techniques are relevant to the 
development of precisely controlled shaping 
processes for a large range of metals. 

Influence of the electrolyte on the anodic dis
solution reaction has been studied using copper 
and iron as anode material. The results show a 
marked influence of the current density on the 
apparent metal valence. This behavior may be 
understood by considering the change in anode 
potential with increasing current density, since 
both products found at higher current densities, 
namely copper* (Cu+) and iron3+ (Fe3+), re
quire a more anodic potential for their reversible 

•275^845 O—68 6 

formation from the metals than the alternate 
products Cu2+ and Fe2+. Formation of a cuprous 
complex may explain the abnormalities observed 
in the copper-chloride system. Photomicro
graphs of the anode surface indicate a marked 
influence of the anodic dissolution reaction on 
surface structure. 

INORGANIC CHEMISTRY 

Under AEC-sponsored, broadly based inor
ganic chemistry studies, emphasis is placed on 
chemical compounds having extraordinary 
chemical bonding or structure. 

Penta-Covalent Silicon 

The element silicon, which lies below carbon 
in the Periodic Table, is capable of forming 
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compounds with structures similar to those of 
organic compounds containing carbon. Work 
by other inorganic chemists had suggested that 
there was something unusual about the chemis
try and structure of a compound of silicon 
which can be formulated as silyldimethylamine 
(SiH3) (CH3)2N. An X-ray diffraction investi
gation of this compound at Brookhaven Nation
al Laboratory provides the first firm structural 
evidence for the occurrence of silicon com
pounds in which silicon forms five covalent 
bonds. The molecule is actually a pentamer in 
the solid state, forming a 10-membered Si5N5 

ring with three hydrogens and two nitrogens 
attached to each silicon atom. The discovery of 
this unusual bonding opens the way to a whole 
new area of inorganic chemistry which may 
have useful applications to polymer chemistry. 

Structures of P-N Compounds 

In recent years, plastics have come to be used 
in ever increasing amounts. However, at present 
almost all plastics are made from carbon-con
taining compounds and, therefore, have certain 
intrinsic deficiencies, such as poor resistance to 
heat. Increased attention has been focused on 
the formation of plastics and polymers which 
do not contain carbon. One series of compounds, 
involving phosphorus and nitrogen atoms, 
shows considerable promise. The diffraction of 
X-rays and the analysis of this phenomenon 
are presently being used at the Ames Laboratory 
to learn more about the atomic arrangement in 
these materials. Studies of a moderately large 
molecule of this type, phosphonitrilic chloride 
(PNC12)5) show the presence of strong phos
phorus-nitrogen bonds in this 10-membered 
ring (see Fig. 1-42). Bonds between phos
phorus and nitrogen that have been observed 
in other compounds in most of the earlier studies 
have not had this unusual stability. 

Analytical Uses of Sodium Perxenate 

The possible analytical uses of a relatively 
new chemical compound of the rare gas xenon, 

Fig. I-lß. Structure of P-N Compounds. The molecular 
configuration of phosphonitrilic chloride (PNCbb, a 
structure determined at the Ames Laboratory. The 
compound exists as a 10-membered ring of alternating 
phosphorus and nitrogen atoms, with two chlorine 
atoms attached to each phosphorus. The presence of 
strong phosphorus-nitrogen bonds helps to explain the 
unusual stability of this type of molecule. 

sodium perxenate (Na4XeOe), have been in
vestigated at Argonne National Laboratory. 
The extremely powerful oxidizing properties of 
the higher valence states of xenon were used in 
several analytical applications. A rapid, simple 
qualitative test for manganese was devised, and 
analytical procedures involving the formation 
of highly colored solutions of manganese, chro
mium, and cerium were demonstrated. These 
experiments proved the feasibility of using 
xenon in its higher oxidation states as an oxida
tion reagent. The use of sodium perxenate rather 
than more conventional reagents results in con
siderable saving of time and effort, since the 
oxidation takes place instantaneously at room 
temperature thereby avoiding lengthy heating 
and cooling procedures. 

The most convenient source of octavalent 
xenon is the white crystalline stable salt, sodium 
perxenate, which dissolves readily in water. In 
acid solution, perxenate oxidizes water, evolving 
oxygen, and yielding a solution of hexavalent 
xenon. The oxidation of manganous, chromous, 
and cerous ions in acid solution is rapid enough 
to compete favorably with the oxidation of 
water. 
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Manganous ion is oxidized to permanganate 

by perxenate at room temperature without the 
use of a catalyst. A rapid, simple qualitative 
test for manganese is carried out by observing 
the immediate appearance of the characteristic 
purple permanganate color when a few milli
grams of solid sodium perxenate are added to a 
dilute acid solution of the unknown material. 

This test can also serve as the basis for a 
quantitative determination of manganese. An 
aqueous solution of Na4XeOs is slowly added, 
with vigorous mixing, to a dilute acid solution 
of the sample, and the absorption of the per
manganate measured spectrophotometrieally. 
This method has been used successfully to deter
mine manganese in uranium and in magnesium 
metal. 

HIGH TEMPERATURE STUDIES 

Research in the high temperature chemistry 
area is concerned with physical and chemical 
properties of chemical compounds and chemical 
reactions at elevated temperatures (up to thou
sands of degrees) where their chemical and 
physical behavior differs appreciably from that 
at normal temperatures. The behavior of solu
tions of molten salts and oxides is emphasized 
because such studies yield fundamental ther
modynamic data needed for the preparation of 
new materials. 

Reaction of Graphite and Hydrogen 

The reaction of graphite and hydrogen has 
been studied at Brookhaven National Labora
tory at temperatures between 1,750° and 3,200° 
C. and at pressures from 1/100 to 1 atmosphere 
using resistively heated graphite filaments (see 
Fig. 1-43). To carry out this work, an apparatus 
was built which can heat the filament at a rate 
of 50° C. per millisecond, measure the tempera
ture continuously, and study the reaction for 
time periods of less than 1/10 of a second. The 
reaction rate increases both with temperature 
and pressure; in the ranges investigated, it 
changed 10,000-fold. At temperatures below 
2,800° C , the reaction occurs on the surface 
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Fig. I-j3. Reaction of Graphite and Hydrogen. Brook-
haven National Laboratory graph showing the power, 
resistance, and temperature of a graphite filament 
when heated in 7.6 mm of hydrogen. This was obtained 
from an oscilloscope trace of the current and voltage 
across the filament, and the e.m.f. of the photoelectric 
pyrometer. In this run the hydrocarbon product formed 
was 99 percent acetylene, but two-thirds of the graphite 
evaporated, deposited on the wall, and did not react 
with the hydrogen. The heating rate in this run was 
2.5X10" degrees centrigrade per second and the initial 
cooling rate 1.2X10* degrees centegrade per second; 
when thinner filaments were used, these rates were 
greater. Other similar runs were made at different fila
ment temperatures and hydrogen pressures; in each 
case the rate of reaction was corrected for the amount 
of reaction that occurred during the heating and 
cooling periods. 

of the graphite and depends on the atomic 
hydrogen concentration formed by dissociating 
molecular hydrogen at the graphite surface. 
The product from this reaction is mainly 
methane and ethane. Methyl radicals appear to 
be the intermediate product. 

At temperatures above 2,800° C, graphite 
begins to vaporize significantly, forming poly
meric carbon species. These react with hydrogen 
in the vapor phase surrounding the filament and 
at low pressure, yield acetylene as the only 
hydrocarbon product; at higher pressure, acet-
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ylene and ethylene account 80 to 90 percent of 
the product. The rate of the reaction is propor
tional to the rate of vaporization of graphite. At 
2,800° C, most of the energy supplied to the 
filament is lost by radiation. Above this tem
perature, the rate of vaporization increases 
rapidly, and as the temperature approaches 
within 100° C. of the sublimation temperature 
of graphite (3,525° C.),24 more than 50 percent 
of the energy supplied to the filament goes into 
vaporization of the graphite. Thus, it is only 
at these high temperatures that the energy sup
plied to the filament can be used efficiently for 
the formation of acetylene. 

At temperatures below 2,800° C, the rate of 
reaction between graphite and hydrogen is re
duced as the product concentration increases. 
The equilibrium concentrations of the products 
formed increase with increased temperature. 

Solutions of Metals in Molten Salts 

Molten salts have been considered for use as 
engineering materials, and work is in progress 
at Atomics International, Canoga Park, Calif., 
to characterize some of their basic chemical and 
physical properties. Particular emphasis is be
ing placed on fundamental studies of solutions 
of metals dissolved in molten salts. While car
rying out Soret25 effect measurements on the 
bismuth-bismuth halide systems to learn more 
about the mechanism of how the electric charge 
carriers are transported in the solution when a 
metal is dissolved in salt, it was discovered that 
thermoelectric force as high as 16 millivolts per 
degree were obtained. The figure of merit, a 
measure of the efficiency, is about 10 times better 
than the previous best thermoelectric substance 
and thus is of potential practical application in 
the conversion of heat to electricity. 

In another study, electrical conductivities of 
molten salts are being measured at Atomics In
ternational to temperatures above their critical 
temperatures. (The critical temperature is the 
highest temperature at which a substance can 
exist as a liquid). This is the first time such 
measurements have been made for fused salts. 

The advantage of these studies is that the elec
trical conductivity can be studied over a much 
larger density variation in the super-critioal 
fluid than in the case of liquids where tihe density 
range is limited. The results with bismuth 
trichloride (BiCl3) and mercuric chloride (Hg 
Cl2) showed that the conductivity undergoes a 
sharp decrease as the density decreases from that 
of the liquid. This confirms the earlier hypo
thesis made at Atomics International that the 
eventual decrease in electrical conductivity, that 
takes place as the molten salt is heated, is due to 
the density decrease which accompanies the 
heating. 

Structure and Properties of Molten Salts 

Investigations at the University of Pennsyl
vania, Philadelphia, are concerned with the 
structures of complex ions and the mechanism 
of ionic motions in molten salts at high tempera
tures and pressures. Since molten salts are 
liquids composed only of ions or their agglom
erates, a knowledge of the structures of these 
ions and the nature of ionic movements is pre
requisite to the formulation of an overall struc
tural model for molten salts. Laser-excited 
Raman26 spectroscopy has been under develop
ment in order to better understand complex ionic 
and molecular structures in fused salts through 
optical methods. Stannous chloride was found 
to possess a polymeric (SnCl2)n structure in 
the pure fused state; the main species in mix
tures with alkali halides is SnCl2

 3". 
Mixed molecular species such as mercuric 

iodo-bromide (HglBr) exist in mixtures of mer
curic dihalides. The Ramm spectrum of in
tensely colored mercuric iodide (Hgl2) has been 
observed for the first time. The use of lasers al
lows systems to be studied at temperatures much 

MThe temperature at which graphite is transformed di
rectly from solid to vapor without the intermediate step of 
liquiflcatlon. 

25 The Soret effect is the partial demising of a solution 
when it is exposed to a temperature gradient. This demising 
can produce a voltage; this voltage per degree is the thermo
electric force. 

M Raman spectra are composed of scattered radiation lines 
whose wavelengths reveal details about the vibrations of 
atoms composing the molecules giving rise to these spectra. 
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in excess of those previously possible. Such re
search is most important because molten salts 
now have many applications, e.g., heat transfer 
media in nuclear reactors and liquid fuels in 
thermal breeder reactors. 

Metal-Oxygen Systems 

At Argonne National Laboratory, recent ex
periments with three different metal-oxygen 
systems at high temperatures (1,500° С ) and 
high pressures (60,000 atmospheres) have led to 
the synthesis of new crystal forms of known 
compounds and to tihe synthesis of other com
pounds which it has not been possible to prepare 
at atmospheric pressure. Some of the new high 
pressure compounds are thermodynamically un
stable at atmospheric pressure. The three sys
tems studied were: uranium-oxygen, transition 
metal-uranium-oxygen, and thallium-oxygen. 

Two new compounds, nickel monouranate 
(N1UO4) and zinc monouranate (ZnU04),have 
been synthesized in the transition metal-
uranium-oxygen system at high pressure. The 
nickel compound has been prepared, at high 
pressure, in two different crystal modifications. 
The corresponding copper compound, copper 
peruranate (CuU04) can be prepared under 
ambient pressure; high pressure experiments 
have led to the synthesis of a new form of this 
compound. 

An investigation of the thallium oxide system 
has shown that a new crystal form of thallic 
oxide (Tl2Os) is formed at high pressure. As 
reaction temperatures are increased, the oxide 
reacts with its platinum container to form the 
double oxide, di-thallic di-platinic heptoxide 
(Tl2Pt207). The new oxide may be prepared 

more conveniently by reaction of thallic oxide 
with platinic oxide (Pt03) at high pressure. 
The structure and properties of this compound 
have been determined. It has been possible to 
prepare an impure, poorly crystalline form of 
the new compound at ambient pressure, but the 
pure oxide has been prepared only by high pres
sure methods. An isostructural series of com
pounds with the formula R-jP^O? (where R may 

be any trivalent rare earth atom) has also been 
prepared at high pressure. 

Liquid-Liquid Immiscibility 

Many liquids, usually consisting of an organic 
compound dissolved within certain concentra
tion limits in water, are known to separate 
reversibly into two mutually insoluble (im
miscible) liquids as the temperature of the solu
tion is changed. At Oak Ridge National Labora
tory it has recently been demonstrated that such 
immiscible liquids occur in molten fluoride mix
tures containing the same materials (the 
fluorides of lithium, beryllium, and zirconium) 
as the fuel solvent used in the Molten Salt Re
actor Experiment. By separation of the two 
liquids with a special high-temperature centri
fuge (see Fig. 1-44:), the concentration-tem
perature dependence of liquid-liquid im
miscibility of such mixtures has been studied in 
detail. 

At 532° С (the minimum temperature at 
which the phenomenon occurs), immiscible 
liquids are observed only in mixtures containing 
more than 45 moles of beryllium fluoride, less 
than 28 moles of lithium fluoride, and between 
(as extremes) 5 and 35 moles of zirconium 
fluoride per 100 moles of molten mixture. The 
composition region showing immiscibility be
comes smaller as the temperature is increased ; 
all mixtures of these materials exist only as a 
single liquid above 950° C. 

The findings pose no threat to use of these 
fluorides as reactor fuels, which contain much 
more lithium fluoride and much less beryllium 
fluoride than those described above. However, 
such information does aid in understanding of 
the nature of the high-temperature liquid state, 
particularly in glass-forming systems. 

ISOTOPIC GEOCHEMISTRY 

Isotopic geochemistry research is concerned 
with the geologic history and behavior of 
uranium, thorium, and other radioactive mate-
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Fig. I-Jfi. Liquid-Liquid, Immisoibility. Drawing snows 
the high-temperature centrifuge constructed at Oak 
Ridge National Laboratory for the study of liquid-liquid 
immiseibility in molten salt systems. Only a few grams 
of material per sample are required. The small tubes 
attached to the central .shaft (pre-loaded with the de
sired components in a glove box) are maintained at 
temperatures as high as 1,000° O. by the surrounding 
furnace assembly. Rotation of the shaft at 2,400 revolu
tions per minute produces a force of over 500 times 
gravity in the tube. After sufficient time for equilibra
tion, the rotating shaft is brought smoothly to rest 
with the tubes hanging vertically, the furnace is quickly 
lifted, and the tubes are cooled with water, thus pre
venting any change in the composition or relative 
proportions of the liquids which might occur at inter
mediate temperatures. With this device, it was easy to 
separate the immiscible liquids at high temperature. 
The molten fluorides are analogous to the molten sili
cates in many respects, but melt at lower temperatures 
and are more tractable in experimentations. 

rials and the application of isotopic technique to 
solve significant problems that cannot be an
swered in any other "way. 

Radiometric Age Dating 

Isotopic geochemistry research at the 
Massachusetts Institute of Technology, Cam
bridge, has been concerned with testing the 
hypothesis of continental drift. This hypothesis 
states that North and South America were once 
joined to Europe and Africa, and that the At
lantic Ocean appeared only recently (in geologic 
time) as these large land blocks spread apart. 
The hypothesis has been tested through radio
metric age dating in areas on both sides of the 
South Atlantic and it was shown that the pat
tern of ancient geologic terranes would fit to
gether if the continents were returned to their 
former positions. 

In Africa, an ancient province27 2,000 million 
years old, encompassing present-day Ghana, 
Ivory Coast, and westward, boarders a less-
ancient province 600 million years old in 
present-day Nigeria. An almost straight bound
ary line between these provinces extends from 
Upper Volta in the north, through Dahomey, 
Togo, and southeastern Ghana, and reaches the 
continental margin close to Accra. If the con
tinents had been together at that time, this line 
would have extended into northern Brazil close 
to the present coastal town of Sao Luis. Age 
studies of the ancient rocks underlying the sedi
ments have shown that the line occurs exactly 
where predicted, with 2,000-million-year rocks 
on one side and 600-million-year rocks on the 
other, as in Africa. Other similar corresponding 
patterns are emerging as the work proceeds 
along the coast in both directions. 

The research uses the radioactive breakdown 
of rubidium (Rb87) to strontium (Sr87) in the 
total rock material. If borne out by further in
vestigations, this direct test of the earlier junc
ture of the continents will have important con
sequences not only in understanding the history 

21 An area throughout which geological history has been 
essentially the same or which is characterized by particular 
structural, petrographical, or physiographical features. 
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of the development of the earth's crust, but in 
practical ways such as the continuation of min
eral belts between the two continents. It is al
ready suggested that there may be one or more 
important mineral provinces in northern Brazil 
that have been relatively unexplored so far. 
Mineral deposits of particular interest in this 
prediction are iron, manganese, diamonds, tin, 
and gold. This research is of interest to the AEC 
because it applies highly advanced isotopic 
methods, such as precision mass-spectrometry, 
to obtain information on the structure, history, 
and probable origin of geologically and eco
nomically significant portion of the world. 

Sources of Uranium 

A problem of major concern to those in
terested in uranium mining is the source of the 
uranium now found in the sedimentary strata 
that contain the principal economic deposits of 
the five-state uranium province of the Colorado 
Plateau. A large number of the important ore 
deposits exist underground as isolated ore bodies 
in a porous stratum, showing no feeders above, 
below, or on the sides; how they got there is a 
geological mystery. One theory, among several 
that have been advanced to account for this 
phenomenon, pictures the original uranium ions 
as rising from deep in the earth's crust in nat
urally heated or hydrothermal solutions. These 
solutions rose along fissures and porous strata 
until they ultimately came into contact both 
with ground water and the organic environment 
of certain critical strata, where catalytic action 
caused the precipitation of uranium minerals. 
A few vertical uranium-bearing structures have 
been found that penetrate the plateau strata. 
These provide sites where evidence for upward 
migration may be examined critically. Among 
such sites studied by mineralogists from Colum
bia University, New York City, the veins of 
Kane Creek, South of Moab, Utah, provide un
usually convincing evidence of hydrothermal 
activity (see Fig. 1-45). Here, uranium-bearing 
vertical veins (age about 60 million years) pene
trate much older strata (age about 225 million 
years). Closely associated with the uranium 

Fig. 1-45. Sources of Uranium. Schematic drawing of 
Columbia University study of uranium-bearing vein 
penetrating Colorado Plateau strata, about 11 miles 
southwest of Moab in east central Utah. The vein 
(about 60 million years old) follows a fault (about 42 
feet displacement) which cuts locally designated units 
of the Cutler Formation. (Permean; about 225 million 
years old). Wall rock alteration both preceding and ac
companying vein information indicates deposition of 
uranium from rising heated solutions. 

minerals of the veins are chlorite (a magnesium 
silicate), and a local mica schist generally con
sidered indicative of hydrothermal activity, in 
the range of 100° to 300° C. While several links 
are still missing in the interpretation of the 
chain of natural events, which would tie the 
vertical veins to deposits in horizontal strata, 
evidence in support of an original hydrothermal 
source for the uranium ions is strong. The ex
amination of this concept and the extent to 
which it may be applicable in uranium explora
tion can very well have an important bearing on 
future uranium discovery. 

Combined field and laboratory studies demon
strate that two periods of fluid invasion caused 
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mineral changes along fault lines in the Cutler 
Formation at Kane Creek. Normally, red and 
purple strata exhibit massive white areas up to 
50 feet thick close to faults. These gradually 
taper away from the fault plane conduit and 
disappear a mile or more away. This early 
alteration change is followed by a localized 

greenish-gray alteration from a few inches to 
20 feet thick that closely follows the fault plane. 
This forms the uranium-bearing vein, where 
uraninite (U02) is a principal mineral. It is the 
minerals of the veins that provide evidence of 
the temperatures which probably prevailed dur
ing the formation of the ores. 



Fig. 1-46. Glass-Metal Bonding. Lawrence Radiation Laboratory, Berkeley, photograph of dendrites of cobalt 
growing in a cobalt/glass composite from the interface. The interface is at the extreme left with cobalt to the 
left of it and glass on the right. For details see p. 91. 

METALLURGY AND MATERIALS 
Under the AEC's metallurgy and materials research program, studies are made 
to advance the understanding of the structure and properties of matter in the 
condensed state. These studies are primarily concerned with the relationship 
between structure and properties, what factors control them, how they are 
derived from the fundamental laws of nature, and what can be done to improve 
the properties. The program embraces both theoretical and experimental 
research using the disciplines of physical metallurgy, physical ceramics, and 
solid state physics. This research plays a vital role in the AEC's long range 
objectives by providing knowledge for maximum beneficial control and use of 
materials. Kepresentative research carried out under this program includes 
radiation effects, temperature effects, superconductivity, research at high 
pressure, magnetic materials and properties, neutron diffraction, plastic 
deformation, and ceramic materials. 

65 
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Fij7. J-^7. Channeling of Charged. Particles. Studies at Oak Ridge National 
Laboratory have shown that when fast charged particles pass through a 
solid, those that emerge have discrete bands of energy. Measurement of the 
oscillating "wavelengths" of these particles can provide information on the 
electric fields that exist in solid crystals and which are related to the 
structure, binding forces, and electron densities within the material. Draw
ings (a) and (D) show crystal orientation of rows and lattice planes 
(sheets) of atoms. Drawing (с) depicts ray paths between sheets of a 
crystal to illustrate how the detection of only those ray paths having the 
right wavelengths to reach the detector is possible. 

RADIATION EFFECTS 

Interaction of radiation with matter is one of 
the most important areas of research under the 
metallurgy and materials research program. Al
though in many cases a deterioration of proper
ties occurs when exposed to radiation, through 
increased understanding of this interaction, a 
number of beneficial new materials and proc
esses have been developed, such as plasticized 
(hardened) wood and food preservation 
through irradiation processing. The materials 
within the pressure vessel28 of an atomic reactor 
are, of course, subject to a great variety of radi
ations. Additional knowledge in the area of ra
diation effects will permit definition of more 
accurate material characteristics to predict and 
offset any damaging effects of radiation. 

Channeling of Charged Particles 

Normally, when fast charged particles pass 
through matter, they lose energy in numerous 
small steps, mostly as ionization energy. Thus, 
the average energy of the charged particles is 

reduced and also their energies spread over a 
wide range. However, Oak Ridge National 
Laboratory (ORNL) recently discovered that 
when fast particles, such as 50-Mev. iodine ions, 
pass through corridors or channels of a lattice 
of atoms in a perfect crystal of gold, the parti
cles emerge with discrete bands of energy, a 
completely unexpected result. The explanation 
found for this phenomenon shows the way 
toward obtaining entirely new information 
about solids. The particles ricochet back and 
forth between the walls of the channel (see Fig. 
1-47). The number of times they ricochet de
pends on the thickness of the crystal, the angle 
of entry, and the exact position of the particle 
when it enters the channel. In the experiment 
performed at ORNL, the detector could only be 
reached by particles with certain values of 
"wavelengths" of these transverse oscillations, 
and thus with only certain values of energy 
losses. The "wavelengths" of these transverse os
cillations were measured and with this new in
formation it is possible to determine the 

23 See p. I l l , "Nuclear Reactor Safety Research" of Part 
Two—Reactor Technology Programs. 
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strengths of the electric fields which repel the 
particles back toward mid-channel. These elec
tric field strengths which exist inside a crystal 
lattice are related to the structure, binding 
forces, and local electron densities within the 
material. 

Interactions With Crystal Lattices 

In another investigation concerning channel
ing,29 Brookhaven National Laboratory in col
laboration with Bell Telephone Laboratories, 
Murray Hill, 1ST. J., and Rutgers University, New-
Brunswick, N.J., studied directional effects of 
a number of various interactions of energetic 
charged particles with crystal lattices. Earlier 
investigations have established that electronic 
interactions (causing energy loss through ioni
zation and excitation), as well as different types 
of atomic and nuclear interactions requiring 
close collisions between a particle and a lattice 
atom, are strongly dependent on the direction 
in which a well collimated beam enters the lat
tice. Related effects occur when charged parti
cles are emitted from lattice sites in a crystal 
lattice or are scattered to large angles as they 
pass through the lattice. In any experiment 
where charged particles emitted by an impurity 
atom are detected outside and their energy and 
direction analyzed, it is possible to determine 
whether the emitting atom is in an interstitial 
position or on a lattice site. Such information is 
of great importance when attempting to decide 
where impurity atoms reside in such systems as 
salts containing rare gases or impurity-doped 
semiconductors. These effects—known as "block
ing," because particle trajectories are blocked 
by atom rows and planes—have been simulated 
recently in computer calculations in silicon (see 
Fig. 1-48). In one model, a large number of 
particle trajectories is followed after isotropic 
emission from a site and successive scattering by 
atoms of a row until deflection becomes neglig
ible. The distribution of emergence directions 
compares well with that obtained in another 
model calculation in which the atomic row is 

M See also pp. 117-118, "Fundamental Nuclear Energy Re
search—1966." 
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Fig. 1-48. Interactions With Crystal Lattices. Brook-
haven National Laboratory graph shows the effect of 
crystal orientation on energy loss of charged particles 
for the spectra of 3 Mev. protons after transmission 
through a 33-mieron-thiek silicon crystal. The detector 
has an aperature of 1 millimeter and is placed at 1 
meter behind the crystal so that it accepts only the 
least deflected part of the beam. The spectrum on the 
left (scale is X15) is obtained when the crystal is 
misoriented with respect to the beam. The middle 
spectrum (scale XI) corresponds to channeling condi
tions, with the beam parallel to the 111 planes of sili
con. The spectrum on the right (scale X%oo is that 
of the incident beam, taken without the silicon crystal. 

replaced by an average potential. The thermal 
motion of the atoms is taken into account and 
the experimentally observed decrease of angular 
widths with increasing temperature has been 
confirmed. 

Radiation Damage and Lattice Defects 

At Atomics International, Canoga Park, 
Calif., the technique of high energy electron 
bombardment is being used to study the effects 
of radiation on pure metals and semiconductors. 
Earlier work had used the change in electrical 
resistance to measure damage; more recently 
the effects of the damage on the mechanical 
properties of metal crystals have been studied. 
In general, metals exposed to radiation become 
harder and more brittle. 
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Fig. 1-49. Radiation Effects in Molybdenum. Investigations at Pacific Northwest Laboratory are directed toward 
understanding the effects of nuclear radiation on metals such as the fact that metals become brittle after 
prolonged exposure to neutron radiation. To study this effect, samples are irradiated in a reactor for increasing 
lengths of time and subsequently examined at high magnification in the electron microscope. This latter technique 
makes it possible to "see" into the interior of a metal and to detect changes in the atomic arrangements. The 
figure (1A) on left is a photograph of nonirradiated modybdenum showing crystallites or grains separated by 
a boundary. The uniform contrast indicates perfect crystalline arrangements of the atoms. The center (IB) 
figure shows the effect of exposure to nuclear irradiation at 80° O. The black spots are due to atoms which 
have been displaced by the bombarding neutrons and which have then regrouped into clusters. This structure 
is representative of a material after moderate irradiation at relatively low temperatures. Because of these 
defect clusters, the ductility of the metal has been greatly reduced. Irradiating a metal in a nuclear reactor 
maintained at elevated temperatures (approximately 600° O.) produces a structure much different from that 
caused by irradiating at low temperatures, 80° С Because of the increased mobility of the atoms at the elevated 
temperatures, the black spots or defect clusters are able to grow into large dislocation loops as illustrated in 
right figure (1С). With this type of defect structure, the material now has more ductility but less strength 
than that irradiated at the lower temperature. 

The mechanical properties of metals are 
largely determined by the presence of imper
fections called dislocations. Opposed to the 
localized point defects such as vacancies, dislo
cations are characterized by displacement of 
atoms along a line through the metal lattice. 
Motion and multiplication of these line defects 
are responsible for the ease with which a metal 
is permanently (plastically) deformed. Because 
of the lattice distortion which is present in the 
immediate vicinity of dislocations, vacancies 
and interstitials produced by electron irradia
tion are attracted to them since the vacancies 

and interstitials help relieve the distortion. 
Once interstitials or vacancies are associated 
with dislocations, considerable effort is required 
to separate them. In particular, if dislocation 
motion is to occur over large distances, the point 
defects must either be dragged along or the dis
locations must break away from them. This 
produces a stiffening of the metal and an in
crease in the value of the elastic modulus. 
Studies of dislocation behavior can thus also be 
used to elicit information about the properties 
of point defects. 

Recent modulus studies of electron irradiated 
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pure polycrystalline copper and gold have unex
pectedly shown that the mode of defect produc
tion in the two metals is significantly different. 
In gold, relatively large numbers of vacan
cies and interstitials are created at dislocations 
during irradiation. These are created by a, proc
ess called focusing, in which the energy im
parted to a gold atom by an incident electron can 
be transmitted over large distances in the lattice. 
This transmitted energy can thus create defects 
far from the original electron encounter. On the 
other hand, focusing is much less prevalent in 
copper; those defects which are created at dis
locations are produced by interaction of an 
incident electron with atoms very near the 
dislocations. 

Radiation Damage in MgO 

At Oak Ridge National Laboratory, the effect 
of radiation on magnesium oxide (MgO) is 
being studied by monitoring various color cen
ters (defect centers which cause the transparent 
material to color because they absorb light of a 
particular wavelength) formed during irradia
tion. It has been found that ionizing radiation, 
such as gamma rays, causes very little intrinsic 
damage, but is effective in changing the valence 
states of various impurities. Magnesium oxide, 
because of its physical properties, is potentially 
very important in several areas of technology. 
Single crystals and hot pressed disks of MgO 
have high mechanical strength and are trans
parent in the visible range as well as in the ultra
violet and near infrared. Because the melting 
point is around 2,800° C, these crystals and 
disks are valuable for high-temperature optical 
applications. There are also potential uses for 
MgO in both reactor technology and space 
vehicles. 

The studies have also shown that 1.5-Mev. 
electrons and high-energy neutrons are capable 
of producing oxygen vacancies which are ob
served as F centers (negative ion vacancies 
which have trapped electrons). These F-type 
centers absorb ultraviolet light of 2,500 A 30 

wavelength at room temperature and their con
centration can be determined simply by measur

ing the intensity of this absorption band. Fast 
neutrons are much more effective than electrons 
in producing vacancies, and it has been shown 
that impurities can also enhance vacancy pro
duction by radiation. For example, at a radia
tion temperature of 60° С a dose of 1.4 X Ю18 

electrons per square centimeter yields an 
F-center concentration in relatively pure sam
ples (10 parts per million of iron) of about 
5 X 1016 centers per cubic centimeter, which is 
50 times less than that obtained with a compara
ble dose of neutrons. This is what is predicted 
by the theory of atomic displacements or 
"knock-on processes" in solids. 

Radiation Effects in Nickel 

Recent studies on irradiated nickel showed 
that atoms displaced by neutron irradiation 
cluster into groups. The concentrations of these 
clusters vary greatly at different types of inter
faces or boundaries within the metal. Two such 
interfaces of particular interest to these studies 
are normal grain boundaries31 and twin bound
aries.32 Studies at Pacific Northwest Laboratory 
revealed that an unusual condition develops at 
twin boundaries when nickel is irradiated. 
When an atom is knocked out of its normal po
sition by a neutron, it collides with other atoms 
before coming to rest and also displaces these 
other atoms. The displaced atoms prefer to 
travel in a direction where they strike the least 
number of neighboring atoms. The displaced 
atom, therefore, eventually moves through the 
lattice parallel to the closely packed rows of 
atoms. If this parallel path is suddenly blocked 
by a twin boundary, however, the displaced 
atoms collide or interact with atoms making up 
the twin. The energy of this collision will eject 
a large number of atoms on or near the bound
ary from their normal position. The displaced 
atoms form clusters along the twin boundary 
because there are no concentrations of empty 
lattice positions that can absorb the displaced 
atoms (see Figs. 1-50 and 51). 

M A is the abbreviation for an Angstrom unit, formerly 
abbreviated as Ä; 10 billion angstroms equal 1 meter. The 
unit is used for measurement of wavelengths of ligbt. 
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irradiation creates changes in atomic arrangements 
and the crystalline perfection within metals by dis
placing atoms. This may cause property variations, 
such as loss of ductility. At Pacific Northwest Labora
tory, it has been discovered that in nickel, a material 
frequently used as an alloy or structural material in 
reactors, displaced atoms tend to cluster into groups. 
The 35,000 X photo above shows that normal boundary 
areas (angled horizontal line) have many spaces which 
can absorb these displaced atoms. A "twin" boundary 
(angled vertical line) formed when the metal crystal
lized from the molten state, has "mirror image" atoms 
located on either side of the boundary. Because of this 
"twin" arrangement of atoms, there are few empty 
spaces which can absorb displaced atoms. Therefore, 
when atoms displaced by neutron irradiation collide 
with atoms making up a "twin," large numbers of 
"twin" atoms are affected and form a cluster along the 
"twin" boundary (black spots along angled vertical 
line). The localized displacement is graphically por- . 
trayed below. 

Interstitial Atom Behavior in Germanium 

One of the obstacles to a clear understanding 
of the nature of the damage products in ger
manium (Ge) bombarded with energetic parti
cles is the lack of knowledge of the ultimate 
fate of atoms driven into interstitial positions 
by elastic collisions. In view of the growing 
importance of germanium in the preparation 
of gamma-ray detectors and in various space 
applications, a more realistic appreciation of 
these damage processes and products is of prac
tical as well as basic significance. Recent experi
ments at Oak Ridge National Laboratory have 
shown that interstitial germanium atoms pro
duced by 1.5-Mev. electrons are able to move and 
interact with other imperfections even when the 
irradiation is carried out at liquid nitrogen 
temperature (-196° C ) . 

In germanium crystals containing small 
amounts of copper, substitutional copper atoms 
act as triple-level acceptors (they can remove 
three electrons from the conduction band in 
n-type crystals). However, a copper atom in an 
interstitial site acts as a single donor atom (it 
contributes a conduction electron on thermal 
ionization). Therefore, if a migrating intersti
tial germanium atom exchanges places with the 
substitutional copper atom, which in turn be
comes lodged interstitially in the lattice, the re
sult will be the addition of four electrons to the 
conduction band. Comparison of the radiation 
response of copper-doped n-type specimens with 
normal n-type germanium in a liquid nitrogen 
irradiation reveals that the rate of conduction 
electron removal by radiation induced acceptor 
states is significantly smaller in the former. In 
addition, upon warming the crystal into the 
range where lattice vacancies become mobile, the 
copper-doped crystals show a further decrease 

31 Normal Grain Boundaries are overlap regions or inter
sections of adjoining crystals. Such boundaries do not have 
an orderly arrangement of atoms within the grains. Also, the 
boundaries contain many empty lattice positions or vacancies. 
They can readily absorb displaced atoms in their vacancies. 

32 Twin Boundary—For every atom on one side of the 
boundary, there exists a second, equivalent atom on the op
posite side that is related to the first atom by a mirror image 
through the boundary. This mirror image disrupts the uni
form planar arrangement at a twin boundary and the atom 
planes undergo an abrupt rotation. 
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in conduction electron concentration (a reverse 
annealing) rather than normal recovery. 

These results indicate that during irradiation, 
copper impurities are displaced into interstitial 
sites, presumably by moving germanium inter
stitial atoms, and during thermal annealing, 
vacancy-copper interstitial interaction returns 
these to substitutional positions, thereby restor
ing their acceptor behavior. I t appears, there
fore, that interstitial germanium atoms may mi
grate freely at temperatures at least as low as 
-196° C. 

TEMPERATURE EFFECTS 

In many applications, environmental tem
perature strongly influences the selection of 
materials used. In addition, because of the tem
perature dependence of most properties, tem
perature is a very important parameter in 
research. Consequently, the effect of tempera
ture on materials is an active area of research. 

Thermal Expansions at Low Temperatures 

The thermal properties of solids often are 
understood more easily at very low tempera
tures where lattice vibration effects are rela
tively small. This is true also for thermal 
expansion effects. Ames Laboratory has devel
oped a device for measuring temperature-
induced length changes which are of the order 
of 1 percent of the average spacing between 
atoms in a solid (0.02 Angstroms) for 4-inch 
long samples. This is at least 10 times better 
than has been done before in any laboratory. 
Measurements have been made on the techni
cally important (and theoretically understood) 
semiconductors such as germanium, silicon, and 
related compounds, indium arsenide (InAs), in
dium antimonide (InSb), gallium arsenide 
(GaAs), and gallium antimonide (GaSb). The 
results show that all of these solids first expand 
as they are warmed from absolute zero, then 
contract, and finally expand again as the tem
perature is increased towards room tempera
ture. The initial expansions of InSb and InAs 
are only 0.4 A (one- or two-tenths of an atomic 
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Fig. 1-5$. Low Temperature Mobility of Polar Ions. 
The low temperature mobility of ON- (cyanide) ions 
dissolved' in KCl (potassium chloride) as measured 
at Cornell University by the change in dielectric con
stant are plotted above. The illustration shows the 
experimental data points follow a quantum theory 
(solid line) rather than the classical theory (dotted 
line). 

spacing) for the 4-inch long samples, and occur 
below -268° С 

Low Temperature Mobility of Polar Ions 

Polar moleculesS3 can orient when subjected 
to an electric field and contribute to the dielec
tric constant of the substance in question. For 
example, the high dielectric constant of water is 
caused by orientation of the water (H20) mole
cules. Thermal motion of the molecules counter
acts this orienting effect, and therefore, the con
tribution to the dielectric constant from polar 
molecules decreases with increasing tempera
ture. Heretofore, this temperature effect could 
not be verified at low temperatures because the 
molecules "freeze" in and cannot orient in the 
electric field. In experiments performed at Cor
nell University, Ithaca, N.Y., polar ions such as 
cyanide (CN~) were "dissolved" in an appropri
ate ionic lattice such as potassium chloride 
(KCl). Such ions which maintain their mobil
ity at temperatures as low as —273.11° C , were 

33 Polar molecules—Molecules that have a permanent di
electric moment because the centers of gravity of the negative 
and positive charges do not coincide. 



72 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

studied and predicted effects were observed. The 
CN_ ion was found to rotate or orient by "tun
neling," a quantum mechanical mechanism, 
rather than by the classical or thermally acti
vated process (see Fig. 1-52). The tunneling is 
very fast and the ions can, therefore, follow very 
high frequency electric fields, 10 billion cycles 
per second (1010 cp.s.) . 

From an application point of view, these ionic 
crystals containing polar impurities exhibit 
very interesting properties at low temperature. 
The dielectric constant can be double that of the 
pure crystal with only a small concentration 
of such ions. Voltages of the order of a few volts 
may reduce this value to that of the pure crystal, 
and since these changes occur very rapidly, de
vices containing these substances are usable at 
very high frequencies. 

SUPERCONDUCTIVITY 

Some metals and a great number of alloys lose 
all their electrical resistance at very low tem
peratures. These materials possess a property 
known as superconductivity. The use of super
conducting materials permits building electro
magnets that consume negligible power. Mate
rials with such properties are important for 
many areas of research and technology since 
these materials would be particularly useful for 
devices where power dissipation could be a 
major limitation. 

Defect Studies in Superconductors 

The possible technological applications of 
superconducting materials encompass many di
verse areas, ranging from the generation of 
large volume magnetic fields at a minimum of 
expenditure of power to their use for computer 
elements. The characteristics of these materials 
may be altered by defects, such as dislocations 
and precipitates introduced during material 
preparation, or by defects which result from 
radiation damage in an energetic particle en
vironment. At Oak Ridge National Laboratory, 
research has concentrated on the magnetic prop

erties (which correlate with the performance 
in devices) of superconducters that contain de
fects introduced by radiation damage and by 
other methods. Systematic fast neutron irradia
tions of single crystals of niobium at room tem
perature have been carried out in the Oak Ridge 
Research Reactor with subsequent studies of 
the magnetic behavior of this material at low 
temperatures. Niobium has the highest transi
tion temperature (the temperature at which the 
material becomes a superconductor) of all the 
pure elemental superconductors, and it has been 
found that the transition temperature remains 
essentially unchanged after intense doses of 
neutron irradiation. On the other hand, charac
teristic features of the magnetic properties, such 
as the magnitude and degree of reversibility 
of the mangetization in an applied magnetic 
field, are markedly altered by the irradiation. 
These investigations help clarify the nature of 
these radiation-induced defects and their effect 
on superconducting behavior. 

Superconducting Currents 

Tho strongest current that can flow in a 
superconductor without power loss has been the 
subject of studies at Cornell University. Of 
specific interest has been the current flowing 
in the main body of the superconductor and the 
current flowing in a layer close to the specimen 
surface. Below a critical magnetic field H02 

(in a type I I superconductor,34 a type that can 
retain superconductivity to relatively high mag
netic fields) both components contribute to the 
total current flowing in the sample. Above H c 2 

and below a still high critical field Hc3 , the only 
contribution comes from the surface layer. This 
study showed that the number and arrangement 
of dislocations (defects introduced into the 
crystal structure of the specimens by deforma
tion) are important in determining the current 
carrying capacity of the bulk superconductor 
and that the surface condition and the orienta
tion of the sample with respect to the magnetic 

34 See p. 280, "Fundamental Nuclear Energy Research— 
1965," and p. 120, "Fundamental Nuclear Energy Research— 
1966." 
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field were critical factors in determining the 
level of the surface current. 

Static magnetization measurements were used 
to obtain values of the bulk current carrying 
capability of a series of niobium-titanium and 
niobium-tantalum alloys as a function of dis
location content, composition, temperature, and 
magnetic field. It is already established that 
crystalline defects generally increase the cur
rent carrying ability of superconductors, but in 
the present work, the surprising result found 
was that the current carrying capability is de
creased if too many dislocations are introduced. 
A new model for the effectiveness of disloca
tions in high current superconductors was pro
posed and confirmed experimentally. 

Values for the surface currents were obtained 
from measurements of the magnetic response to 
small low frequency alternating current (a.c.) 
fields superimposed on a direct current (d.c.) 
field above Hc2 so that the only contribution 
came from the surface. The observations showed 
that all the characteristics of the magnetization 
behavior, including the nonlinear aspects, could 
be described by a simple model characterized by 
one parameter, the maximum current carried by 
the surface layer. The currents obtained from 
the data using this model were sensitive to the 
surface condition, the orientation of the sample 
and the frequency. 

Tunneling Between Superconductors 

At Atomics International (AI), part of the 
basic research effort is concerned with some un
usual aspects of superconductivity, both to gain 
an understanding of basic phenomena and to 
delineate new applications and areas of re
search. A new superconductive phenomenon was 
recently discovered at AI as a result of sustained 
effort in the field of low temperature electronic 
tunneling. 

The AI work involves determination of the 
electrical properties of tunnel diode structures 
consisting of two metal films separated by a very 
thin (about 20A) insulating layer. Under the 
influence of an applied voltage, electrons "leak" 
across the insulating layer by the quantum 
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mechanical "tunnel" effect, thereby producing 
a current. The present discovery involves tun
neling between a thin (about 500A) aluminum 
film and a thicker (2-30 microns) film of a 
second superconductor (indium, tin, or lead). 
In addition to the usual current observed when 
both films are less than two microns thick, a 
small oscillatory contribution is also observed. 
The voltage spacing of the oscillations is in
versely proportional to the film thickness, sug
gesting the presence of a standing wave.35 The 
effect can be successfully explained by the fact 
that in a superconductor, unpaired electrons (or 
quasiparticles) of a given energy can travel with 
two sharply defined velocities, instead of only 
one as in a normal metal. Consequently, a special 
sort of standing wave can be established across 
the thickness of the thicker film, one not pos
sible in a normal metal. A knowledge of the 
voltage spacing and the film thickness allows the 
direct evaluation of the electron velocity in the 
direction normal to the plane of the film. This 
is an important result since other methods of 
measuring this velocity, the Fermi velocity, in
volve averages over nonequivalent directions. 
Mapping of the velocity surface as a function 
of crystallographic orientation is a basic goal 
which has yet to be attained in a practical sense. 
The present effect seems to offer considerable 
promise as a tool for achieving this goal. Beyond 
this, there is reason to believe that it will also 
prove to be a sensitive probe in the continuing 
effort to determine basic properties of the super
conducting state. 

Superconducting Transition Temperature 

The variation of superconducting transition 
temperature (T0) as a function of composition 
for the sodium chloride (NaCl)-type carbides, 
nitrides, and carbonitrides of the group IVa and 
Va elements in the Periodic Table (see p. XX) 
is being studied at the Los Alamos Scientific 
Laboratory. The systems studied to date include 
niobium-carbide (NbC), tantalum-carbide (Ta-
C), hafnium-nitride (HfN), and hafnium-zir-

35 Standing wave—A wave pattern that is stable and does 
not travel through the medium in which it exists. 
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conium nitrogen solid solution (Hf, Zr)N. The 
results of this investigation on well char
acterized samples have shown that the transition 
temperature varies sharply with composition 
within this class of compounds which explains 
the contradictory results attributed to these 
materials by other investigations. Since some of 
the higher superconducting transition tempera
tures are known to occur in this class of com
pounds, a more thorough understanding of the 
behavior of these materials is necessary for the 
development of useful superconductors. 

All of the IVa and Va carbides and nitrides 
except tantalum nitride are readily prepared 
in the sodium chloride (NaCl)-type structure. 
An unusual property is that the lattice is pre
served throughout a wide range of composition, 
varying from MC0.5 to MC1.0 for the carbides, 
and from MN0.5 to ЖМГ1Дз for the nitrides, 
where M represents the metal studied. Studies 
on the variation of the superconducting transi
tion temperature, Tc, of NbC, TaC, HfN, and 
(Hf, Zr)N solid solutions as a function of com
position show that Tc varies quite sharply with 
stoichiometry. For NbC and TaC, changes in T0 
were found to range from a condition of no 
superconducting transition for measurements 
down to -272° С (1° К.) for the lowest carbon 
content, to Tc values of -263° С (9.7° К.) for 
TaC „.987 and -262° С (11.1° К.) for NbCo.977 
(see Fig. 1-53). An opposite behavior was ob
served in the HfN system. The highest Tc, 
-264° С (8.7° К.), was obtained for the lowest 
nitrogen content and no superconducting transi
tion was found above -271° С (2° К.) for the 
composition HfNj.12. The transition tempera
ture for the (Hf, Zr)N solid solution series in
creases smoothly as the composition becomes 
richer in zirconium and reaches its maximum 
value of -262° C. (11° K.) for ZrN0.MS. 

Thin-Film Superconductors 

Studies of thin films have already shown sur
prising increases in the temperature of the 
superconducting transition for films about 
100A thick. Continuing work in these systems 
at Brookhaven National Laboratory has led to 
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Fig. I-5S. Superconducting Transition Temperature 
vs. Composition. The curves show the variation in 
superconducting transition temperatures (the tem
perature at which a substance becomes superconduct
ing) for two of the compounds—niobium carbide and 
tantalum carbide—under .study at the Los Alamos Sci
entific Laboratory. 

some other interesting discoveries about the 
magnetic fields at which the superconductor 
goes into the normal state (critical field) and 
the conduction mechanism. It has been found 
that the critical field in very thin aluminum 
films is higher than previous estimates for the 
upper critical field of superconductors. These 
estimates were based on energy arguments that 
compare the free energy of a superconductor of 
zero thickness to the loss in free energy of the 
normal state due to the electron paramagnet
ism. While the detailed mechanism for these 
critical fields is not clear, it appears likely that 
any explanation will involve a superconducting 
state that shows some paramagnetism. An 
understanding of the mechanism for the high 
critical fields in these systems may lead to a new 
class of high field materials. 

Another interesting feature of these thin 
films relates to the method of electron conduc-
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tion. In some of the films that were thinner 
than 100A, it was found that the resistance in
creased as the temperature decreased. This is 
in contrast to normal metallic conduction where 
the resistance decreases as the temperature de
creases. The negative temperature coefficient of 
resistance usually indicates oxide between 
metallic particles and in this case, it appears 
plausible that electron conduction is accom
plished by tunneling through the oxide. At 
some low enough temperature, it is found that 
the samples make a transition into the super
conducting state. The transition temperature of 
these systems is from -270.75° to -270.25° С 
compared to —271.95° C. for the bulk material. 
Below the superconducting transition tempera
ture (T0), zero resistance is probably obtained 
by tunneling of superconducting pairs through 
the oxide. Theoretical work indicates that in 
this type of "granular" system, Tc can be en
hanced. Hence, it is possible that this type of 
system will lead to new high temperature 
transition materials, as well as high field 
materials. 

MAGNETIC PROPERTIES 

The most familiar magnetic property, ferro-
magnetism, is recognized by a metal's strong 
attraction to a magnet. The origin of this and 
other magnetic properties lies in the individ
ual spinning electrons contained in the ma
terial and which act as elementary magnets. 
Magnetic properties and materials possessing 
unique magnetic properties are of interest in 
the pursuit of knowledge and also because 
of the possible applications in electrical 
equipment. 

Magnetic Properties of Rare-Earth Metals 

The absorption of very high frequency 
microwave radiation is being used at the Ames 
Laboratory to study the magnetic properties of 
the rare-earth metals. Long wavelength oscilla
tions of the magnetic structure in the metal are 
set up when microwave power is absorbed. The 

Fig. ISIt- Crystalline Symmetry. The above Mound 
Laboratory transmission electron micrograph (en
larged about 15,000 X) shows an unusual combination 
of nickel crystals. Groups of five crystals grew into 
pentagons in an unusual display of multiple "twin
ning." The drawing (left) clarifies the phenomenon, 
which is called "pseudo-fivefold symmetry" because the 
crystals do not mate perfectly. The interplanar angle 
of each twin crystal is 70°32', just short of the 72° 
which would make perfect fivefold symmetry. These 
crystalline formations were discovered during the 
metallographic study of nickel, which had been plated 
by the thermal decomposition of nickel carbonyl. 

absorption has been studied as a function of 
temperature and applied magnetic field in sin
gle-crystal high-purity terbium metal. The 
very high microwave frequency of 100,000 
megacycles (3 mm. wavelength) was used (see 
Fig. 1-55). Because of anisotropy (having dif
ferent properties in different directions in the 
crystal) in the arrangement of the atoms in the 



76 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

Ч'л 
" -J 

*"?, 

»fi\- w* 
\ш; 

Ш<з6л8&> ttäSt', 

i<%. 1-55. Magnetic Properties of Rare-Earth Metals. Photograph of a section of the high frequency waveguide, 
(3 mm. wavelength) shown at right, which is used in the Ames Laboratory study of the magnetic properties 
of the rare-earth metals by the microwave technique. A more standard microwave waveguide section (3 cm. 
wavelength) is shown at left. 

metal crystal structure, it is very difficult to 
force the internal magnetization of terbium out 
of the "basal" plane, a crystallographic plane 
perpendicular to the main crystal symmetry 
axis. From the microwave absorption studies, it 
was found that at the temperature of liquid 
helium (—268.95° C ) , the anisotropy in ter
bium is equivalent to the unusually high 
magnetic field of 600,000 gauss. 

Further studies are being conducted to ob
tain information about the spectrum of oscilla
tions in the magetic structure of the rare-earth 
metals. The microwave technique promises to be 
applicable in those heavy rare earths that 
absorb neutrons too readily to allow similar 
studies by neutron diffraction methods. 

Nuclear Magnetic Resonance 

At Argone National Laboratory the nuclear 
magnetic resonance (NMR) technique has been 

used as a research tool to examine bonding 
characteristics in metallic systems. 

Nuclear magnetic resonance is a technique in 
which atomic nuclei are used as a "probe" for 
determining the electric and magnetic fields 
within a solid. In an NMR spectrometer, the 
device used to study this phenomenon, a sample 
is placed in a steady magnetic field. Those nuclei 
of the sample possessing a magnetic moment 
precess about this field with a frequency that 
depends upon the magnetic field exerted on the 
nuclei and the magnitude of their nuclear mag
netic moments. In metals, the magnetic field 
exerted on the nuclei depends upon the strength 
of the externally applied field plus the polariza
tion of the conduction electrons. Using NMR, 
accurate measurements of the conduction elec
tron contribution to the magnetic field were 
made and this derived contribution related to 
the electronic structure of the system. 
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Intermetallic compounds of the Periodic 
Table's group VIII transition elements, iron, 
(Fe), cobalt (Co), nickel (Ni), ruthenium 
(Eu), rhodium (Eh), osmium (Os), and irid
ium (Ir) , are known to form the ordered body-
centered-cubic or cesium-chloride (CsCl) struc
tures with aluminum. NME studies have been 
made on these compounds to examine their elec
tronic structure. The main attention has been 
focused on the aluminum nuclear sites as these 
nuclei are best suited for the resonance phenom
enon. The position of the aluminum resonance 
line in these compounds relative to that of pure 
metallic aluminum is such that there appears 
to be little or no conduction electrons distributed 
symmetrically about the aluminum atoms and 
that charge is transferred from aluminum to 
the transition metal sites. Thus, for these inter-
metallic compounds the distinction between 
metals and ionic crystals appears to lose its 
clearcut character. This implies that intermetal
lic compounds may possess bonding of a type in
termediate between ionic and metallic. Correla
tion of these results with specific heat, X-ray dif
fuse scattering,38 and optical properties, leads to 
information on such topics as solution strength
ening mechanisms, and order-disorder trans
formations.37 

Magnetic Ordering 

Magnetic ordering originates in the inter
actions among atoms, which themselves behave 
as elementary magnets. One question of interest 
in the theory of magnetism for both insulators 
and metals is the way ordering interactions 
change with the separation between magnetic 
atoms. Brookhaven National Laboratory devel
oped a new method of determining this spatial 
dependence. It involves measuring the distribu
tion of the magnetization per atom in the vicin
ity of the magnetic transition temperature for 

38 Analogous to the scattering of light by dust particles or 
the selective scattering of -white light by the atmosphere that 
causes the sky to appear blue. 

3TIn which the configuration of atoms in a compound 
changes from one in which there is a degree of ordering (pref
erential location of different atomic species) to one that is 
random, or the reverse. 

materials in which some of the magnetic atoms 
have been replaced by nonmagnetic atoms. 

If the range of the interaction is large, then 
many atoms take part in the ordering process. 
In this case, statistical fluctations in the density 
of magnetic atoms are relatively unimportant 
and the ordering will be relatively uniform. If 
the range of the interaction is short, the opposite 
will be true. 

A theory has been formulated from which the 
relative contributions of neighboring atoms to 
the ordering process can be calculated. The cal
culated magnetization distributions are then 
compared with the distribution of magnetic 
fields at the nuclei of magnetic atoms deter
mined directly by using the Mössbauer effect. 
The most detailed comparisons have been made 
on ferromagnetic alloys of iron in palladium 
where excellent agreement was found. 

Electron Spin Resonance 

A recently completed project at Cornell Uni
versity is the development of a technique to 
study the electron spin resonance (ESE) of the 
excited states of impurity atoms in crystals. 
This technique was applied to investigate a 
number of properties of the first excited state of 
chromium atoms and vanadium atoms which 
are intentionally added as impurities to mag
nesium oxide crystals. The fundamental process 
in the operation of a solid state laser is the emis
sion of light from an impurity atom in a crys
tal. For instance in the ruby laser, chromium in 
a crystal of aluminum oxide emits light during 
a transition from an "excited state" to its 
"ground state." Understanding the detailed ac
tion of lasers and the ability to control the 
properties of lasers depends upon knowledge of 
the nature of these ground and excited states. 
The very powerful tool of electron spin reso
nance has long been applied to the study of the 
ground states of various impurity atoms and 
has given a very detailed picture of how im
purities are incorporated in crystals. 

But this is only half the story in understand
ing the properties of lasers, since it is also nec
essary to know something about the excited 
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state as well. The difficulty with applying the 
spin resonance technique in the excited state is 
that after the atoms are excited to that state, 
they remain there only a few-thousandths of a 
second. This is not very much time in which to 
perform an experiment which normally requires 
about 10 minutes. This newly developed tech
nique was originally suggested at the Bell Tele
phone Eesearch Laboratories, Murray Hill, N.J. 
It involves the simultaneous irradiation of the 
sample with light and with microwaves while 
the sample is in a large magnetic field and is 
immersed in liquid helium a few degrees above 
the absolute zero. The results of this difficult ex
periment imply the need to modify the conven
tional theoretical picture of the influence of the 
static host crystal upon the properties of the 
excited state. However, the results tend to con
firm a conventional picture of the effects of the 
atomic motion of the 'host crystal. Finally, the 
experiments show the strong influence of inter
actions among the impurities much more clearly 
than conventional experiments using the ground 
state spin resonance, and make clear the need for 
understanding these interactions in more detail. 

Magnetic Susceptibility of Alpha-Uranium 

The magnetic properties of polycrystalline 
and single-crystal alpha-uranium3S have been 
studied in detail at Argonne National Laborato
ry. The susceptibility (the magnetization per 
unit intensity of applied magnetic field) of the 
polycrystalline samples was constant at all tem
peratures. The three principal crystallographic 
directions had slightly different susceptibilities 
but the differences showed little change between 
-271° C. and 26° C. These results indicate that 
the atoms in alpha-uranium have no magnetic 
moment and that there is no magnetic order in 
this form of the element. These results contrib
ute to the understanding of the unusual proper
ties of uranium. 

Ferromagnetic Films 

The magnetic properties of ferromagnetic 
thin films are of considerable interest in the area 
of computer technology. One continual problem 

with such films is the characterization of the 
structure of the films, i.e., the size and orienta
tion of the small crystals composing the films. 
Electron microscopy and electron diffraction 
have been extensively used in studies of the 
structure. Work at Cornell University on fer
romagnetic films was initially directed towards 
the magnetic properties but became focused on 
the structure of the films because of difficulty 
in fabricating specimens with the requisite 
magnetic properties. Electron diffraction at 
very small angles to the incident beam showed 
that the problems with tihe films arose from 
small discontinuities which were not readily de
tectable with high resolution electron micros
copy. The small angle scattering technique has 
not been extensively used with films and shows 
great promise as a means of detecting disconti
nuities and of obtaining statistical data on par
ticle size and separation in thin films. 

Initial studies were made with permalloy, a 
technical alloy of iron and nickel. Further 
studies with improved techniques were carried 
out with pure nickel, palladium, chromium, and 
gold. The films were produced by condensing 
the 'hot vapor on a cold surface. Under the con
ditions of the experiment, the rate of conden
sation of the film was the critical factor. Those 
films deposited at a fast rate were continuous 
whereas those deposited at a slow rate were dis
continuous, i.e., they consisted of small particles 
about one millionth of an inch in diameter sep
arated by vacuum or very thin layers, one or 
two atoms thick of foreign material such as 
oxide (see Fig. 1-56). 

NEUTRON DIFFRACTION 
One of the many useful purposes of nuclear 

reactors is to serve as neutron sources for re
search. Beams of neutrons from special research 
reactors are used to probe the structure of mat
ter. The unique properties of the neutron permit 
a variety of diffraction and scattering experi
ments resulting in information generally unat
tainable by any other means. 

38 Alpha-uranium—That allotropic modification of uranium 
metal which is stable below 660° C.; it has an orthorhombic 
crystal structure. 
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Fig. 1-56. Ferromagnetic Films. An electron micrograph and the corresponding small angle diffraction pattern 
(lower right) from a vacuum deposited thin film of nickel are shown in this Cornell University, Ithaca, N.Y., 
photo. The ring around the central spot indicates that the film has gaps in it, a conclusion difficult to draw 
from the electron micrograph. The scale mark, 0.1 A is equivalent to one hundred-thousands of a centimeter. 

Atomic Vibrations in Diamond 

At the Los Alamos Scientific Laboratory, the 
253.7-carat gem-quality Oppenheimer diamond, 
which was borrowed from the Smithsonian In
stitution, Washington, D.C., has been used in 
neutron scattering studies. This is part of a 
continuing program of basic research using 
thermal neutrons as probes to increase our 
understanding of solids and liquids. In this ex
periment, the relationship between frequency 

and wavelength of atomic vibrations was deter
mined for diamond. This relationship, called the 
dispersion relationship, serves as an identifying 
pattern or fingerprint for forces between atoms 
in the crystal. Before the experiment, little was 
known about the atomic vibrations of diamond, 
but it was expected that they would be very 
similar to those in germanium and silicon, 
which have the same crystal structure. This ex
periment showed that there are qualitative dif
ferences between the dispersion relationship in 
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diamond and the other two substances. This in
formation helped indirectly to understand the 
way diamond absorbs infrared light and it has 
also illuminated the electronic structure of dia
mond. 

The crystal structure of diamond has a com
plex three-dimensional pattern as illustrated by 
the enlarged model shown in Figure 1-57. The 
balls represent carbon atoms, and rods holding 
them together represent strong electrical forces. 

Fig. 1-57. Atomic Vibrations in Diamond. A scientist at the Los Alamos Scientific Laboratory is shown holding 
an atomic model of a diamond crystal beside the 253.7-carat "Oppenheimer" diamond (borrowed from the 
Smithsonian Institution) mounted in position for a neutron scattering experiment. In the experiment, a beam 
of thermal neutrons from the Los Alamos Omega West Reactor excited atomic vibrations in the diamond and 
entered the neutron spectrometer (shown at right) to be counted and analyzed for changes in direction, energy, 
and momentum. Data from the spectrometer provided new information about the electronic structure of diamonds 
and the atomic vibrations produced in the scattering process. 
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Shaking the model will give some idea of the 
strength of the rods. Similarly, shaking the 
atoms in a crystal will give information about 
the forces holding it together. A good way of 
shaking the atoms is to bounce neutrons from 
them. A beam of neutrons from the Los Alamos 
Omega West Keactor with fixed energy and 
momentum was directed at the diamond. As neu
trons emerged from the sample, the changes in 
energy and momentum incurred during passage 
through the crystal were detected by a neutron 
spectrometer set up to detect neutrons scattered 
at a given angle. These quantities in turn tell 
much about the motion of the atoms caused by 
the neutrons. These motions are vibrations with 
frequencies in the range of 10-trillion cycles per 
second. The experiment was not possible with a 
diamond of smaller size because of the sensitiv
ity of the measurements. 

Polarized Neutron Beam Research 

Experimental studies with polarized beams 
of slow neutrons at Massachusetts Institute of 
Technology, Cambridge, Mass., yielded new in
formation on two basic problems. The first 
problem deals with the determination of the 
spin state scattering amplitudes for the cobalt 
nucleus. It has been known for a long time that 
nuclear forces are spin dependent, i.e., they de
pend upon the relative orientation of the spins 
of the interacting particles or nuclei. One result 
of this spin dependent interaction is the char
acterization of nuclear scattering by two dis
tinct spin scattering amplitudes corresponding 
to parallel and antiparallel orientation of the 
neutron spin relative to the nuclear spin. By 
studying the scattering of polarized neutrons 
by polarized cobalt nuclei (maintained at a tem
perature of —271° C. with a large applied 
magnetic field), these spin scattering ampli
tudes have been found to differ greatly in 
magnitude and in algebraic sign. Prior to the 
cobalt work, such information has been available 
for only two other nuclei, namely hydrogen and 
vanadium. 

A second problem under study at M.I.T. seeks 
to answer the question as to whether a neutron 

possesses an electric dipole moment. This neu
tron property is closely related to questions 
about the validity of various conservation laws 
in fundamental interactions and hence there is 
theoretical interest in the experimental results. 
The approach at M.I.T. has been to search for 
the extra scattering that should exist in the 
scattering of polarized neutrons by atoms if the 
neutron possessed this property. Since this scat
tering is known to be very weak (about 10,000 
times smaller than normal nuclear scattering 
amplitudes) it must be sought in special cases, 
notably in Bragg scattering by carefully 
selected crystals. Experiments were initiated at 
the M.I.T. Research Reactor and extended at 
Brookhaven National Laboratory's High Flux 
Beam Reactor (HFBR), where there is a very 
sizeable intensity gain. At Brookhaven's HFBR, 
a beam of neutrons with aligned spins is scat
tered by a cadmium sulfide crystal, chosen in 
part because it has no direct magnetic inter
action with the neutron spin. Interaction of the 
electric fields of the crystal with the assumed 
electric dipole moment of the neutron should 
give a difference in intensity of the scattered 
beam when the direction of the neutron spin is 
reversed. The new results indicated that the 
dipole moment is at least 25 times smaller than 
the upper limit obtained in an earlier experi
ment performed at Oak Ridge National Labora
tory in 1950. 

Uranyl Nitrate Dihydrate Structure 

A neutron diffraction study carried out at 
Argonne National Laboratory resulted in a pic
ture of the atomic arrangement in crystalline 
uranyl nitrate dihydrate, ХТОг^ОзЬ'^НгО 
(see Fig. 1-58). Although broad structural fea
tures had been obtained by infrared studies, the 
exact locations for the nitrogen and oxygen 
atoms were not known. Likewise, an indication 
of the hydrogen positions and their role in the 
structure was not available. Neutron diffraction 
was chosen, because this technique has a large 
advantage over X-ray diffraction in the study 
of such compounds. In neutron diffraction, all 
atoms are detected with about equal sensitivity 
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Fig. 1-58. Vranyl Nitrate Dihydrate Structure. Planar oxygen hexagon about uranium atom found in 
UO»(NO0s • 2H20 resulting from a neutron diffraction study at Argonne National Laboratory. In Molecule A, 
the nitrate group is shown as nitrogen-one, N ( l ) , with its three associated oxygen-ones, O ( l l ) , 0(12), 0(13) . 
In like manner, the water-one is shown as O(l) with its respective hydrogen-ones, H ( l l ) and H(12). A similar 
scheme for oxygen and hydrogen designation is used for Molecule B. The two kinds of hexagon planes as shown 
in the figure are linked together in chains by rather weak hydrogen bonds (O H O) and cross linked by 
similar but even weaker bonds. 

whereas in X-ray diffraction the ability to 
detect an atom is proportional to its atomic 
number. Therefore, in an X-ray study of the 
compound, the light nitrogen and oxygen atoms 
(atomic numbers 7 and 8) may be just detect
able in the presence of uranium (atomic number 
92), but the hydrogen atoms will go undetected 
(atomic number 1). It was found that the basic 
structural unit of uranyl nitrate dihydrate is 
a linear uranyl group (U02) with a nearly 
planar and perpendicular oxygen hexagon; four 
of these oxygens are from the nitrate groups 
(N03) and two are from the water molecules 
(H20). 

Neutron Monochromators 

Although perfect crystals are useful in many 
research applications, a technique has had to be 
developed to introduce imperfections into ger
manium (Ge) crystals so as to conduct neutron 
diffraction experiments. The imperfect crystals 
are 50 times better for such use than perfect 

ones. Methods for introducing imperfections 
into these crystals and thus improving the ex
perimental beam intensity have been explored 
at Brookhaven National Laboratory and a sat
isfactory process involving deformation by hot-
pressing has been developed. Deformed germ'an-
ium crystals are now in use as monochromators 
at six of the HFBR (High Flux Beam Reac
tor) 39 neutron spectrometers. 

With the advent of the HFBR at Brook-
haven, considerable attention has been paid 
to the best use of the available neutron 
flux as determined by the choice of 
monochromating crystals40 for use with neutron 
diffraction spectrometers. In principle, the ele
ment germanium is advantageous because it 

»The High Mux Beam Reactor (HFBR) was put in op
eration October 31, 1965. It has an extremely high neutron 
flux (1.6X10IS neutrons per second per square centimeter). 
There are nine ports from which neutron beams can be drawn. 
See pp. 228-230, "Annual Report to Congress for 1964," and 
p. 240, "Annual Report to Congress for 1965." 

*> These are crystals which allow a beam of neutrons of a 
particular well-defined wavelength to be selected from the 
wide spectrum produced by the reactor. 
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eliminates the small but troublesome contribu
tion from neutrons of exactly one-half the de
sired wavelength, which are invariably present 
with the usual monochromators (copper and 
lead). These unwanted half-wavelength neu
trons are frequently a source of confusion in 
the subsequent data analysis. In practice, avail
able germanium crystals are unsuitable because 
they are extremely "perfect," i.e., free of appre
ciable numbers of crystalline imperfections and 
impurities of any sort. In such a case, the inten
sity of the monochromatic beam is drastically 
reduced. 

The process consists of hot-pressing a flat 
cylindrical crystal of germanium about 2 inches 
in diameter and % inch thick at a temperature 
of 800° C. and an applied load of 4,000-6,000 
pounds. The crystal is contained in a steel die, 
and the whole assembly is placed inside a ver
tical tube furnace standing between the jaws 
of a hydraulic press. Under these conditions, the 
germanium deforms quite plastically with a 
permanent contraction of about one to two per
cent. Evaluation of the crystal is based mainly 
upon its "rocking curve," that is, the variation 
of intensity of scattered neutrons as a function 
of the crystal's angular position. Such a curve 
should show a smooth, symmetrical peak, and 
for optimum use in most experiments, the angu
lar width of this peak at the middle should be 
about 0.25 degree. A monochromator of this 
sort gives something like 50 times as much use
ful intensity as an undeformed perfect crystal. 

PLASTIC DEFORMATION 

Metals and other crystalline materials are 
capable of withstanding a particular level of 
stress below which they do not undergo any 
permanent change in dimensions. Ductile ma
terials, such as most metals, do not fracture 
immediately upon reaching this level. I t is this 
ability to deform without fracturing that is 
probably the single most important property of 
metals. Consequently, studies aimed at under
standing the general topic of plastic deforma
tion encompass an active area of research. 

Dislocations in Ordered Alloys 

The unique features presented by dislocations 
in ordered alloys hold out the possibility of ob
taining high yield strength in these materials 
by a judicious choice of metallurgical variables. 
In a continuing effort to better understand what 
makes metals or alloys weak or strong, an exten
sive investigation of an alloy containing 75 per
cent iron and 25 percent silicon was made at the 
Ames Laboratory. By using electron microscopy 
techniques, single crystal specimens were studied 
with respect to temperature and crystal orienta
tion. It was found that increased strengthening 
can be obtained by lowering the temperature 
or by orienting the crystals in a specified 
manner. 

Observations made with the sample oriented 
for single slip and tested at room temperature 
showed it to contain pairs of dislocations (see 
Fig. 1-59). It is the movement of these disloca
tions on the single slip plane that causes defor
mation. At somewhat lower temperatures the 
dislocations no longer travel in pairs but singly, 
leaving behind ribbons of "mistakes" (anti
phase boundaries) (see Fig. 1-60). As a result, 
the stress required to move these single disloca
tions is high which in turn causes the yield 
strength to increase markedly. 

Superplasticity in Metallic Materials 

Superplasticity is a term which refers to the 
unique capability of certain metallic materials 
to be stretched to great lengths before breaking, 
sometimes to more than 2,000 percent of their 
original length (see Fig. 1-61). This behavior 
is typical of hot glass but highly unexpected in 
crystalline materials. At Stanford University, 
Palo Alto, Calif., studies of the microscopic 
structure in the interior of superplastic mate
rials have revealed subtle but significant changes 
in the structure which take place during super
plasticity processes. The originally sharp angu
lar boundaries of the grains (grains are the 
individual crystals which make up a metal) be
come smooth and rounded in shape as shown 
in Figures 1-62 and 63. This change in geom-



84 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

etry of the crystals is evidence that superplas-
ticity is due to the continual appearance and 
growth of new grains and the constant motion 
of grain boundaries during stretching. These 
observations of structural changes in super-
plastic materials are important because the 
operative mechanisms must be understood be
fore the superplasticity effect can be exploited 
effectively (for example, shaping difficult-to-
form metals) in nuclear reactor technology as 
well as in other engineering fields. 

Superplasticity is known to occur in certain 
steels, titanium alloys, brasses, aluminum alloys 
and in some other alloys of lesser engineering 
significance. Research at Stanford has centered 
on a study of the behavior of aluminum-zinc 
alloys and a mathematical treatment of the 
superplasticity phenomenon in these alloys is 
being formulated. 

Hydrogen Embrittlemenr of Metals 

Numerous metals are known to fail when sub
jected to stress at low temperatures if they con
tain even small amounts of hydrogen. In metals, 
such as iron, that do not react with hydrogen 
to form hydride compounds, this embrittlement, 

Figs. 1-59 and 60. Dislocations in Ordered Alloys. Ames Laboratory micrograph on left shows nearly vertical 
dislocation pairs (double black lines) lying in the slip plane of the iron-silicon alloy that was oriented for 
single slip and deformed at room temperature. The scale at the left indicates 0.5 microns or 0.000020 inches. 
The dislocations are made visible sine© they represent a region of distortion in the crystal which interferes 
with 'and thus modifies the electron beam as it passes through these regions of the crystal in the electron 
microscope. On the right, a composite of several electron micrographs shows the nearly horizontal bands which 
are "mistakes" or antiphase boundaries produced by imperfect single dislocations generated during deformation 
at —30° С of a single crystal oriented for slip on only a single-slip plane. The section from which the picture 
shown above was taken, unlike the previous figure, was inclined 60° to the slip plane. The antiphase boundaries 
being mistakes in the crystal are made visible by the electron beam from the electron microscope similar to 
the manner in which dislocations are made visible. 
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В Superplastically Deformed 

or loss of ductility, has been attributed to the 
initiation of microcracks when hydrogen is pre
cipitated from supersaturated solid solution in 
the form of bubbles. This phenomenon would 
not occur in a metal that does form a hydride, 
so the embrittlement mechanism in hydride 
formers must be different. At Argonne National 
Laboratory, transmission electron microscopy 
(a technique that allows observation of the in
terior of thin metal foils at very great magnifi
cation) has been used to demonstrate that in the 
case of zirconium-hydrogen alloys (hexagonal-
close-packed crystal structure) the observed 
reduction in ductility can be attributed to the 
formation of small, zirconium-hydride particles 
finely dispersed in the atomic lattice. The duc
tility in metals is dependent on the movement 

in the lattice of line imperfections called dislo
cations. However, in the zirconium-hydrogen 
alloys, dislocation motion was found to be im
peded by hydride particles and embrittlement 
resulted. 

Effect of High-Pressure Hydrogen 

In one of the applied metallurgy research pro
grams at the Lawrence Eadiation Laboratory, 
Livermore, it has been found that high-pressure 
hydrogen can embrittle stainless steel. This ef
fect has very important implications, especially 
for the chemical process industry, because it has 
been widely assumed that stainless steel does 
not become brittle when exposed to high-pres
sure hydrogen. 

Figs. 1-61, 62, and 68. Superplastieity in Metallic Matertals. Photo above right is an example of an extraordinary 
degree of stretching in a superplastic zinc-aluminum alloy (78 weight % zinc). The specimen was* stretched at 
a temperature of 257° O. at Stanford University, Palo Alto,i Calif. Photomicrographs at left are of undeformed 
and superplastieally deformed regions of the specimen shown above. In order to make these photomicrographs, 
the specimen was cross sectioned, polished, and etched with a chemical to reveal structural highlights. The 
magnification is 3,000x. Note how the original, sharp, angular boundaries apparent in Figure A have become 
more rounded and smooth during stretching as shown in Figure B. This change in structure suggests that the 
constant motion of boundaries leads to superplasticity. 
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Fig. I-64. Effects of High-Pressure Hydrogen. Photos above show stainless steel specimens that were stretched 
until broken in high-pressure helium and hydrogen environments at Lawrence Radiation Laboratory, Liver-
more. The specimen at left was stretched until broken in an atmosphere of 10,000-p.s.i. helium; the specimen 
at right was given the same test in 10,000-p.s.i. hydrogen. The inception of permanent deformation (arbitrarily 
taken at 0.2% plastic deformation) occurred at a smaller load in hydrogen, indicating that cracks must have 
formed at low values of average permanent strain. Smoothly finished test specimens did not consistently show 
reduced mechanical properties in hydrogen; notched bars, such as those shown here, showed a more significant 
reduction in properties. (Magnifications are about 5X.) 

Cylindrical specimens of type 304 stainless 
steel were stretched axially, in a 10,000 pounds 
per square inch (p.s.i.) hydrogen environment, 
until they broke (see Fig. 1-64). The stretching 
(tensile) load was recorded as a function of dis
placement; thus, the load per unit cross-sec
tional area (stress) was determined for the on
set of nonrecoverable or plastic deformation— 
where the elastic limit of the material is first ex
ceeded—as well as for the breaking point, which 
occurs at a higher stress. Additional analyses of 
the influence of hydrogen were made by means 
of optical microscopy of polished sections of the 
stainless steel specimens and electron micros
copy of Carlson replicas of the fractures. The 
results indicate that embrittlement requires a 
combination of three factors: (a) transforma
tion, or rearrangement of metal atoms, during 
plastic deformation, (Ъ) a threshold load much 

higher than the load required for permanent de
formation, and (c) the diffusion of hydrogen to 
the region of threshold stress. The first require
ment is met in many metastable stainless steels; 
the second may be obtained in the presence of a 
notch or scratch, which locally intensifies the 
load. The introduction of hydrogen into the 
metal should be enhanced by high pressure. 

Ductility of Polycrystals 

Most engineering materials are polycrystal-
line, i.e., aggregates of many crystalline grains. 
When polycrystals are deformed, all the grains 
deform. The atomic mechanisms of deformation 
within a grain are often the same as they are in 
a free single crystal where they are more easily 
studied. This is true for many materials under 
many conditions, for example in high purity 
iron at room temperature, and in aluminum and 
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copper at all temperatures. In these cases, a 
quantitative relation can be established between 
the stress-strain behavior of single crystals and 
polycrystals. 

In many other cases, however, such as in zinc 
and beryllium at low temperatures, and in 
alpha-zirconium and alpha-uranium (alpha 
forms of these elements being the room-
temperature allotropic form) at all tempera
tures, the grains in a polycrystal would not fit 
together after deformation, if they deformed as 
they do when they are free. This should lead to 
fracture after a few percent deformation. In 
some cases, such as in zinc and beryllium at low 
temperatures, this does in fact happen. In 
others, such as in alpha-zirconium and in alpha-
uranium at all temperatures, the ductility of the 
polycrystals is comparable to that of the single 
crystals, although the strength is higher. The 
reason for this unexpected ductility is that, in 
addition to the normal deformation mechanism 
of crystallographic slip, the mechanism of crys
tal twinning contributes to deformation in the 
grains of a polycrystal, whereas in single crys
tals it does so only under special circumstances. 
In alpha-zirconium and alpha-uranium the 
twinning occurs in enough crystallographic 
directions to accommodate all possible deforma
tions of a grain. 

In yttrium, hafnium, and the rare earth ele
ments—gadolinium, dysprosium, holmium, and 
erbium—the ductility of polycrystals is larger 
than 10 percent and similar to alpha-zirconium. 
However, it was observed at Argonne National 
Laboratory that the number of slip and twin
ning modes occurring in these materials, al
though they have the same crystal structure as 
alpha-zirconium, is not large enough to allow 
the accommodation of every grain to the defor
mation prescribed by its surroundings as is the 
case with alpha-zirconium. This observation has 
led to a reconsideration of the theoretical criter
ion generally used for judging the ability of ac
commodation. It sugggests that an increase in 
the ductility from 10 to 100 percent, which 
would be an important achievement for the 
workability of materials, may be obtained by 

developing an alloy with a larger number of 
independent, full deformation modes. Also, it 
suggests that the difference between brittleness 
and a ductility of a few percent, which is im
portant for structural applications of a ma
terial, has no relation to the number of inde
pendent modes, but, is probably controlled by 
the sensitivity of a material to stress concen
trations. 

TRIP Steels 

The urgent need for stronger, more ductile 
alloys has become increasingly evident in recent 
years. Of particular interest for advanced design 
applications is the yield-strength range between 
200,000 and 400,000 p.s.i. A study of the defor
mation characteristics of ultrahigh-strength 
steels strongly suggests that high values of 
elongation along with yield strengths above 
200,000 p.s.i. are not to be expected in materials 
that depend upon dislocation interactions for 
strain hardening. The strain-hardening rate due 
to dislocation interactions is considered to be 
too low at high stress levels to prevent instability 
at low strains. At the Lawrence Radiation Lab
oratory, Berkeley, a process for substantially 
increasing the strain-hardening rate, and conse
quently the uniform elongation in steels has 
been developed which employs the strain-
induced transformation of one crystal structure 
to another to enhance strain-hardening and has 
resulted in a new form of steel, called "TRIP" 
(transformation-induced plasticity). 

During tensile testing of this type of alloy, 
martensite, a tetragonal crystal structure, was 
formed in a very finely divided state. This fine 
martensite formed barriers to dislocations, and 
these barriers were evidently substantially 
stronger than those formed by dislocation inter
actions. The work-hardening rate was found 
to be much higher than that of heat-treated 
low-alloy steels, and the plastic instability was 
displaced to significantly higher strains. Elon
gations in the range of 20 to 40 percent were 
obtained for alloys having yield strength be
tween 290,000 p.s.i. and 220,000 p.s.i., respec
tively. 
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The microstructures of alloys exhibiting the 
T R I P phenomenon have been examined at 
various stages of processing. The great advan
tage of augmenting the work-hardening char
acteristics of steels through the T R I P phenom
enon is evident from a comparison of the curves 
in the graph of elongation versus yield strength 
(see Figs. 1-65, 66, and 67). 

Creep at High Pressure 

In research carried out at Cornell University 
the pressure dependence of creep (deformation 
with time under load) in aluminum and indium 
has been studied. Results in aluminum indicate 
that the expansion of the lattice is outward 
when a vacancy is formed, whereas the results 

Figs. 1-65, 66, and 67. TRIP Steels. Photomicrograph 
above left, shows the microstrueture of TRIP steel, 
developed at Lawrence Radiation Laboratory, Berke
ley, after thermomechanical deformation (reduced 
20% at 449° C) . Photomicrograph, above right, shows 
the microstrueture of a thermomechanically treated 
(reduced 20% at 449° 0.) TRIP steel after a tensile 
test at room temperature. The area photographed was 
near the fracture surface. The material has undergone 
further transformation to martensite during the room 
temperature plastic straining, but the martensite 
plates are too small to be seen readily. Magnification of 
both 1,000 X- At left, is a plot of elongations of various 
classes of steels versus yield strengths. In this plot, 
bands representative of the range of elongations at 
each yield-strength level are plotted for quenched and 
tempered low-alloy steels, for ausform steels, for mar-
aging alloys, and for ausform steels that have been 
dynamically strain-aged. The band for TRIP alloys is 
displaced relatively far out on the strain scale as com
pared with the bands for other high-strength alloys. 

for another trivalent metal, indium, indicate a 
contraction. The nature of this lattice relaxa
tion around vacancies is related in turn to their 
interaction with other defects such as disloca
tions and can be of importance in describing 
deformation processes in solids. 

A new creep theory has been developed for 
the temperature range between one-quarter and 
one-half of the material melting point. This 
theory has been shown to be consistent with 
several experimental facts and critical tests of 
this theory are now under way. Most creep ap-
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jFtflr. 1-68. Dislocations in Metallic Crystals. These X-ray micrographs from the California Institute of Technology, 
Pasadena, Calif., illustrate the displacement of dislocations which is produced in a crystal by an applied stress. 
Dislocations are imperfections in the atomic structure and they are revealed as dark lines in the micrographs. 
The left picture shows the dislocations produced by scratching the surface of a zinc crystal. The right picture 
shows the dislocations after the application of a short duration stress pulse. Dislocation motion causes planes 
of the crystal to slip past one another. Slip by the movement of dislocations is analogous to the slip of a rug 
on the floor by the movement of wrinkles as shown in the schematic diagrams below each micrograph. The 
wrinkles to the left of the scratch move to the scratch, and the wrinkles to the right move further away from 
the scratch. Stress was applied to the surface of the crystal, in the direction of motion of the dislocations, for 
a period of 50X10-* (50 millionths) of a second. Such observations provide information needed for prediction 
of the plastic response of crystalline materials subjected to applied forces. 

plications (in. turbines, reactors, ete.) involve 
temperatures less than half the melting point 
and, therefore, an understanding of the creep 
process in these lower temperature ranges is 
necessary. 

CERAMIC MATERIALS 
Nonmetallic materials with good high tem

perature stability properties generally fall into 
the category of ceramics. The most familiar of 
these materials probably are the metallic oxides. 

Applications for ceramics are widespread, rang
ing from electronic devices to refractory coat
ings. In the atomic energy field, ceramic fuel 
elements are being used in nuclear reactors. As 
a result, a greater understanding of this class 
of materials is an important goal for the 
research program. 

Nonstoichiometric Oxides 

In the investigation on defect structures in 
nonstoichiometric oxides conducted at Mar-

276-845 0—68 8 
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quette University, Milwaukee, Wis., the electri
cal conductivity of sintered ceramic cerium 
dioxide (Ce02-x) 41 specimens was measured as 
a function of temperature, composition, and 
oxygen partial pressure. Based on the compari
son between the theoretically derived relation 
and the experimental conductivity data, the 
nonstoichiometric defect structure of Ce02.x 
was rationalized in terms of a defect model 
involving quasi-free electrons and both singly 
and doubly ionized oxygen vacancies. 

An understanding of the defect structures, 
i.e., the various types and concentrations of 
atomic and electronic defects present in non
stoichiometric oxides, is important because of 
the important role these defects play in deter
mining the properties of an oxide (ionic con
ductivity, electronic conductivity, diffusion 
coefficients, etc.) and the stability limits of the 
oxide. A basic understanding of these proper
ties and stability limits in terms of the defect 
structure in the oxide are necessary, for ex
ample, in order to better understand and thus 
better control the stability of nuclear fuels un
der various environmental conditions. 

Microstructure in Ceramics 

Effect of micromechanical stress-concentra
tion on the strength of brittle ceramic materials 
has been demonstrated at the Lawrence Radia
tion Laboratory, Berkeley. Variations of the 
strength of a glass with uniform spherical pores 
as a function of pore size and volume has now 
been predicted on the basis of stress concentra
tion and the size of flaw responsible for brittle 
failure. These determinations were made in a 
research effort directed towards understanding 
the effect of microstructure on the physical and 
mechanical properties of single and polyphase 
ceramic materials. 

Methods are under development for ceramic 
materials with quantitatively definable micro-
structural features. Unique fabrication tech
niques have been employed to produce two-
phase systems with controlled parameters such 
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Fig. 1-69. Microstructure in Ceramics. The relative 
strength of a matrix failing by flaw-induced brittle 
fracture as the porosity varies is shown in the Law
rence Radiation Laboratory, Berkeley, chart The 
porosity was produced by dispersing nickel micro
spheres in a glass matrix by hot pressing and allowing 
the spheres to shrink away from the glass on cooling. 
No precipitous drop in strength was observed with the 
increased porosity. 

as volume fraction of dispersed phase, shape 
and size of dispersed phase particles, interracial 
bonding between phases, and known internal 
stresses. 

Investigations have been made on stress con
centration effects in porous glasses and predict
ing the effect of porosity on strength as the pore 
size and volume varied. On the basis of the 
hypothesis, only a monotonic decrease in 
strength with porosity should be observed, with 
no precipitous drop. Once the effect of stress 
concentration around pores reduces the tensile 
strength, further decreases in strength should 
be determined by the amount of material in the 
porous body available to carry the load. In gen
eral, the experimental results (see Fig. 1-69) 
for uniaxial and biaxial strength of glass speci
mens containing spherical porosity agree very 
well with those predicted. The porosity was pro-

file:///Flaw
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duced by dispersing nickel microspheres in a 
glass matrix by hot-pressing and allowing the 
spheres to shrink away from the glass on cool
ing from the hot-pressing temperature. With 
very small particle sizes, treatment with iso-
propyl alcohol was necessary to prevent bond
ing of spheres to the glass. 

Glass-Metal Bonding 

Presence of an oxide-like layer has been found 
essential for chemical bonding, which is respon
sible for adherence, at glass-metal interfaces. 
The establishment of such thermodynamic equi
libria by Lawrence Kadiation Laboratory, 
Berkeley, has emphasized the electrochemical 
nature of the processes involved and points the 
way for fundamental studies of importance to 
glass-metal seals, ceramic coatings, micro-com
posites, and cermet materials. 

Electrochemical reactions tend to be initiated 
at a glass-metal interface if thermodynamic 
equilibrium, represented by saturation of the 
glass with the low-valance oxide of the substrate 
metal, is not present at the interface. In iron 
coupled with sodium disilicate glass, with or 
without cobalt oxide, atmospheric oxidation of 
the metal occurred, when heated in platinum 
crucibles which provided a path for electrons 
from the metal to oxygen at the glass surface. 
With glasses containing transition metal ions, 
whose oxidation potential is lower than that of 
iron, electrochemical reactions also caused oxi
dation of iron at the interface coupled with 
reduction of transition metal ions in the glass 
resulting in the formation of dendrites (see 
Fig. 1-46). The composition of a precipitating 
dendrite was in all cases found to be determined 
by the adjoining glass in accordance with the 
equilibrium constant for the reaction. 

Defects in Plutonium Oxide 

The ratio of oxygen to metal atoms in plu-

tonium dioxide (Pu02) need not be exactly two 
to one. Instead of being limited to the normal, 
simple whole-number ratios, this compound can 
exist with ratios as low as 1.6 or 1.7 to one. A 
low ratio might reflect the fact that oxygen 
atoms are missing from the crystal structure 
leaving some sites vacant. Alternatively, the 
crystal might contain an excess of plutoiiium 
ions in normally unoccupied or interstitial 
sites. Which of the two possibilities actually oc
curs can be resolved by measuring the density 
of the compound: vacancies should lower the 
density relative to the compound Pu02.oo? and 
interstitial plutonium ions should increase it. 
Unfortunately, density measurements cannot be 
performed at room temperatures because com
pounds of the type PuOi.8 are stable only above 
650° C. To overcome this problem, an apparatus 
was developed at Argonne National Laboratory 
that relates small pressure changes of helium 
gas to the volume occupied by a plutonium 
oxide sample. Density measurements were car
ried out at 750° С and it was found that the 
density decreased appreciably as the oxygen to 
plutonium ratio was made smaller. These results, 
favor the conclusion that vacant oxygen sites 
rather than interstitial plutonium ions are the 
predominant defects. 

Also, an investigation was made to find the
oretical relations between the concentration of 
vacant oxygen sites and the properties of plu
tonium oxide and compounds like it. The most 
satisfactory relations were derived on the basis 
that the defects tended to repel each other and 
as a result, were forced into partly ordered pat
terns (rather than being distributed randomly). 
A computer program has been developed to 
solve the complex equations involved in the 
theoretical model and the calculated results are 
in good agreement with experimental data for 
cerium dioxide and uranium dioxide. Agree
ment is not as good for plutonium dioxide, and 
this has stimulated additional experimental in
vestigation of that compound. 
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Fig. 1-10. Dense Plasma Focus. The series of photos show (from left to right) the current sheath (the glowing 
collar around the inner electrode) of ionized deuterium gas as it accelerates down the electrode and compresses 
into the dense plasma focus in a Los Alamos Scientific Laboratory experiment Details on this controlled 
thermonuclear reaction—which also holds promise for other scientific and industrial uses—are on page 96. 

CONTROLLED THERMONUCLEAR RESEARCH 
The goal of the AEC's controlled thermonuclear research program is to develop 
a controlled thermonuclear reactor which uses hydrogen isotopes, readily avail
able from the ocean, to produce power for useful purposes. If successful, such 
a reactor could have very desirable features. First, its fuel would be readily 
available and inexpensive. Its reaction products would be non-toxic and non
radioactive. There would be no danger of a runaway reaction, since only small 
amounts of fuel would be in the reactor at any time. Finally, there is the long-
term possibility of conversion directly from plasma energy to electricity. In 
addition, there are compelling interests of a more basic nature for studying 
the behavior of plasmas. More than 99 percent of the universe is in the form 
of highly ionized plasma. Yet, the study of such plasmas has received little 
attention until now. 

FUSION REQUIREMENTS 

To achieve a controlled thermonuclear re
action, certain requirements must be satisfied. 
The fuel must be deuterium, or a mixture of 
deuterium and tritium. The temperature of the 
ions must be between 100,000,000° and 1,000,-
000,000° С (corresponding to between 10,000 
and 100,000 electron volts). The plasma density 
must be about one ten-thousandth of an atmos
phere (the density of air at sea level). Finally, 
the confinement time at these densities and tem
peratures must be of the order of a tenth of a 
second. If the density is higher, the confinement 
time can be shorter; if lower, it must be longer. 

Two of the most critical problems have been 
solved. Methods have been found to achieve the 
desired temperatures, and plasmas consisting 
mainly of pure deuterium have been produced 
in the laboratory. The key remaining problem 
is the confinement of this exceedingly hot plasma 

within a limited region. Despite a number of 
alternative suggestions, the only promising me
chanism of confinement still involves the use of 
strong magnetic fields. 

Present research on plasma confinement 
schemes is oriented toward developing a con
figuration that does not exhibit instabilities.42 

A major ingredient of a confinement scheme is 
that of stability: in the absence of stability, the 
plasma escapes rapidly across the magnetic field 
to the vessel wall. 

Plasma Confinement Experiments 

Low-Beta, Open-Ended Systems 

"Low-beta" refers to a plasma in which the 
particle pressure is small compared to the mag
netic pressure. An "open-ended" magnetic field 

"See p. 219, "Fundamental Nuclear Energy Research— 
1966." 
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system, is one in which the magnetic lines of 
force leave the plasma confinement zone and 
lead outward into space as opposed to a "closed" 
system in which the lines of force close on them
selves within the plasma confinement zone. 

Low energy injection and compression. I n 
pulsed experiments conducted at the Lawrence 
Kadiation Laboratory, Livermore, low-energy 
ions are injected into a magnetic mirror con
figuration when the confining field is weak. As 

Fig. 1-71. Multiport Vacuum Chamber. Single solid particles of lithium hydride within a multiport vacuum 
chamber are electrically suspended in vacuum free of material supports and irradiated with a focused high 
intensity laser beam to produce a free plasma at the United Aircraft Research Laboratories, East Hartford, 
Conn. The interaction of this radially expanding plasma with magnetic fields is being studied using confinement 
fields of mirrors, cusps, and minimum-B geometry. This is part of the specialized research effort performed at 
other than AEO laboratories for the controlled thermonuclear research program. 



BASIC PHYSICAL RESEARCH 95 

the field strength is increased, the ions are 
trapped and heated by magnetic compression. 
The 2X43 device produces plasma densities and 
temperatures of thermonuclear interest. Specifi
cally, it produces ion temperatures of 8 Kev. 
(thousand electron volts) and densities one one-
hundred-thousandth of atmospheric density. 
The recent addition of a special field configura
tion generated by "loffe bars"4* (quadropole 
windings) to this device has eliminated the in
terchange instability, and confinement is now 
apparently limited by microinstabilities. 

Vacuum conditions have recently been im
proved to the point where the decay of the hot 
plasma is no longer caused primarily by the 
presence of contaminants. The lifetime of the 
plasma as a result has been increased to within 
a fraction of that to be expected for a perfectly 
stable plasma due to scattering of ions out along 
the field lines. 

Molecular /on injection. In contrast to low-
energy injection and heating by compression, an 
alternative approach is to inject energetic ions 
into a steady-state magnetic field, to trap them 
by one means or another, and attempt to build 
up the density to values of interest. One method, 
which has been pursued at Oak Ridge National 
Laboratory in the so-called DCX experiments,45 

involves the injection of a 600 Kev. molecular 
ion beam into a magnetic mirror configuration 
and trapping it by dissociation. In the DCX-2, 
the densities have been built up to values of typi
cally 5 billion fast trapped particles per cubic 
centimeter. This is perhaps the highest value 
achieved in any high-energy-injection experi
ment. Microinstabilities are present, but they 
are due at least in part to an insufficiently good 
vacuum. Efforts are being made toward a still 
further increase in the plasma density in DCX-
2. 

Energetic neutral injection. Instead of molec-

13 See pp. 222-223, "Fundamental Nuclear Energy Re
search—1966." 

" A major advance In the controlled fusion field occurred 
when the Soviet physicist Ioffe during 1963 showed that by 
modifying a simple mirror configuration by a set of current-
carrying bars (."Ioffe bars") a true potential well can be 
produced. 

«See p. 221, "Fundamental Nuclear Energy Research— 
1966." 

ular ion injection, another method being used 
at the Lawrence Radiation Laboratory, Liver-
more, and more recently at Oak Ridge National 
Laboratory is to inject an energetic 'beam of 
neutral particles and trap them within the re
action chamber by Lorentz ionization (a process 
by which electrons are torn from the atoms by 
magnetic force). In the Alice facility at the 
Lawrence Radiation Laboratory, Livermore, 
a magnetic well has suppressed the interchange 
instability. This offers a promising method of 
studying the residual microinstabilities under 
closely controlled conditions. In particular, such 
experiments will provide control over density 
gradients within the plasma, velocity distribu
tion of trapped particles, and other parameters 
important for theory comparison. 

Electron resonant heating. Oak Ridge Na
tional Laboratory is using still another approach 
in that the creation of hot-electron plasmas is 
achieved by Electron Cyclotron Resonant Heat
ing (ECRH) techniques (see Fig. 1-72). In 
these experiments, the hot-electron plasma 
shows evidence of remarkable stability, even in 
the absence of a minimum-B configuration. One 
interesting avenue which is being explored is 
the intermarriage of the last two techniques: the 
injection of an energetic neutral beam into the 
highly-stable plasma produced by electron 
cyclotron heating. This exploits a trapping 
mechanism called charge-exchange trapping 
which is about 100 times as efficient as Lorentz 
ionization. 

Closed Line Systems 

In closed line, low-beta systems, there is no 
end loss problem, but the problems of equilibri
um and stability are appreciably more severe. 

Stellarator. The first in this grouping is the 
stellarator, involving an axial magnetic field in 
a figure "8" or racetrack configuration. By sup
plementary coils, it is possible to provide not 
only a rotation of the lines of force, which is 
required for plasma equilibrium, but also a de
gree of "shear" in the magnetic field to help 
stabilize the plasma. (A shear field is one in 
which the amount of field rotation is a function 
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Fig. 1-12. "Elmo" at ORNL. One of the Electron Cyclotron; Resonant Heating facilities, called "Elmo" at Oak 
Ridge National Laboratory is shown above. The photograph was taken when the lead X-ray shield wall was 
partly removed, and shows the magnet coils, vacuum plumbing, microwave power supply (on floor to the right 
of the apparatus) and some of the instrumentation. With this flexible apparatus, plasma stability studies have 
been carried out in five different magnetic field configurations. 

tally, the rate of plasma loss to stellarator walls 
is found to be much faster than predicted by 
classical diffusion, due apparently to certain 
specific instabilities. The problem is, how to sup
press them? According to theory, the three most 
important parameters are: (a) high shear 
fields, (6) strong average minimum-B con
figuration, and (c) short "connection length", 
(that is, a short distance between the regions 
of good and bad curvature). High-shear effects 

of radius.) The true behavior of hot plasmas 
in the stellarator was long masked by impurities 
flooding in from the walls. At the Princeton 
Plasma Physics Laboratory's Model-C Stellara
tor, ultra-high vacuum techniques and a new 
device called a divertor made it possible to re
duce the impurity level to negligible values, 
thereby permitting a detailed study of plasma 
confinement and its parametric behavior over a 
wide range of operating conditions. Experimen-
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Figs. I-7S and 74- Toroidal Multipole. The supercon
ducting ring shown in above photo from the Princeton 
University Plasma Physics Laboratory is floating 
freely about a foot above the table, supported by mag
netic forces alone. The whole structure weighs about 70 
pounds and has been successfully levitated for several 
hours. It is expected that similar coils will be used in 
future toroidal multipole devices. No equivalent experi
ment is known to have been performed to date. The 
photo at left shows the interior coil structure. The rec
tangular bundle at the core is made up of 3,300 turns 
of copper-clad niobium-zirconium wire of 0.014 outside 
diameter. When in operation, the core is surrounded by 
a double-walled chamber containing liquid helium at 
—268.9° C. The top half of the inner chamber is shown 
in a raised position. 

multipole devices, linear or toroidal in shape, in 
which important stabilizing features are readily 
achievable. In these systems, current-carrying 
bars or rings are levitated or suspended within 
the discharge chamber. Simplest of these de-

are now under active investigation on the Etude 
and Model-C Stellerators with encouraging 
results. 

Toroidal muftipoJes. There has recently been 
considerable emphasis on internal conductor 
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vices is the Levitron at the Lawrence Radiation 
Laboratory, Livermore, involving a single levi
tated ring. At Princeton, a large linear multi-
pole has yielded valuable information on heat
ing methods suitable to such devices, and in a 
developmental project a superconducting ring 
has been levitated for several hours (see Figs. 
1-73 and 74:). A complex device, possessing a 
number of advantages, is the toroidal octapole 
developed at General Atomics, La Jolla, Calif., 
and at the University of Wisconsin, Madison, 
in which four rings are suspended in the cham
ber. Preliminary experimental results are en
couraging. 

Astron. The Astron device at the Lawrence 
Radiation Laboratory, Livermore, possesses 
some unique properties for the confinement of 
hot plasmas. Its confining field is produced by 
two oppositely-directed currents. Specifically, 
currents flowing through an externally wound 
set of coils will produce an axial field within 
the straight tube. A beam of relativistic elec
trons is then injected and trapped in this field 
to produce a concentric layer of electrons (or 
E-layer, as it is called). If the current in this 
counterstreaming E-layer can be built up to a 
sufficient value, so that the net magnetic field in 
the center actually reverses in direction, the re
sulting magnetic configuration will have closed 
lines of force surrounding the E-layer. More
over, the presence of the electron current sheet 
within the plasma produces a true minimum-B 
field (rather than the average-minimum-B at
tainable in other systems having closed lines of 
force). In the present facility, pulses of elec
trons from a linear induction accelerator have 
been successfully trapped in the central tube to 
form a weak E-layer of several percent. Up to 
the present time, no evidence of destructive in
stabilities has been found and steps are being 
taken to increase the E-layer toward the 
desired conditions of field reversal. 

High-Beta Plasma Research 

Experiments in another area are concerned 
with high-beta plasma, i.e., high-temperature, 

high-density plasmas in which the outward 
plasma pressure is comparable to the inward 
pressure of the magnetic confining field. 

Theta pinch. An important method of produc
ing high-beta plasmas—called a theta pinch 
system—is under study by the Los Alamos 
Scientific Laboratory, General Electric Co. at 
Schenectady, KY., and the Naval Research 
Laboratory, Washington, D.C. This is a fast-
pulsed experiment in which a very large cur
rent is abruptly impressed on a single-turn loop 
surrounding the plasma, thereby compressing 
and heating the plasma rapidly to high densi
ties and temperatures. In the Scylla IV at Los 
Alamos Scientific Laboratory, plasma densities 
of 10 thousand trillion particles per cubic centi
meter (1016/cc) and temperatures of several 
thousand electron volts are routine. True ther
monuclear reactions are observed. However, the 
short confinement times of just a few micro
seconds are caused by rapid loss of the plasma 
out of the ends. Careful studies carried out over 
the past 2 years show no evidence of instabili
ties during the brief confinement time. The next 
logical step is to increase the confinement time 
of the system—first by going to a much longer 
linear experiment, and subsequently by con
verting the system into a toroidal theta pinch. 
Engineering design for such a toroidal theta 
pinch, 15 meters (49.2 feet) in circumference 
called Scyllac, is underway at Los Alamos sup
ported by experiments on the present 1-meter 
(3.2 foot) long theta pinch Scylla IV. 

Dense plasma focus. Another effort at Los 
Alamos Scientific Laboratory has resulted in 
the development of the dense plasma focus de
vice. (This device also has possible potential 
benefits as a compact, inexpensive, and very in
tense pulsed neutron and X-ray source for a 
large variety of applications in research and in
dustry, such as pulsed neutron studies of nu
clear reactor fuel and flash radiography). The 
neutrons and X-rays result from the thermonu
clear reactions taking place in the high-density 
plasma formed at the end of two concentric, 
cylindrical copper electrodes. These are mount
ed inside a glass vacuum chamber filled at a 
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Figs. 1-75 and, 76. Dense Plasma Focus Pulsed Neutron 
and X-ray Source. Schematic drawing at left is of the 
dense plasma focus device developed at the Los Alamos 
Scientific Laboratory. In this device, a current sheath 
of ionized deuterium (D) or deuterium-tritium (D-T) 
gas is accelerated between concentric cylindrical 
electrodes to their open end where a fast Z-pinch effect 
compresses it into a dense plasma in which thermo
nuclear reactions take place producing an intense 
burst of neutrons and X-rays. This current sheath is 
produced by the application to the electrodes of 20,000 
volts of electrical potential from a 90-microfarad con
denser banlc The electrodes are mounted in a glass 
vacuum chamber filled with the D or D-T gas at a 
pressure of 0.1 lb./sq. in. Photo above shows the dense 
plasma focus device. The two concentric electrodes (the 
outer one is perforated to allow observation of the 
luminous current sheath) can be seen mounted inside 
the glass chamber which contains the D or D-T gas. 
The circular array of leads to the outer electrode and 
some of the condensers can be seen at the rear. 
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Fig. 1-41. High-Temperature, High-Density Device. The Chalice experiment at Stevens Institute of Technology, 
Hoboken, N.J., is a combination theta-pinch and cusp experiment. Two thefca-pinches both squeeze and heat 
plasma, rapidly. I t is then displaced into the cusp region formed by the magnetic fields of the two theta-pineh 
coils. The plasma is now confined in this cusp region. Difficult engineering problems have been overcome in 
building the Chalice experiment, and now the experimental program is underway. Of importance is the quantita
tive study of the plasma without disturbing i t The main tool for this is a delicate optical instrument built at 
Stevens Institute of Technology and called the Mach Zehnder interferometer (not shown in photo). I t measures 
accurately and quantitatively what goes on within the plasma. The interferometer is so sensitive, however, 
that the shaking of the building due to wind or trucks passing by affects the instrument. (Chalice is located 
on the sixth floor.) This tough problem was solved by suspending the instrument with rubber bands. The 
resulting, stability of the system is quite remarkable. I t is now possible to measure the length of time that 
the plasma stays in the cusp region (confinement problem). If the cusp is too leaky, serious steps must be taken 
to counteract the leak. 

pressure of 0.1 lb/sq. in. with deuterium (D) 
gas or a deuterium-tritium (D-T) gas mixture. 
The inner electrode, whose end is closed, and the 
outer electrode, which is perforated to allow ob
servation of the space between the two, are both 
connected to a 90-microfarad, 20,000-volt con
denser bank which stores 18,000 joules of elec
trical energy and which can produce a current 
of 1,000,000 amperes within 2.5 microseconds. 

When this electrical potential of 20,000 volts is 
applied to the two electrodes, the gas in the 
space between them is ionized and becomes con
ducting (see Fig. 1-70, and Figs. 1-75 and 76). 
This ionization, which begins at the base of the 
electrodes, produces a highly conductive an
nular current sheath which is accelerated to, 
and collapses off, the end of the center electrode 
to be rapidly compressed and heated by a fast 
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Z-pinch effect46 to form a high-density plasma 
in which the thermonuclear reactions occur. 
Final plasma densities of about 20 billion billion 
(2X1019) particles/cc, plasma temperatures of 
about 50 to 70 million degrees C, and minimum 
plasma radii of about 0.5 mm. have been ob
tained. Production rates of 20 billion (2X1010) 
neutrons/pulse and 200 billion (2X1011) neu
trons/pulse have been observed with deuterium 
and deuterium-tritium mixtures, respectively. 

SUPPORTING RESEARCH 

Eesearch on specialized problems is per
formed not only at AEC laboratories, but also 
at many other sites, mostly at universities. 

Recent Noteworthy Advances 

Three noteworthy recent results are reported 
here. 

*> The Z-pinch produces a radial force on a conductor result
ing from the self magnetic field produced by a current flowing 
through the conductor. This force tends to squeeze the con
ductor radially toward its axis, the Z coordinate in a cylindri
cal coordinate system. 

At Stanford University, near Palo Alto, 
Calif., studies are in progress aimed at under
standing the newly discovered electron cyclotron 
echo effect in plasmas. This effect is a new tool 
for studying basic effects in a plasma. Collision 
times and plasma oscillations have been meas
ured using this effect. 

At Stevens Institute of Technology, Hoboken, 
N.J., research is in progress on Chalice, a high-
temperature, high-density theta-pinch device 
(see Fig. 1-77). Experiments are being per
formed on a reproducible basis and the plasma 
confinement properties of a cusp geometry are 
being studied. 

At New York University, New York City, 
N.Y., an ambitious theoretical program is 
underway to investigate the containment, stabil
ity, and heating of plasmas. Special emphasis is 
placed on wave propagation (including shock 
waves), equilibrium, sheaths, orbit theory, and 
development of numerical methods. Recent cal
culations indicate the existence of new classes 
of toroidal plasma equilibrium conditions. 





Fig. 1-18. Fluid Dynamics. An Argonne National Laboratory mathematician inspects an enlarged picture of a 
computer-produced isotherm of a two dimensional-connective flow produced by heating the bottom of the liquid 
during fluid dynamics studies (see also p. 107). 

MATHEMATICS AND COMPUTER RESEARCH 
Modern high-speed computers and mathematical techniques are utilized 
extensively in the various technical programs of AEC. For example: 
(«) design of nuclear reactors, (&) development of improved atomic 
weapons, (<?) analysis and control of experiments involving nuclear facilities, 
and (d) theoretical calculations to aid in a better understanding of the funda
mental atomic and subatomic forces and particles. Recognizing the importance 
of this area of research,to the effective prosecution of future nuclear energy 
programs, the AEC has supported three related but separate areas of research 
in the science of mathematics and computers: (a) computer research and 
development, (Ъ) mathematics research, and (<?) programing research. Proj
ects are selected on the basis of their excellence and their potential contribution 
to the AEC mission, with emphasis on those areas of research which are not 
adequately supported by industry or other non-government institutions. 

COMPUTER DEVELOPMENT useful in the design of modern computers and 
their components. This work comprises an im
portant support effort to the AEC's needs in 

Computer research and development is con- theoretical computation, data analysis and 
cerned with the development of basic principles automation of nuclear facilities. 

103 
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Fig. 1-79. Automatic Bubble Chamber Measuring. An automatic bubble chamber film measuring system devel
oped at Argonne National Laboratory uses a cathode ray tube to generate a spot whose motion is under com
puter control. The entire system is designed to allow an operator to directly assist the machine whenever a 
possible difficulty is sensed. The resulting flexibility is great enough to allow easy incorporation of those auto
matic measuring techniques which have been shown to be particularly powerful, such as the track filtering 
programs used by the mechanical flying spot devices. This same flexibility, coupled with human-computer 
interaction, will allow orderly progression of the system capability as increasingly complex subproblems can 
be solved by the computer. High energy bubble chamber events have been successfully measured, and a high 
speed machine for large volume automatic measuring is being assembled. In the photo, the track being meas
ured appears as a heavy line (top center) ; a magnified view of the scanned region appears in the lower right 
quadrant of the picture. Experience gained in the earlier design and construction of OHLOB, a flying-spot 
device for reading spark chamber film, contributed to the success with which this development was accomplished. 

Processing of Pictorial information 

The results of scientific experiments are in 
many cases most readily and naturally recorded 
by photography. These pictures must then be 
processed to obtain the information which the 
experiment was intended to develop. For ex
ample, an important area of AEC interest is the 
processing of bubble chamber photographs in 
high energy physics. 

Current methods of picture processing by 
computers require that a digitized version of 
the picture be first produced. This is done by 
subdividing the picture into a large number of 
small squares, numbered according to some con
venient scheme, and recording the numbers of 
those squares which contain a portion of the 
picture. Processing of this information—for ex
ample, the filling in of gaps, the thinning out of 
cloudy portions, or the reduction of the picture 
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to a standard size or position—is then done by 
a sequence of mathematical operations per
formed by a digital computer. The computer 
codes which cause the execution of these opera
tions are apt to be time-consuming. 

The precision that is needed in much picture 
processing is not particularly high: a fraction 
of one percent will generally suffice. Analogue 
computing circuits which operate upon quanti
ties represented by continuously varying volt
ages, are capable of such precision, though not 
much more, and have advantages in speed of 
operation. At the University of Illinois, it has 
been found possible to design picture processing 
equipment which incorporates digitally con
trolled analogue computing circuits. This tech
nique provides precision adequate for all prac
tical purposes and has sufficient processing speed 
to give a continuous flicker-free display of the 
result. Two experimental devices have been suc
cessfully built and operated. They permit the 
preliminary picture processing operations to 
be performed off-line without tying up a digital 
computer. The cleaned-up and standardized out
put can be transmitted to a digital computer 
for analysis when convenient. 

MATHEMATICS RESEARCH 

A portion of the mathematics and computer 
program deals with the branches of mathema
tics which can solve problems in the physical 
sciences relevant to the AEC's overall program. 

Algebraic Study of Stopping Variables 

In many experimental situations sequential 
observations of some random phenomenon must 
be made. The experiment should only be con
tinued until adequate information is obtained, 
as further effort will add little to the results 
but will obviously increase the cost. Indications 
of when to stop are given by so-called "stopping 
variables," which depend at any instant upon 
the observations recorded up to that instant. 
Past studies of stopping variables have been 
carried out entirely in terms of probability 

Й7/5-845 О—68 9 

theory. It has recently been shown at the Brook-
haven National Laboratory that by a suitable 
definition of the product of two stopping var
iables, the class of stopping variables becomes 
a semi-group of idempotent elements (when 
multiplication of an element by itself yields the 
same element it is said to be idempotent). This 
semi-group is further shown to be what is called 
in modern algebra a "lattice." This result makes 
available for exploitation in statistical investi
gations the very extensive modern literature on 
semi-groups and lattices. 

Monte Carlo Method 

With the advent of more advanced computer 
systems with increased speed and capacity, the 
solution of complex problems involving large 
numbers of particles has altered dramatically. 
At the AEC's Computing and Applied Mathe
matics Center, New York University, Monte 
Carlo4T methods for the direct numerical inte
gration of the SohrodingeriS equation for sys
tems of many particles have been developed. 
The basic approach is similar to that employed 
in the solution of diffusion equations, utilizing 
directly what is known as Green'sAS function. 
An exploratory series of calculations has al
ready been carried out, with the aim of testing 
certain ideas proposed by Bogoliubov for calcu
lating the energy of a fluid of identical particles 
exerting simple forces on each other. The study 
of the theory of fluids contributes to knowledge 
of the behavior of matter under conditions en
countered in nuclear applications. 

Linear Programming-Integer Problems 

Linear programming is a relatively new and 
difficult mathematical field which had its origin 
in this country during World War II . Its pur-

** Monte Carlo method—A method for solving physical prob
lems by means of a series of statistical experiments. 

48 Schrodinger equation : The Schrodinger equation is the 
basic mathematical expression of wave mechanics used to 
calculate the properties of atoms and nuclei. Green's function : 
In this context, Green's function is the average result for 
the diffusion of a number of particles all started in the same 
plaoe. 
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pose is to minimize a specific factor in a large 
complex operation, such as its cost. A simple 
example is what is known as the transportation 
problem, where it is desired to minimize the 
total cost for transporting all the required items 
from each of a number of warehouses to each of 
a group of destinations. The AEC is interested 
in this area of research in order to enable it to 
increase the effectiveness of its various pro
grams. A large class of problems in this field 
require.solutions which are integers. A proce-
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dure was developed at Brookhaven National 
Laboratory by applying a mathematical tech
nique, which is well developed for use of the 
solution of other types of problems, to integer 
linear programming problems. This is the meth
od of generating functions. A nonlinear version 
of the transportation problem was worked out 
to demonstrate that a class of nonlinear integer 
problems can also be dealt with through the 
use of generating functions. 

Fuel Cycle Model 

Solution of a reactor fuel cycle model is now 
being incorporated as one of the Argonne 
Reactor Computation System computation 
modules. The fuel cycle model requires con
sideration of the following main features dur
ing the operational phase of the cycle: (a) en
richment and control adjustment to maintain 
desired criticality conditions over the operat
ing period; and (Ъ) adjustment of the length 

Fig. 1-80. Computer Printout of Impurity Analysis 
Data. The two graphs show some of the results of a 
monthly uranium-235 sample exchange program be
tween Los Alamos Scientific Laboratory and two other 
ABC laboratories (Union Carbide Corp., Y-12 Plant; 
Dow Chemical Co., Воску Flats Plant) to compare 
and improve impurity analyses. The computer, using 
a Los Alamos-developed program, compiles and ana
lyzes impurity determination data from the three lab
oratories, and produces graphs like those shown. The 
top graph, giving the results for nickel, shows good 
agreement except for one poimit. The lower graph, giv
ing the uranium-235 results, indicates very small (hun-
dreths of a percent) differences between the results 
from the three laboratories. The points on the graphs 
(one for each laboratory for each month) show the 
deviation of each laboratory's results from the median 
value of all the laboratories' results for that month 
for the production of uranium-235 (distance from the 
horizontal zero line) and for the control of material 
(distance from the vertical zero line). In some cases 
two points coincide, and therefore some points are not 
shown. Discrepancies have been found to exist when 
the three laboratories' results are compared. This has 
led to a restudy and re-evaluation of the methods and, 
indeed, of some basic chemical procedures used in de
termining the impurities in uranium-236, which for 
many applications in the nuclear field must have very 
high purities. 
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Figs. 1-81, 82, 88, and 84. Fluid Dynamics. When a layer of any compressible heat-conducting viscous liquid 
is heated from below, at first the heat is conducted without any motion in the liquid. However, if the temperature 
gradient is too high the viscosity is not strong enough to counteract the instability caused by the greater buoyancy 
of liquids at higher temperatures. This causes the onset of a steady circulating motion in which part of the 
heat is transferred by conduction, another part by convection. The AEO's Computing and Applied Mathematics 
Center at New York University has developed a numerical scheme for calculating this motion. Also, at Argonne 
National Laboratory a program to study eonveetive fluid flow has been conducted. This work has application 
in the design of bubble chambers, in the design of liquid-cooled reactors, and in many other fields; The above 
are Argonne computer produced isotherms showing four stages of a two-dimensional convective flow produced 
by heating the bottom of a liquid. 

of the period so that the discharged fuel burnup 
remains within metallurgical or specified limits. 
Given fixed fuel management policies and 
external conditions, the equilibrium state must 
also be determined. 

An equilibrium calculation specifies: (a) an 
internal fuel management policy giving the 
physical path and the number of stages that 
each material undergoes from loading to dis
charge; (b) an external fuel management policy 
giving the recovery factors, supply and demand 
priorities, and external feed components; and 
(o) the burnup of a given set of materials in 
the last stage before discharge. Also the value 
of the unpoisoned reactivity is specified at a 
given fraction of any burn step. The object of 
an equilibrium calculation is to find an initial 
isotope density and an operating period such 
that the following conditions are met: if fuel 
with given initial density is loaded and allowed 
to pass through the internal fuel stages (each 

passage lasting through one operating period) 
and is then discharged and passes through the 
external fuel scheme, then the fuel so recovered 
is required to have density identical to that of 
the original fuel. 

A nonequilibrium calculation involves fuel 
management policies and external conditions 
which may vary with time. I t is necessary to find 
an operating time and an initial charge density 
having a certain enrichment ratio so that the 
burnup at the end of the operating period 
reaches a given value while the unpoisoned value 
for the reactivity at a given fraction of the 
operating time takes on another given value. 

Erythron Behavior 

The kinetics of iron in the human may be 
studied with the help of radioactive tracers. By 
devising a mathematical model, the scope of 
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such studies has been extended to include the 
quantitative determination of the maturative 
and proliferative behavior of the red blood-cell 
and its precursors (erythrons). Important new 
information obtained at the Lawrence Radia
tion Laboratory, Berkeley, includes the rates of 
iron uptake for each generation of erythrons 
and the length of the total maturation period 
(about 6.5 days which is longer than previously 
believed). This study showed that significant 
intramedullary death (hemolysis) of nucleated 
erythrons does not occur in the normal human. 

Age Distributions 

Radioactive tracers are widely used for the 
study of the metabolic behavior of cellular pop
ulations. In these studies, almost no attention 
has been given to the distribution of cell-age in 
the populations, although metabolism depends 
heavily on age. Thus, at the Lawrence Radia
tion Laboratory, Berkeley, determination of the 
expected age distribution and the variance of 
the actual age distribution as functions of the 
cell's stochastic, age-dependent birth and death 
schedules give important information to an 
area of investigation which for the most part 
has been overlooked. In every case, the mean 
age distribution tends to a limit in time, but the 
behavior of the variance differs according as the 
subject population is contracting, stable, or ex
panding. More precise analysis of metabolic ex
periments may now be made on the basis of 
these statistical results, with the invocation of 
a fictitious steady state or the neglect of age 
distributions. 

PROGRAMMING RESEARCH 
Research in programming is concerned with 

improving the techniques of program writing 
for digital computers. As computers become 
more powerful, more sophisticated and more 
costly, they must also become easier to use so 
that they can be used most effectively. 

Interactive On-line Computation 

A group of programs have been developed in 
the interactive on-line computation program at 
the Lawrence Radiation Laboratory, Berkeley, 
which allow the user to display reasonably arbi
trary graphic and alphanumeric output on a 
cathode ray tube console. The goal of this re
search is to create systems that will increase the 
productivity of computer users by permitting 
rapid interaction between themselves and com
puters. The hardware so far used on this project 
is a commercial display system which is at
tached to the CDC 6600 computer. These pro
grams allow the user to interact with his execut
ing program by selecting points on his display 
with a lightpen, drawing curves with a light-
pen, or inserting digital input via a keyboard. 
One particular application has been developed 
and successfully used in accelerator magnet 
design. 

The best possible use of systems using disc 
and extended core devices has been studied 
using several simulation models which have been 
built. These studies have led to a disc control 
system which has increased the rate of data 
handling by two or three times compared to 
standard CDC systems. 



Part Two, 

REACTOR 
TECHNOLOGY 
PROGRAMS 

Fig. II-l. Microsphere Forming. This photo illustrates one of the techniques employed at Oak Ridge National 
Laboratory in making microspheres for use in reactor fuels from plutonium and uranium oxide gels. An aqueous 
stream of gel, flowing through the four vibrating nozzles, is released as droplets into an organic liquid during 
each phase of the vibration cycle; thus, each nozzle produces two groups of spheroidal particles which quickly 
form into microspheres having nearly equal diameters and masses. The microspheres lose water by diffusion 
to the SiUffrounding organic liquid. They are later dried and calcined at 1,200° O. to form spherical oxide 
particles having near-theoretical density (see p. 199). 
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NUCLEAR REACTOR 
RESEARCH AND DEVELOPMENT 

The AEC's program in reactor research consists largely of applied research 
and exploratory development, with little or no basic research per se. I t is 
often referred to as nuclear technology and applied to work oriented to the 
overall reactor program rather than to specific reactor projects.1 

Since 1965, a remarkable upswing of the 
growth of nuclear power has taken place. Be
tween then and now, plans for approximately 
60 new nuclear powerplants have been an
nounced, representing a total electrical capacity 
of about 48 million kilowatts. Another signifi
cant factor is the increase in size of the newly 
announced reactors, which up to the beginning 
of 1966 were averaging about 500 megawatts 
and since then have averaged over 800 
megawatts. 

In addition to applications in electricity gen
eration for civilian power, new and improved 
reactors are being developed for maritime and 
space applications and for specialized use in re
mote areas. Likewise, methods are being devel
oped for the direct conversion of atomic energy 
to electricity. 

1 Project-oriented work is reported upon in the АШС'з "An
nual Report to Congress for 1967." 

In view of the burgeoning civilian power pro
gram and the upswing in use of nuclear reactors 
for other needs, special emphasis is ПОЛУ being 
placed by the AEC on research in nuclear 
safety. For this reason, nuclear safety research 
is given a prominent position in this report. 

On the other hand, efficient performance of a 
reactor depends largely on the quality of nu
clear fuels and structural materials employed 
in it; likewise, on its neutron budget, or produc
tion and use of neutrons. Therefore, AEC-spon-
sored research in reactor fuels and materials 
and in reactor physics is reported here in some 
depth. 

Other aspects of nuclear technology summar
ized in this report include research in reactor in
strumentation, heat transfer, and fluid dy
namics. In addition, the development of still 
better methods for processing spent reactor fuels 
is discussed as well as the development of direct 
energy conversion. 

no 
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Fig. II-2. Accident Sequence Diagram. This diagram presents the major factors and the sequence and inter
relationships of events which must be considered in the course of a potential nuclear reactor accident. Although 
the diagram applies specifically to water-cooled power reactors, it also demonstrates the basic principles used 
in the safety analysis of any nuclear system. 

NUCLEAR REACTOR SAFETY RESEARCH. 

The recent emergence of the nuclear reactor industry as a major factor in 
supplying electrical power needs has placed a premium on nuclear safety 
research, particularly as applied to nuclear reactors. In addition to individual 
investigations already underway and reported previously,2 further studies have 
become necessary in order to develop a more detailed understanding of reactor 
accident phenomena and the prevention and control of potential accidents 
through the use of engineered safety systems. 

FUNDAMENTAL OBJECTIVE 
The fundamental objective of the nuclear 

safety research program is to provide the AEC 
Fundamental Nuclear Energy Ke-2 See 

search-
pp. 294-311, 

-1966." 

and industry with the safety-related informa
tion required to develop and regulate the safe 
application of nuclear energy. The program, 
sponsored and directed by the AEC and per
formed by industrial contractors and national 

111 
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laboratories, accomplishes this objective 
through the following activities: 
(-?) Safety-oriented design and fabrication of 

reactor plant systems; 
(2) Development of safe operating procedures; 
(<?) Designing and engineering and safety sys

tems to prevent or arrest potential accidents 
and limit the consequences to acceptable 
levels ; 

(4) Development of plans and equipment to 
provide the capability for recovery from 
the consequences of an accident, if it should 
occur; 

(5) Assessment of the adequacy of safety mar
gins by regulatory agencies; and 

(6) Audit, inspection, and testing of reactor 
and plant systems to ensure that adequate 
safety margins are maintained. 

Theoretical Accident Sequence 

In developing the needed information, the 
safety program follows the theoretical accident 
sequence shown in Figure II-2 as a useful pro
gram planning aid. Although this diagram was 
generated specifically for water-cooled reactors, 
the basic principles can be extended to any 
system. It shows the course of an accident, the 
major factors which must be considered, and 
the interrelationship of these factors. At many 
points in this sequence of events, engineered 
safety systems can be applied to either interrupt 
the course of the accident, i.e., accident preven
tion or to limit its consequences to acceptable 
levels. 

Because nuclear power reactors have estab
lished and maintained an outstanding safety 
record, there is essentially no real accident ex
perience upon which to base safety research. 
For this reason, analytical and experimental 
programs in nuclear reactor safety arise from 
theoretical and analytical considerations of the 
possibilities of accident initiation, system re
sponse, and the eventual consequences of var
ious situations. 

Dual Approach 

The proper implementation of such a safety 
program requires two separate, but interrelated, 

types of investigations. One type involves rela
tively long-range studies of fundamental prin
ciples and phenomena which have safety impli
cations. These studies yield a basic understand
ing of reactor accident behavior, so that a 
limited amount of data can be applied to a 
broad spectrum of problems. The other type of 
investigation is short-range and involves scop
ing tests to define problem areas, i.e., tests of 
the performance of specific designs of engi
neered safety systems, and programs for the 
purpose of providing information on specific 
limited areas of concern. The best possible 
safety program involves a balance between 
these types of investigations, with continual 
readjustment as the needs of the industry 
evolve. 

While water-reactor safety projects comprise 
the major efforts thus far undertaken in the 
reactor safety program, additional attention 
will be given to fast-reactor and gas-cooled re
actor safety as these concepts continue to mature 
and design concepts become better established. 
Furthermore, much of the safety technology 
developed for water reactors is directly appli
cable to these advanced concepts. 

Fission-Products Release 

The intrinsic feature which distinguishes 
safety considerations of nuclear plants from 
those for equivalent fossil-fueled installations is 
the possibility of an accidental release of the 
fission products generated in the core. Control 
of these fission products is thus basic to reactor 
safety and is accomplished by means of three 
successive, sequential barriers to their acciden
tal release: (a) the fuel cladding, (Ъ) the pri
mary reactor system, and (c) the secondary 
containment structure which includes the re
actor shielding and the containment shell (see 
Fig. II-3). The fuel cladding, or sheath sur
rounding the fuel, presents the initial barrier to 
fission products. I t is designed to retain its integ
rity under all normal operating conditions and 
for a wide range of possible abnormal events. 
Fission products can escape from the core only 
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Fig. IIS. Power Reactor Shielding and Containment. Of primary concern in the AEO's nuclear reactor safety 
research, program is prevention of an inadvertent release of the fission products generated in the core of an 
operating power reactor. The artist's concept of a typical light water power reactor shows the sequential 
barriers to such a release. The barriers include the cladding of the nuclear fuel, the pressure vessel, the 
reactor shielding, and the overall containment shell. Since the Nation's nuclear power reactors have an out
standing record for safety, there is little, or no, actual experience on which to base the AEC-sponsored safety 
research and development; potential accidents and their consequences must be theorized and then small-scale 
experiments conducted to prove or disprove the theoretical considerations. 

upon the loss of fuel cladding integrity. The 
core and its controls, the coolant, and a num
ber of reactor internals are enclosed within 
the pressure vessel which, combined with 
coolant piping and external coolant and heat ex
change components, comprises the second 
barrier to the escape of fission products, the pri
mary reactor system. The third barrier, i.e., the 
secondary containment system, is provided to 
control the release of radioactive materials in 
the unlikely event of primary system failure. 

Eelease of fission products to the environment 
can thus take place only through sequential fail
ure of these three barriers. 

From a safety standpoint, the principal dif
ference beUveen a water-cooled thermal reactor 
and a sodium-cooled fast reactor lies in the pos
sible mechanisms which may cause these 
barriers to fail. Accordingly, the entire safety 
program is focused both on the prevention of 
accidents and on the effective maintenance of 
these barriers to fission-product release. 
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WATER REACTOR SAFETY 

The phenomena which are of most concern in 
water reactor safety are strongly influenced by 
the enthalpy, or stored energy, and the physical 
characteristics of the water coolant. One major 
problem area is the possibility of a rupture 
causing major violation of the integrity of the 
primary system, which could lead to depressuri-
zation and resultant loss of coolant; in turn, the 
loss of this cooling capacity could lead to fuel 
clad melting, with release of fission products and 
generation of high pressures. A second major 
problem area is the potential for overheating of 
the fuel in the event of a reactivity accident or 
uncontrolled power excursion. The consequences 
of such overheating are also influenced by the 
physical characteristics of water. 

Primary System Integrity Studies 

The most commonly hypothesized event ini
tiating a loss-of-coolant accident is the sudden 
failure of some component member of the re
actor's primary coolant system. The prevention 
of such a failure depends primarily on good 
system-design standards to be applied in the 
design, construction, testing, operation, and in
spection of primary system hardware. 

Criteria, codes, and standards. Several pro
grams are underway, or planned, to upgrade 
and develop design and construction codes ap
plicable to reactor primary systems. These 
standards will be made available to industry as 
examples of high-quality design practice. Cur
rently, collection and upgrading of existing 
codes and standards is in progress at Oak Ridge 
National Laboratory; where these are not ade
quate, new codes will be developed. Nuclear pip
ing codes, for example, will be upgraded to place 
stress analysis for pipes on the same basis as 
those provided for vessels in Section I I I of the 
ASME (American Society of Mechanical Engi
neers) Pressure Vessel Code. The Pressure Ves
sel Code, itself, will also be examined and modi
fied, if necessary, to assure its adequacy as a 
standard for high-quality nuclear reactor ves

sels. Welding specifications will be developed as 
required. The development of a technical basis 
for criteria, codes, and standards is a vital re
actor safety program element. 

Primary vessel integrity. Although pressure 
vessel failure is considered highly unlikely, 
additional knowledge of design safety margins 
is needed. The degree of conservatism used in 
vessel design is not fully known, particularly 
when considering vessel failure due to sudden 
brittle fracture (as opposed to gradual strain 
failure). This was demonstrated in a recent 
test performed at the National Reactor Test
ing Station (NRTS) in Idaho on the PM-2A3 

reactor vessel. The highly irradiated vessel 
was subjected to a series of pressure tests at 
low temperature with artificial defects ma
chined into the other wall of the vessel. The 
vessel did not fail until subjected to conditions 
that were much more severe than those predicted 
by prior analysis. Calculations had indicated 
that vessel failure was likely with a defect size 
of ly^ inches deep by 9% inches long, and at a 
temperature of —29° C. and a pressure of 3,540 
p.si.g. ±885 p.s.i.g. Actual vessel failure oc
curred at 4,475 p.si.g. and —29° С with a 1%-
inch deep by 11-inch long defect, which had been 
aggravated by hydrochloric acid etching (see 
Figs. II-^r and 5). Metallurgical examinations 
of sections of the vessel are being conducted 
to obtain additional information on the strength 
of the vessel material. 

A heavy-section steel technology program, 
under the direction of Oak Ridge National Lab
oratory, is seeking information on materials 
properties, fracture characteristics, irradiation 
effects, and nondestructive testing techniques 
for the heavy-section (12-inch thick) steel pro
posed for use in future reactor pressure vessels. 
Other projects are providing supplementary in
formation and analytical methods related to 
stress and fatigue considerations and to nozzle 
design. The results of investigations on reactor 
structure materials, particularly pressure vessel 

3The PM-2A (Portable Medium Power Plant, No. 2A) was 
used to supply power at the Gamp Century, Greenland, Army 
Research Center, for almost 3 years before being dismantled 
in 1963, after the vessel had been irradiated to its full dose 
limit. 
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Figs. II-Jf and, 5. Pressure Vessel Integrity. The Idaho Nuclear Corp., which took over certain NBTS operations, 
has continued the series of tests (begun by Phillips Petroleum Co., in 1965) on the irradiated Portable Medium 
Power Plant No. 2A (PM-2A) reactor pressure vessel to determine the extent of radiation-induced embrittlement 
which an actual reactor vessel has undergone. (The PM-2A supplied power to the Camp Century, Greenland, 
research center for almost S years before being dismantled in 1963 when the center was closed. The pressure 
vessel had been irradiated to its full dose limit during Camp Century operation.) In the tests, defects of varying 
depth and length were intentionally machined into a section of the pressure vessel. The vessel was then sub
jected to a variety of progressively more severe internal pressure and temperature conditions to observe the 
exact temperature-pressure combination at which, and the exact manner in which, the vessel would fail. Data 
obtained from these tests will be useful in establishing operating limits to prevent brittle fractures of pressure 
vessels. Calculations indicated that failure might occur with a defect 1% inches deep and 9 inches long at 
3,540 p.s.i.g. ±885 p.s.i.g. and at a temperature of —29° C. (20° F.). The vessel eventually failed at 4,475 
pounds per square inch and —29° C. The failure came only after an acid bath formed very sharp cracks at 
the base of the 1%-inch-deep notch. Photo at left shows the failure cracks; on the right is a close-up view of 
part of defect area after rupture. 

steel, being conducted by Brookhaven National 
Laboratory (BNL) and Pacific Northwest Lab
oratory (PNL) are described in the "Reactor 
Fuels and Materials" section (see p. 131). 

Piping rupture studies. A better understanding 
of modes of cracking and rupture of piping 
is being sought, in order to further improve 
techniques for the design, fabrication, and in
spection of nuclear piping systems. Current 
studies by the General Electric Co., at San 
Jose, Calif., and Schenectady, N.Y., and by 
Battelle Memorial Institute, Columbus, Ohio, 

on piping failure include: (a) fatigue effects, 
(&) stress concentrations in complicated piping 
configurations, (o) conditions under which 
cracks of various sizes may propagate to rup
ture, {d) rupture times and associated system 
forces, and (e) possible effects of in-service 
changes on the basic material properties of 
piping systems. The General Electric study is 
devoted to reliability engineering in piping 
systems to provide insight into the complete 
history of piping components from the con
ceptual-design stage through the entire oper-
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Kjr. II-6. LOFT Dolly-Mmmted Test Reactor. Scale model of the complete Loss-of-Fluid Test (LOFT) 50 mega
watt (thermal) reactor experimental rig shows the reactor and test equipment mounted on the four-track 
railroad flatear. The transportable system will permit remote assembly, disassembly, and maintenance of the 
experimental equipment at the NRTS. The first experiments are scheduled for 1970. The large plug at the front 
of the model represents a pipe rupture device for deliberately initiating the maximum credible (though highly 
improbable) accident postulated for a pressurized water reactor, namely, rupturing of a major coolant line. 
Top center are the reactor control rod drive mechanisms. A principal reason for building and operating LOFT 
is to evaluate the safety of water cooled power reactors by deliberately subjecting it to the damage caused 
by rupture of a major coolant pipe. LOFT is part of the safety test engineering program conducted foo the 
ABO by the Phillips Petroleum Co. 

ating life-time. This study should provide a 
basic understanding of the mechanisms involved 
in hypothetical pipe-rupture accidents, which 
will be important in preventing possible acci
dents and in designing and building safeguards. 

The complete in-place inspection of nuclear 
powerplant piping is difficult because of the in
accessibility of the pipes. A monitoring system, 
therefore, is being developed at the Pacific 
Northwest Laboratory which could be in con
tinuous operation to detect the initiation and 
growth of flaws in the primary system by means 
of acoustic signals produced by flaws and cracks 
as they grow. Current work is directed to deter
mining the emission source of these signals. 

Loss-of-Coolant Accident Studies 

The loss-of-coolant accident is a potential, 
albeit unlikely, accident of major consequences 
for boiling-water and pressurized-water re
actors. Accordingly, the AEC's nuclear safety 
program is devoting much effort to: (a) improv
ing loss-of-coolant preventive measures (as dis
cussed above), (&) understanding the accident 
course and potential consequences, and (o) 
evaluating engineered safeguards for limiting 
the potential accident consequences. All phases 
of the accident, including depressurization of 
the primary coolant system, core heat transfer, 
nuclear and chemical heat sources, core damage, 
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fission-product transport and deposition, and 
associated engineered safeguards, are being 
studied. Both analytical and experimental 
studies are being pursued to provide the in
formation needed by industry and the AEC. 

Experimental programs. The Loss-of-Fluid 
Test (LOFT) project4 (see Fig. II-6), being 
conducted by Phillips Petroleum Co. at the Na
tional Eeactor Testing Station will include a 
field-scale loss-of-coolant test on an operating 
50-megawatt thermal (Mwt.) reactor and its 
containment system. Initial experiments are 
scheduled for 1970. The test program will pro
vide an opportunity to study the performance 
capability of selected engineered safeguards 
and to assess the adequacy of analytical models 
for predicting the course and consequences of a 
loss-of-coolant accident in a real reactor system. 

The LOFT project has for several years been 
a focal point for the reactor safety program, 
providing a basis for the definition, integration, 
and continuity of efforts on many related proj
ects. A great deal of valuable information has 
been and will continue to be provided prior to 
the completion of the LOFT facility as a result 
of these supporting studies and experimental 
efforts. They have already provided much in
sight into potential problems, identified new 
problem areas, and developed analytical models 
and experimental data for use in power reactor 
safety analysis and design. Supporting experi
mental studies of metal-water reactions, fuel-
pin heat transfer in a steam environment, physi
cal properties of clad uranium dioxide (U02) 
fuel, and system depressurization phenomena 
are being conducted by various contractors. 

A number of programs have investigated the 
complicated depressurization, or blowdown, 
phenomena. Large-scale blowdown experiments 
are being performed by the Containment Sys
tems Experiment (CSE) by the Pacific North
west Laboratory at the AEC's Hanford, Wash., 
plant, and LOFT Semi-Scale Blowdown (see 
Fig. II-7) projects. The United Kingdom 
Atomic Energy Authority (UKAEA) is also 
studying blowdown phenomena and provides 
information that complements U.S. programs. 

Fig. II-1. LOFT Semi-Scale Blowdown Rig. The LOFT 
semi-scale blowdown experiments are providing essen
tial pretest data for evaluation of analytical methods 
in the determination of test pressure and heat transfer 
conditions, and for proof-testing of LOFT test com
ponents and instrumentation. The apparatus for the 
semi-scale blowdown experiments is shown mounted in 
test position. The 8.2-cubic foot vessel has provisions 
for simulation of a top or bottom break. The vessel 
will approximate blowdown conditions to 2,400 p.s.i.g. 
and 540° F. (280° С ) . 

Analytical effort. Major analytical efforts to 
describe the loss-of-coolant accident are being 
conducted, both in support of the LOFT proj
ect and in the evaluation of the applicability of 
existing data to analytical description of reac
tor accidents. Battelle Memorial Institute, 
(BMI) Columbus, Ohio, has developed new or 
improved computer programs such as the core 
heat transfer code, "Nurloc." Argonne National 
Laboratory has developed the "Chemloc" code 
which treats both core heatup and metal-water 
reactions, while the LOFT project has devel
oped several computer codes for analysis of pri-

«see PP. 306-307, 
search—1966." 

"Fundamental Nuclear Energy Re-
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т а г у system depressurization (blowdown). 
These analytical models have successfully pre
dicted experimental results in the L O F T semi-
scale blowdown experiments. 

Emergency core cooling. The importance of 
emergency cooling to arrest a loss-of-coolant 
accident has led to extensive planning and sup
porting analysis at BMI to develop a program 
for obtaining additional information on emer
gency core cooling systems and to establish ex
perimental tests which can be performed under 
conditions representative of advanced reactor 
designs. In addition, an in-plant testing pro
gram to be conducted by Phillips Petroleum 
will obtain data on a number of existing emer
gency core cooling systems. Experimental 
equipment has been designed to study details 
of emergency core cooling heat-transfer for 
both boiling-water and pressurized-water reac
tors. 

The L O F T program has been somewhat 
reoriented to emphasize testing of emergency 
cooling system performance. An extension of 
the L O F T semi-scale blowdown supporting 
project is planned to study the effects of emer
gency core cooling injection. 

Power Excursion Phenomena 

A "power excursion accident" refers to a 
rapid increase in the amount of heat generated 
by nuclear fission resulting from the inadvert
ent sudden addition of positive reactivity5 to 
the reactor. If the increased heat and its rate of 
production are sufficient, the event may be ac
companied by fuel melting, metal-water reac
tions, and damaging pressure pulses. The pro
gramed research activities associated with 
power excursion phenomena may be divided 
into four general problem areas: (a)initiation 
and prevention, (b) reactor kinetics, (c) fuel 
pin failures, and (d) generation and propaga
tion of pressure pulses. 

Initiation and prevention. Nuclear powerplant 
operating and safety experience are analyzed 
to determine equipment and operator reliabil
ity, and to evaluate causal mechanisms for ini
tiation of potential power excursion accidents. 

Included in this effort are projects examining 
standards and criteria for system components 
design, anti-seismic design, and protection and 
safety system instrumentation design. 

Reactor kinetics. The Special Power Excur
sion Eeactor Test (SPEBT) oxide-core kinetics 
program, conducted by Phillips Petroleum at 
NRTS, performs self-limiting power excursions 
(in the S P E R T - I I I reactor facilitye) to eval
uate the effects of various initial system condi
tions on the kinetic behavior of low-enrichment 
U 0 2 cores. Excursions from low initial power 
have been performed with coolant conditions 
up to 500° Fi (260° C.), 1,500 p.s.i.g., and 24 feet 
per second forced flow through the core. Good 
agreement between results from these tests and 
calculated results from a comprehensive reactor 
kinetics model, the "Paret" computer program 
(developed by Phillips Petroleum Co.) has been 
achieved. Additional excursion tests to be ini
tiated at high (20 Mw.) power levels and with 
shorter reactor periods will be performed in 
1968. 

Analytical studies are underway at the Uni
versity of Florida and at General Electric under 
subcontract to Phillips Petroleum to examine 
the adequacy of conventional (space-indepen
dent) kinetic formulations for analysis of the 
transient response of large cores typical of pres
ent power reactors, and to determine whether 
large-core power excursion experiments will be 
necessary. Results to date have partially defined 
the range of validity of small-core analytical 
methods, and have illustrated the need for 
spatially dependent kinetics calculations in dy
namic analyses of large reactor cores. 

Fuel pin failure. Data on fuel-pin failure 
mechanisms in power excursions are being ob
tained from tests in the Capsule Driver Core 
(CDC)7 currently installed in the S P E R T - I V 
facility as part of the S P E R T subassembly 

5 Reactivity is a measure of the capability of the reactor to 
sustain a chain reaction. An increase in reactivity, or addition 
of positive reactivity, causes an increase in the rate of rise 
of power. Power is steady at a reactivity of one. 

0 See p. 89, "Fundamental Nuclear Energy Research— 
1965." 

"See pp. 294-295, "Fundamental Nuclear Energy Re
search—1966." 
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Fig. II-8. Power Burst Facility Fuel Rod Concept. The 
fuel for the Power Burst Facility (PBF) will consist 
of sintered pellets composed of a ternary mixture of 
urania, calcia, and zirconia. The PBF, at the National 
Reactor Testing Station, is being designed for power 
excursion tests with reactor periods as short as 1 
millisecond. During such tests, the fuel will reach 
temperatures of approximately 2,350° C.; therefore, 
calcia-stabilized zirconia insulator sleeves surround the 
fuel pellets to keep the stainless steel cladding from 
melting. The helium gas annulus is provided between 
the fuel and insulator sleeves to allow for fuel expan
sion upon heating. Proof tests in the TREAT reactor 
and during other destructive tests have demonstrated 
the feasibility of using this type of fuel rod at energy 
densities and energy generation rates comparable to 
those expected during PBF operation. Additional proof 
tests will be performed in TREAT and in the SPERT-
IV Capsule Driver Core to demonstrate that this type 
of fuel rod can withstand many repetitive excursion 
tests (100 tests in TREAT) at the maximum PBF de
sign condition without damage. 

testing program by Phillips Petroleum. Both 
the ODC and the higher-performance Power 
Burst Facility (PBF), scheduled for comple
tion by 1969, provide experimental facilities for 
determining the manner in which fuel pins fail 
under various abnormal conditions; also, the 

energy thresholds for fuel damage and failure 
under accident conditions (see Fig. II-8). 
Studies conducted in the Transient Reactor Test 
Facility (TREAT) at NRTS on metal-water 
reactions have also provided data on thresholds 
and failure modes. 

Generation and propagation of pressure 
pulses. Information on the pressures which 
might be generated in a power excursion acci
dent will evolve from the SPERT-CDC sub
assembly tests and from the more extensive tests 
to be conducted in the PBF beginning in 1969. 
Experimental results obtained with the Capsule 
Driver Core thus far have indicated that ap
proximately two percent of the nuclear energy 
contained within the fuel is converted to me
chanical energy following the failure of encap
sulated, water-logged fuel rods during a power 
transient (see Fig. II-9) . This result is essen
tially the same as that obtained from integral-
core destructive tests previously performeds in 
SPERT-I and, therefore, lends support to the 
application of capsule test results to integral-
core problems. Forthcoming experiments will 
investigate pressures generated by other modes 
of fuel failure. 

Additional information on generation and 
propagation of pressure will be obtained from 
integral-core limited-damage tests planned for 
performance in the SPERT-III facility follow
ing the current series of nondamaging tests. A 
project investigating acoustic wave propagation 

8 See pp. 155-156, "Fundamental Nuclear Energy Re
search—1964." 
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Fig. II-9. Generation of Pressure Pulses. Photo shows a fuel rod that failed during a 3.1-millisecond-period 
power excursion test in a Capsule Driver Core (CDC) test conducted by Phillips Petroleum Co. at the National 
Reactor Testing Station. The fuel within the rod had been, intentionally water soaked prior to the test. The 
rapid heating of the water during the test caused a steam explosion inside the rod that ruptured the rod and 
expelled the uranium dioxide (U02) fuel into the containment capsule. The energy density in the rod at the 
time of failure was approximately 50 calories per gram of U02. Previous integral-core test results have shown 
that this type of fuel rod failure can cause damage, in the form of bowing or shearing, to adjacent fuel rods. 
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in a variety of homogeneous mixtures of water, 
steam, and gas is nearing completion. 

Fission-Product Behavior 

A broad program of studies of the behavior 
of fission products during the potential acci
dents described above has also been pursued. 
The objectives of the program are: (a) to learn 
what fission products would be released to sec
ondary containment systems during the course 
of hypothetical accidents, and (b) to develop 
and test methods and equipment specifically de
signed to "trap", or place released fission prod
ucts under control, so that in the event of sec
ondary containment failure the fission products 
could not escape to the outer environment. 

In the Transient Keactor Test Facility 
(TREAT) at NETS, experimental studies have 
been made of the release and transport behavior 
of fission products from fuel samples severely 
overheated by short (y2 sec), but very large, 
energy releases, such as might occur during an 
extraordinary nuclear reactor excursion. 

Mathematical mode's. At Oak Ridge National 
Laboratory (ORNL), construction of a new re
search tool, the Containment Research Installa
tion (CRI), has been completed and the unit 
is now in operation. In the CRI, highly irradi
ated fuel samples are heated by electrical induc
tion to simulate overheating of reactor fuel by 
fission-product decay after a loss-of-coolant ac
cident. A careful and comprehensive experimen
tal investigation of the factors controlling 
fission-product release has been started, as well 
as experimental studies of the 'behavior of re
leased fission products in the containment vessel 
mockup which is part of the CRI. The extensive 
experimental data on fission-product behavior 
being generated in the CRI, and the Nuclear 
Safety Pilot Plant (NSPP), a larger facility 
at ORNL, are being incorporated into mathe
matical models and computer codes under de
velopment at Oak Ridge National Laboratory 
and at Battelle Memorial Institute (Columbus, 
Ohio) for application to large-scale power re
actor accident analyses. 

A simple model for fission product plateout 
in containment vessels was postulated and fair
ly well substantiated by NSPP and CRI results. 
For the dry air-iodine case, the effect of size 
sealing predicted by using the model is shown 
in Figure 11-10. A prediction of iodine plateout 
in a condensing steam atmosphere has also been 
substantiated for a limited range of conditions. 
Although approximate in nature, these models 
are an important first step toward predicting 
fission-product behavior in full-scale contain
ment vessels. 

Filtration efficiency. The use of high-efficiency 
filters for control of particulate fission products 
released to secondary containment systems and 
the use of charcoal adsorbers for trapping the 
several chemical forms of released iodine are 
being thoroughly investigated at ORNL. Gen
erally, elevated humidities are somewhat detri
mental to the control of both particulate 
aerosols and organic iodides. By lowering the 
humidity and/or using specially treated char
coals, the satisfactory control of organic iodides 
can be effected. Continued study of the applica
tion of high-efficiency filters in highly humid 
systems is needed to adequately define the 
magnitude of this problem. 

Factors affecting the efficiency of filtration-
absorption equipment 'have been carefully 
studied, and limitations of such devices estab
lished. An important aspect of the work has 
been the development and testing of chemically 
impregnated charcoals for absorption of methyl 
iodide, a chemical form in which a small frac
tion of the released iodine occurs and which is 
especially difficult to trap. At Pacific North
west Laboratory (PNL), the use of hydrazine-
containing sprays for control of fission-product 
iodine in secondary containment systems has 
been investigated. The Containment Systems 
Experiment (CSE) facility at the PNL has 
been completed and put into operation. One of 
the objectives of this large containment facility 
is to investigate the performance of equipment 
for controlling fission products, e.g., filters, 
charcoal traps, and containment sprays, which 
have been tested in small-scale facilities at 
ORNL. 
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Fig. 11-10. Fission Product Behavior. A simple math
ematical model for fission product plateout in con
tainment vessels has been postulated at Oak Ridge 
National Laboratory and fairly well substantiated by 
Nuclear Safety Pilot Plant (NSPP) and Containment 
Research Installation (ORI) results. For a dry air-
iodine concentration ease the effect of size sealing 
predicted by using the model is shown above. The solid 
line is the behavior predicted for the CRI by using the 
model and NSPP data only. The dotted line shows the 
actual CRI data. The initial slope substantiates the 
hydrodynamie aspects of the model quite well, while 
the curvature in the curve, which may be due to sur
face absorption and/or nonreactive forms of iodine 
(methyl iodide), is predicted within the same order 
of magnitude. 

In the CSE, tests of the removal of fission 
products in large containment vessels have be
gun, and results on removal by deposition of 
these fission products on to surfaces and by the 
action of steam condensing on surfaces have 
been as predicted by analytical models de
veloped in smaller scale experiments. Large 
scale tests of spray nozzle systems for washing 
fission products from the air inside containment 
vessels have shown the benefits of such systems 
in removing airborne fission products as well as 
reducing the pressure in the containment. 

275-84.5 O—68 10 

Fission-producf concentration. Another proj
ect, for control of the fission-product noble 
gases, xenon and krypton, has been initiated 
at the Oak Eidge Gaseous Diffusion Plant 
(ORGDP) and the Oak Ridge National Labo
ratory (ORNL). These chemically inert gases, 
which are not trappable by methods used for 
other fission products, have to be removed from 
containment vessels and concentrated for stor
age in steel cylinders for later disposal. Two 
approaches to the problem are being pursued, 
the one at ORGDP involving concentration by 
the process of fractional distillation of lique
fied fluoro-carbon-noble gas mixtures, and the 
other, at ORNL, by the process of selective per
meation of the xenon and krypton through sili
cone rubber membranes. 

In the ORGDP work, an absorption-strip
ping process employing a fluoro-carbon as the 
solvent will be used. According to the current 
flow sheet, the absorption column is expected 
to operate at about -94° F. (-70° C.) and 
14: atmospheres. The loaded solvent is then 
fractionated in a second column operated at 
about 32° F. (0° C.) and 3 atmospheres to in
crease the fraction of krypton and xenon in 
the dissolved gases by preferentially removing 
oxygen, nitrogen, and argon. The noble gases 
are then stripped from the solvent in a third 
column which operates at 10° F. ( — 10° C.) 
and 2 atmospheres, and the solvent is recycled 
to the absorber. Several heat exchangers are 
needed, and interchange between warm and cold 
process streams has been used wherever possible 
to minimize the need for supplementary low-
temperature refrigeration. The possibility of 
operating at higher temperatures is also being 
considered for decreasing cooling loads. 

Contamination-decontamination experiment. 
The Contamination-Decontamination Experi
ment (CDE), shown in Figures 11-11 and 12, at 
the National Reactor Testing Station, provides 
high-level fission product aerosols for the LOFT 
support studies. Four runs using short-cooled 
fuel pins containing 7,000 to 35,000 curies of fis
sion products per run have been completed in 
the CDE. The aerosols are generated in the 
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CDE by induction melting of a small, highly ir
radiated fuel capsule in the presence of steam. 
The fission products released from the molten 
fuel are transported by steam to the 86-cubic-
foot, stainless steel containment vessel. Envi
ronmental conditions and the atmospheric com
position in the CDE furnace and containment 
vessel are controlled to match anticipated 
LOFT conditions. 

The high-level aerosols generated in the 
CDE are being used to evaluate the contamina
tion and decontamination of numerous types of 
protective coatings, to test the LOFT sampling 
devices, and to provide samples for develop
ment of analytical methods required to analyze 
the LOFT samples. 

Environmental testing of LOFT samplers. Since 
the LOFT samplers will be used to establish 
the magnitude of the fission product release, 

Figs. 11-11 and 12. Contamination-Decontamination- Ex
periment. Cutaway drawing of the Hot Pilot Plant 
containing the Contamination-Decontamination Exper
iment (CDE) facility (in cell 2) at the National Re
actor Testing Station in Idaho. CDE is part of the Loss-
of-Fluid Test (LOFT) support studies. The facility 
is being used to investigate the relative susceptibility 
to radioactive contamination and the ease of decon
tamination of various protective coatings (such as 
paints) which could be used inside reactor contain
ment buildings. CDE is also used for testing the LOFT 
fission product sampling devices. Drawing at left is 
a schematic diagram of the sampling procedure. The 
CDE is operated for the AEC by Idaho Nuclear Corp. 

determine the behavior of the fission products, 
and characterize the aerosol present in the 
LOFT containment building, satisfactory op
eration of these samplers is essential to the 
LOFT program. The LOFT samplers are be
ing tested, in both the CDE and in the labora
tory, under environmental conditions closely 
simulating the anticipated LOFT conditions. 
Testing at the NETS has resulted in some me
chanical design changes which have significantly 
improved the operation of the samplers. The 
tests also indicate that although the sampler 
orientation, location, and environmental con
ditions do exert varying influences on data 
from the samplers, the fission product distribu
tions obtained from the LOFT samplers are 
generally representative when operated at 
specified conditions. 
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A Continuous Sampler-Monitor (OSM) is 
being developed and tested at the N E T S to con
tinuously determine the fission product concen
trations in the L O F T containment atmosphere 
(see Fig. 11-12). This system separates the in
let sample stream into two fractions—a gas 
stream containing the rare gases and a liquid 
stream containing essentially the balance of the 
fission products and particulates—using a small 
spray scrubber. The liquid and gas stream frac
tions are amenable to rapid analysis by gamma-
ray spectrum stripping techniques. Prelimi
nary tests conducted in the laboratory and in 
the CDE on the CSM show that the scrubber 
effectively separates the I2 and H I forms of 
iodine and particles larger than 0.2 micron 
from the gas stream. Evaluation of the scrubber 
performance on organic iodides and particles 
smaller than 0.2 micron is underway. 

Containment Integrity 

Reactor containment systems are basically 
large pressure vessels designed to control the re
lease of radioactive materials to the outside 
environment in the unlikely event of failure of 
the reactor primary system. The primary con
cern for safety is the assurance that not only will 
the structure withstand high internal pressures 
without failure, but that the leak rate through 
the shell and its various penetrations will re
main small under these conditions. Attention 
must also be given to other forces which might 
affect containment integrity, such as earth
quakes and ejected missiles. 

The determining factor for the maximum 
pressure transient that the containment struc
ture must withstand is, for water reactors, the 
stored energy in the coolant and core, plus con
tributions from metal-water reactions and de
cay power. Blowdown (depressurization) of 
water and steam from small pressurized vessels 
in the L O F T and CSE projects is now provid
ing confirmation of the analytical methods for 
determining this pressure transient. Experi
ments conducted by Oak Ridge National Lab
oratory and Argonne National Laboratory on 

small samples of metal-clad fuel are providing 
basic data on the amount of additional energy 
which might be expected from this source under 
accident conditions. Reinforced and prestressed 
concrete ° is now extensively employed, as it 
yields a biological shielding benefit in addition 
to its containment function. 

Engineered safety systems for rapidly reduc
ing the pressure in the containment have com
monly taken the form of water sprays or pools 
for steam condensation. Further information 
on the performance of these safeguards will be 
obtained from the CSE program, carried out 
by PNL, and the advanced engineering safety 
systems tests being conducted by General Elec
tric at San Jose, Calif. 

Considerable effort is now in progress to deter
mine methods for testing and demonstrating the 
strength, tightness, and reliability of the con
tainment in the plant application and engineer
ing test project at the Carolinas-Virginia Tube 
Reactor, Parr , S.C., containment system. Oak 
Ridge National Laboratory is also studying the 
instruments, controls, and devices that operate 
to close all penetrations into the containment 
structure if an accident should occur. 

Fission product analysis techniques. I n follow7 -
ing the release, transport, and deposition of 
various fission products from an experimental 
fuel meltdown such as in LOFT, conventional 
radiochemical procedures are too slow and 
cumbersome. Idaho Nuclear Corp. is developing 
a computerized spectrum stripping method for 
the gamma ray spectra of gross fission products. 
Precise gamma ray energies are being measured 
with a lithium-drifted germanium detector and 
assigned to the corresponding fission products. 
Using a Ge (Li) spectrometer having a resolu
tion (full width at half maximum) of about 

'The design principles of the containment structures (in
cluding concrete) to withstand accident-derived pressures 
were reviewed in the two-volume "Summary of U.S. Reactor 
Containment Technology" (ORNL-JNSIC-5) by ORNL in 1965, 
and the specific application of prestressed concrete for these 
structures was examined intensively by ORNL and the Frank
lin Institute in 1964 in the "State-of-the-Art of Prestressed 
Concrete Pressure Vessels for Nuclear Power Reactors" 
(ORNL-TM-S12). These documents are available at the 
Clearinghouse for Federal Scientific and Technical Informa
tion, National Bureau of Standards, U.S. Department of Com
merce, Springfield, Va. 22151, $3.00 per copy. 
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750 ev. at 100 Kev. and a 4,096-channel pulse-
height analyzer, it is possible to determine 
gamma ray energies to about ±0.2 Kev. over 
an energy range from 50 Kev. to 2.5 Mev. Pre
liminary spectrum stripping methods have been 
successfully applied to a variety of gas and 
plateout samples from experimental meltdowns 
of irradiated fuel. 

Design for seismic loading. The design of large 
containment structures to withstand seismic 
loadings has been reviewed by Oak Eidge 
National Laboratory, and a program has, been 
initiated to develop improved antiseismic 
designs of four different designs. 

In addition to simply strengthening the struc
ture, several concepts are being developed for 
limiting the forces that can be transmitted from 
the ground to the reactor foundations. These 
include the use of a layer of weak material under 
the foundation and partial or total flotation in 
water or aqueous muds. These designs describe 
reactors which can withstand a range of severe 
vibration and displacement loads due to earth
quakes combined with loads w7hich may be 
caused by reactor accidents. The designs are 
aimed at preserving the containment structural 
and leakage integrity, as well as the functioning 
of its associated engineered safeguards systems. 

Further work will be concerned with model 
testing of seismic parameters to assure the ade
quacy of critical parts of antiseismic designs. 
Also, screening tests with simplified lumped-
parameter-system simulators will be investi
gated. Rigorously accurate mathematical or 
experimental models for vibration systems are 
often difficult or impossible to set up and to work 
with because, at every point in the model, all 
parameters such as density, elastic modulus, and 
internal friction or damping coefficient must 
match the parameters at the corresponding 
points in the real system. A frequently useful 
approximation is to set up a model in which 
the mass is assumed concentrated at a few7 

points, flexibility exists only in specified regions, 
and f rictional forces act only on a finite number 
of points in the system. When applicable, these 
"lumped parameter" models permit accurate 

analysis at much less cost than would use of the 
rigorous model. 

Earthquake geology study. The AEC is also 
sponsoring investigations by the U.S. Geolog
ical Survey to acquire basic data on earthquake 
geology to aid in selecting safe reactor sites. A 
study of the phenomena associated with ground 
rupture due to faulting is being accomplished 
by an extensive review of the geological litera
ture, by direct field examination of surface 
manifestations in regions effected by earth
quakes, and by correlation with instrumental 
records of earthquakes that were attended by 
faulting. This work will summarize the present 
knowledge in order to develop parameters for 
evaluating the likelihood of occurrence, the 
potential magnitude, and the effects of faulting 
in specific geologic settings. In connection with 
this program, the A E C sponsored part of the 
Geological Survey's intensive investigation of 
the engineering geology aspects of the 1966 
Parkfield-Cholame (about 150 miles north-
northwest of Los Angeles) earthquakes. 

A regional environmental map of par t of the 
Los Angeles Basin is being prepared by the 
Geological Survey to indicate areas that have 
special geologic and seismologic problems rele
vant to siting reactors. A prior knowledge of 
areas in which geologic-seismologic problems 
exist will facilitate the selection of safe reactor 
sites. Experience has shown that knowledge of 
the regional geologic environment is particu
larly important in areas of high seismicity, such 
as California, because the earthquake potential 
of faults and other zones of earth deformation 
cannot always be determined from investiga
tions in small areas. 

FAST REACTOR SAFETY 

In the field of fast breeder reactor10 safety, 
the major effort has been oriented to meet the 

10 A breeder reactor is one that will be capable, by ex
tremely careful design for highly efficient use of the avail
able neutrons, of producing more fuel than it burns. A ther-
man breeder reactor will use the thorium-uranium-233 cycle, 
whereas a fast breeder reactor, or "fast reactor", will use the 
uramum-plutonium-239 cycle. 
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needs of the sodium-cooled liquid metal fast 
breeder reactor (LMFBR) program, in accord
ance with the establishment of this breeder con
cept as the one of highest priority in the AEC's 
civilian power program. Because safety con
siderations enter into all aspects of the LMFBR 
program, it has been important to initiate, at an 
early stage, a comprehensive, long-term pro
gram of safety research to ensure timely devel
opment of the requisite safety technology. 

Fast re&ctors now envisioned for producing 
electrical power and "breeding" their own fuel 
use only slightly diluted fissionable material as 
fuel in a compact, unmoderated core. Hence, 
they will operate at extremely high power den
sities relative to other types of power reactors. 
The principal concern for fast reactors—to a 
much greater extent than for water reactors— 
is, therefore, the nuclear excursion accident. 
This is due to the different neutronic character
istics (shorter neutron lifetime and smaller de
layed neutron fraction) of the fast reactor sys
tem and because of its potential for large reac
tivity additions from core geometry changes 
which may result from accident situations. 

Much attention is being given to the Doppler 
coefficient" and the high-temperature cross-
section data for the fuel to determine whether 
or not the excursion is self-limiting. Work on 
sodium-cooled reactors, but not necessarily fast 
reactors, has been going on for more than 10 
years, but the new emphasis on fast breeders 
demands a coordinated safety program. 

Fast-Reactor Meltdown Program 

The core-meltdown problem is an important 
consideration in fast-reactor safety. Basically, a 
meltdown is a multistage accident in which 
some operating abnormality occurs and pro
duces fuel failure and movement. This, in turn, 
leads to a reactor excursion (sudden burst of 

11A term used to describe the change in absorption of fis
sion rate due to changes in the relative motion of a neutron 
and its target atom. This effect is temperature dependent, 
since the amplitude of the vibrational motion of the target 
materials increases with temperature. 

neutrons and the consequent excessive heat). In 
recent years, the movement and production of 
vacuities in the sodium, coolant has been added 
to fuel failure and movement as a cause of 
possible excursions with resultant destruction of 
the core and release of fission products. This 
added cause applies especially to reactors fueled 
with plutonium, since they tend to have a posi
tive sodium-void coefficient (the excursion is 
heightened by vacuities' in the coolant). AEC 
research into the meltdown problem is keyed to 
considerations of the maximum hypothetical 
accident, studying it theoretically and experi
mentally—seeking ways to prevent it, and' look
ing for ways to restrict the consequences to close 
quarters to protect the operators and public. 

Research into the meltdown accident includes 
several parallel approaches. First, controls and 
instruments are being improved to maximize 
the extent to which the initiating mechanism 
can be prevented or limited. Also, as experience 
is gained, confidence in the reliability of com
ponents is generated, and operational data is 
compiled so that the design of handling equip
ment, pumps, etc., can be improved. Next, ma
terial with specific Doppler coefficients are being-
designed into the system as aids to the control 
systems. These are called "negative coefficients" 
and may be built into the reactor, for example, 
by using one-piece metallic field elements and 
relying on their axial expansion to "dilute" the 
fuel and make the excursion self-limiting. An
other approach to the meltdown accident is that 
of studying core failure itself, including the 
movement mechanism, in order to provide data 
for a realistic safety analysis and guidance to 
designers so serious meltdowns can be avoided. 
For example, the designer must be able to deter
mine, for a specific core, whether movement can 
occur with a sufficient degree of coherence over 
the core so that idealized excessive rates of re
activity additions can actually occur. Finally, 
the core-destruction phase of meltdown must be 
understood (see Fig. 11-13). This includes 
knowledge of such items as equations of state 
for high-temperature reactor materials, the 
amount of energy available to do work on the 
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Fig. 11-13. Environmental Testing of LOFT Samplers. The Continuous Sampler-Monitor schematic üow sheet, 
above right, and cutaway drawing above left, of a spray scrubber are being developed and tested at the National 
Reactor Testing Station in Idaho for the Loss-of-Fluid Test (LOFT) program. The CSM is being designed for 
the AEC by Idaho Nuclear Corp. to continuously determine the fission product concentrations in the LOFT 
containment atmosphere following the reactor safety experiments scheduled to be conducted in the early 1970's 
by Phillips Petroleum Co. for the AEC at NRTS. 

core surroundings, etc. Much of the work on 
fuel meltdown is being done at Argonne Na
tional Laboratory. 

Research on Sodium Fires 

A small sodium fire (0.2-square-foot) was 
conducted in a sealed chamber with an initial 
oxygen concentration of 4 volume percent. 
Pressure-history data were collected during the 
Atomics International, Canoga Park, Calif., 
test, and the burning rate of sodium was meas
ured as a function of the oxygen concentration 
and found to be proportional to the amount of 
oxygen. A smaller sodium fire yielded data on 
the concentration of airborne sodium, its plate-
out, and the fallout of sodium aerosols with time 

(see Fig. 11-14). The deposition due to plateout 
and fallout showed that an automatic, remotely 
operated sampler could be operated success
fully. The aerosol concentrations and the 
amounts deposited were consistent with the 
simple material balance. 

Fission Product and Contamination Control 

Atomics International recently developed 
curves to indicate the approximate relation be
tween noble-gas production and its solubility in 
liquid sodium. The curves represented an extrap
olation of similar data for argon and krypton 
and their solubility in liquid sodium. Also, a 
radiation index was prepared to determine a 
relative listing or ranking of those fission prod-
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Fig. 11-14- Research on Sodium Fires. Studies are being conducted at the Atomics International, Canoga Park, 
Calif., to characterize, predict, and develop appropriate engineering safeguards for the energy and effluents 
(sodium oxide, fission product, and fuel aerosols) generated during potential large sodium fires in a liquid 
metal-cooled fast breeder reactor (LMFBR). Experiments conducted to date have shown that in potential 
accidents in which fission product (iodine-131) and/or fuel (uranium dioxide-plutonium oxide) aerosols are 
released in the presence of sodium oxide "smoke" (aerosol) from a sodium fire, the sodium oxide scavenges 
the other airborne particles. This behavior indicates that the sodium oxide aerosols will provide an inherent 
mechanism for controlling and significantly reducing the release of airborne contamination following potential 
major accidents in the LMFBR. On the left are uranium dioxide particles, center shows sodium dioxide particles, 
and on the right are sodium dioxide and uranium oxide particles scavenged after 5 minutes. 

ucts that contribute to the radiation level after 
shutdown. 

In an initial experiment on the removal of 
cesium from sodium by cold-trapping, sodium 
containing 104 parts per million of cesium was 
circulated over sodium oxide at 538° С and 
through a cold trap at 149° C. for 16 hours. Ee-
sults showed appreciable trapping. 

Chemical Reactions in Fast Reactors 

Part of the reactor safety work at Argonne 
National Laboratory includes the assessment of 
potential problems by investigating the chemi
cal and physical interactions between liquid so
dium and the fuel and its cladding. This in
cludes such features as the transient heat trans
fer associated with such interactions, the high-
temperature physical properties of fast-reactor 
materials, migration and segregation of fuel in 

mixed uranium-plutonium compounds, and the 
reaction of sodium with air. The work on fuel 
migration and segregation is important in as
sessing the extent to which Doppler broadening 
can be decreased as a shutdown mechanism in 
an operating reactor. 

Transient Testing of Fuel 

One objective of recent work at General Elec
tric Co., San Jose, Calif., was to examine a 
transiently irradiated fuel specimen that had 
already been subjected to a high burnup of the 
uranium and plutonium. The cladding deformed 
to the extent of 0.9 percent, compared with the 
predicted one percent; the inner surface of the 
cladding cracked a little because of the defor
mation. Metallography showed clear evidence 
of crack propagation due to grain-boundary 
precipitation at the inner surface. The major 
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conclusions were: (a) the fission gas released 
from fuel that is melted during a transient can 
be one of the primary causes of cladding fail
ure ; (b) the fission gas so released is a large fac
tor in redistributing the uranium and pluto-
nium oxides; (c) there was no sign that the 
melted fuel had foamed; and (d) there seems 
to be a considerable margin between the demon
strated performance limit (about 1% of clad
ding deformation and more than 50% molten 
fuel) and the postulated credible accidents in a 
fast, ceramic-fueled reactor, inasmuch as cur
rent design criteria and safety analyses do not 
result in any fuel becoming completely molten. 

GAS-COOLED REACTORS 

Studies directed to gas-cooled reactor safety 
include the chemical reactions that may occur 
between normal and accidental coolant contami
nants and various materials, together with the 
emission, transport, deposition, and behavior of 
fission products within a gas-cooled reactor. 

Steam-Graphite Reaction Studies 

The primary chemical reaction of concern in 
gas-cooled reactor safety is the steam-graphite 
reaction, which can cause the release of carbon 
dioxide and potentially explosive hydrogen and 
thus enhance the release of fission products to 
the primary system. Safety programs involved 
with the study of this reaction at Oak Ridge 
National Laboratory include small-scale labo
ratory studies of steam-graphite reaction ki
netics, analytical and engineering-scale steam-
graphite reaction studies performed with such 
parameters as varying flow conditions, tempera
tures, and specimen geometry; and in-pile ex
perimental studies of the steam-graphite 
reaction. 

The release of fission products from irradi
ated fuel during a steam-graphite reaction is 
also being measured at ORNL by both in-pile 
and laboratory experiments. These fission-prod
uct studies include: (a) small-scale laboratory 
experiments to examine fission-product release 
and transport due to steam oxidation of carbon-
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Fig. 11-15, Steam Graphite-Reaction Studies. The pri
mary chemical reaction of concern in gas-cooled re
actor safety is the steam-graphite reaction, which can 
cause the release of carbon dioxide and potentially ex
plosive hydrogen, thus enhancing the release of fission 
products to the primary system. In-pile experiments at 
Oak Ridge National Laboratory have demonstrated 
both the release and high-temperature behavior of fis
sion products removed from oxidized fuels. Charted 
above is the separation of fission products evaporated 
from contaminated graphite by use of a thermal gra
dient tube. The peaks due to eesium-134, cesium-137, 
and silver-110 were obtained by exposure of the speci
men at 1,000е С. to a helium-steam mixture having a 
partial pressure of steam of 250 torrs. 

coated fuel; (b) in-pile experiments to deter
mine the amounts, characteristics, and forms of 
released fission products; (c) experiments to 
measure and characterize nongaseous fission-
product release from irradiated fuel; and (d) 
experimental study of the chemical and physical 
properties of gaseous fission products and the 
mechanisms by which the fission products are 
transported. The in-pile experiments are just 
getting underway but the laboratory experi
ments, including those with trace fission isotopes 
(see Fig. 11-15), have demonstrated both the 
release and high-temperature behavior of fission 
products removed from oxidized fuels. 

Experimental Site Study 

In addition to these established programs, the 
suitability of several facilities for conducting 
experimental physics- measurements is under 
study at ORNL. Reactivity transient tests to 
illustrate the effects of transient heat flux on 
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reactivity feedback may be possible at the 
UHTKEX (Ultra-High Temperature Reactor 
Experiment at Los Alamos), EBOR (Experi
mental Beryllium Oxide Reactor in Idaho), or 
HTLTR (High-Temperature Lattice Test Re
actor at Hanford) installations; and these facil
ities are being evaluated by their respective 
operating organizations for such tests. Test 
reactors with burst input capabilities, e.g., 
TREAT and General Atomic's TRIGA, will 
be considered by General Atomic, San Diego, 
Calif., for examining the behavior of HTGR 
(High Temperature Gas Reactor) fuels under 
severe temperature transients. In tests accom
panying the decommissioning of a large graph
ite production reactor at the Hanford site, 
Douglas United Nuclear, Inc., will conduct 
measurements to determine the usefulness of 
this reactor class in interpreting the space-
dependent kinetics behavior of HTGRs. 

OTHER SAFETY ACTIVITIES 

The AEC sponsors a continuing research and 
engineering development program for the treat
ment and disposal of all types of radioactive 
wastes. Included in this program is an asso
ciated environmental research program, involv
ing geohydrologic, geoseismic, and meteorologic 
studies related to nuclear facility site evaluation 
and to the safe control of all radioactive waste 
handling operations. So that full use can be 
made of the nuclear safety program output, in
formation developed under the various program 
activities is being collected, interpreted, and 
disseminated in a useful form. 
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Information Dissemination 

The Nuclear Safety Information Center 
(NSIC) 12 at Oak Ridge National Laboratory 
serves the industrial and scientific community 
by collecting, storing, evaluating, and dis
seminating nuclear safety information gener
ated throughout the world. Information is dis
seminated by issuance of quarterly indexed 
bibliographies containing abstracts of the Cen
ter's acquisitions, by preparation of reviews of 
the literature in select subject areas, and by op
eration of a program of Selective Dissemination 
of Information (SDI). This is a program under 
which workers in the nuclear field periodically 
receive summaries of literature in their field of 
interest. Abstracts of the Center's acquisitions 
are stored in the memory banks of a digital 
computer. Codes have been developed which ex
pedite computerized preparation of the quar
terly bibliography, permit retrospective 
searches of the Center's acquisitions for special 
bibliographies, and answer specific technical 
inquiries. 

ORNL also prepares the bimonthly technical 
progress review journal Nuclear Safety, which 
covers significant developments in the field of 
nuclear safety.13 

12 NSIC's services are available without charge to govern
mental agencies, research and educational institutions, and 
the nuclear industry. The Center's reports and quarterly in
dexed bibliographies may also be purchased for a nominal sum 
from the Clearing House for Federal Scientific and Technical 
Information, Springfield, Va. 22151. Requests for information, 
special bibliographies, and SDI should be addressed to : Nu
clear Safety Information Center, Oak Ridge National Labora
tory, P.O. Box Y, Oak Ridge, Tenn. 37830. 

13 Huclear Safety is available by subscription from the Su
perintendent of Documents, U.S. Government Printing Office, 
Washington, D.C. 20402. The cost is $3.50 per year. 





Fig. 11-16. Fabrication of Refractory Metals. Economical fabrication methods are being developed under a 
study of refractory metals (niobium, molybdenum, tantalum, and tungsten) and their alloys at Oak Ridge 
National Laboratory (ORNL). Photo shows a 2,000° C. tungsten billet being loaded into an extrusion press. 
The white hot billet, during the transfer from the furnace to the press, reacts with air to form a molten oxide 
layer, which lubricates the extrusion. This self-lubricating technique is under development at ORNL (see 
p. 148). 

REACTOR FUELS AND MATERIALS. 
Since, as described in the introduction, the reliability and efficiency of nuclear 
reactors are closely connected with the fuel materials and structural materials 
used in them, the AEC is sponsoring a vigorous program of research and de
velopment in the field of reactor fuels and materials. Representative investiga
tions on metallic and ceramic reactor fuels, the effects of radiation and corrosion 
on reactor structural materials, fabrication techniques, and methods of non
destructive testing of materials are reported in this chapter. 

METALLIC FUELS 

Alloys of thorium, uranium, and plutonium 
with zirconium and titanium have been under 
continuing investigation for use as reactor fuels. 

Thorium-Uranium-Zirconium Alloy 

Pacific Northwest Laboratory has demon
strated the superior in-reactor performance of 
prototype thorium-uranium-zirconium fuel ele
ments. Exposures to as much as 18,000 mega

watt days per ton (MWD/T) ,14 in excess of two 
atomic percent (a/o) burnup, have been suc
cessfully attained without altering the engineer
ing characteristics or capabilities of the 
elements. 

These elements have readily withstood the 
rigors of nearly 30 irradiation test cycles, with 
the attendant interim handling and evaluations 

»MWD/T—megawatt days per ton. The extent of reactor 
fuel burnup which has taken place in a reactor; the term is 
also used to express the extent of irradiation of a sample in 
radiation damage studies. 
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during 4 years of testing.15 Fuel swelling 
amounted to only three percent, which is the 
minimum value required to accommodate the 
new atoms that are formed by the fissioning 
reaction. A detailed examination of one of the 
elements in the electron microscope, at magnifi
cations as high as 20,000 diameters (20,000 X ), 
revealed no tearing, cracking, or fission gas 
porosity, the metallic structure retaining its pre-
irradiation appearance. 

EBR-II Fuel Surveillance 

A continuing evaluation of the irradiation 
performance of the EBR-II 1 6 fuel, conducted 
in the Fuel Cycle Facility (FCF) at the Na
tional Reactor Testing Station in Idaho, has 
led to a method of determining the amount of 
fuel pin swelling. 

The basic fuel element used in EBR-II (see 
Fig. 11-17) consists of a cylindrical fuel pin 
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fabricated from uranium-235 with five weight 
percent of fissium alloy17 encapsulated in a thin-
walled stainless steel tube. A thin annular space 
around the fuel pin is occupied by metallic 
sodium, which is an excellent heat-transfer 
medium. When the fuel element is fabricated, a 

15 See pp. 7-9, "Fundamental Nuclear Energy Research— 
1965." 

*> Experimental Breeder Reactor-II, operated by the Ar'gonne 
National Laboratory at the National Reactor Testing Station 
(NRTS), Idaho. See p. 57, "Fundamental Nuclear Energy 
Research—1965." 

17 An alloy of uranium and the elements molybdenum, 
ruthenium, technetium, rhodium, palladium, niobium, and 
zirconium, deliberately added to the initial fuel to provide an 
equilibrium alloy for melt refining. 
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Figs. 11-17, 18, and 19. EBR-II Fuel Surveillance. 
Argonne National Laboratory has developed a tech
nique of remotely measuring the change in volume of 
sodium in EBR-II fuel elements. A Mark 1A-Type fuel 
element is shown above left. The sodium-level measur
ing device, above right, employs a pulsed eddy-current 
system, consisting of a high-frequency coil which applies 
an electromagnetic field at the surface of the metal 
cladding as the sodium-filled element passes lengthwise 
through the coil. Whenever the wave encounters a dis
continuity, an echo is produced as a peak on an associ
ated strip recorder. The machine has proven capable 
of long periods of sustained operation within the high 
gamma radiation environment of a hot cell. The chart 
at left summarizes several thousand measurements 
made on the Mark I and Mark IA fuel elements. These 
measurements have enabled the setting of a maximum 
irradiation limit and the continued monitoring of fuel-
element performance. By the end of 1967, more than 
38,000 EBR-II driver fuel elements will have been ir
radiated to established burnup levels up to 1.2 atom 
percent without any failures. 
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sufficient quantity of sodium is added to fill this 
annulus and submerge the top end of the fuel 
pin below a column of sodium of specified 
length. 

During fissioning of fuel in the reactor, solid 
and gaseous fission products accumulate in the 
microstructure of the fuel pin and cause it to 
increase in volume. The swelling displaces 
sodium from the thin annulus separating the 
pin from the stainless steel capsule, and causes 
the top end of the fuel pin to become submerged 
below a column of sodium longer than that 
originally present. The change in length of the 
sodium column is a measure of the swelling of 
the pin as a result of irradiation in the reactor. 
This is important, because excessive swelling of 
the fuel may develop sufficient pressures to 
rupture the cladding in the fuel elements. 
Eoutine surveillance of fuel performance, thus, 
is an important operating consideration. 

CERAMIC FUELS 

Ceramic fuels, composed of the oxides, car
bides, nitrides, and similar compounds of 
uranium and plutonium, have the capability for 
high burnup at high operational temperatures. 
Hence, they are of particular interest for use in 
fast breeder reactors. 

Stoichiometry Effects in Oxide Fuels 

Environments experienced by nuclear fuel 
materials are uniquely severe. A typical 
uranium-plutonium fast reactor fuel, for ex
ample, operates for thousands of hours at tem
peratures up to 5,000° F. (2,750° C.) and with 
temperature gradients approaching 4,000° F. 
per inch (2,200° C ) . Since the operating 
behavior of these materials is predicted largely 
from data gathered in the laboratory where 
such strenuous conditions cannot even be ap
proached, discoveries frequently arise from 
carefully conducted "in-reaotor" experiments. 
Such was the case in tests recently performed 
by Pacific Northwest Laboratory to study ef-
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Fig. 11-20. Stoichiometry Effects in Oxide Fuels. The 
variation in fuel power rating required to achieve in
cipient uranium dioxide fuel melting for various fuel 
compositions is shown in the Pacific Northwest Lab
oratory chart. Note that the addition of oxygen causes 
a continuous decrease in the power rating required f or 
melting, i.e., in the "thermal efficiency." All fuel speci
mens operated with 900° F. (483° C.) oxide surface 
temperatures, and contained less than 1 percent 
porosity. 

fects of changing the oxygen content in ura
nium dioxide (U02) fuels. 

Ten cylindrical IT02 specimens with various 
controlled oxygen or uranium contents were ir
radiated at power densities sufficient to cause 
melting of more than 50 percent of the fuel 
(melting point= 5,100° F. or 2,800° C ) . Fol
lowing irradiation, segments were cut from 
the specimens. Measurements were made of the 
extent of melting which had occurred, and a 
correlation worked out between the average fuel 
composition and the maximum power density 
achievable without fuel melting. This showed 
that reducing the oxygen content resulted in a 
higher fuel thermal efficiency (see Fig. 11-20). 

Migration of impurities. Even more interesting 
was the fact that the excess oxygen or uranium 
was not uniformly distributed after irradiation. 
Migration of these excess atoms to the central 
portion of the fuel, which was molten during 
irradiation, had occurred while the composi
tion of the solid approached that of uncon-
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taminated U 0 2 . Such a migration is desirable 
because impurities (oxygen, uranium, fission 
fragments) concentrated in the fuel center have 
relatively little effect on thermal efficiency or 
dimensional stability of the fuel. Since operat
ing a fuel with a molten center results in the 
movement of impurities to the center, such 
operation may provide a built-in mechanism for 
purification of the fuel, thereby permitting 
longer lifetimes and reduced fuel costs. 

High-Temperature Conductivity of U02 

Because the temperature of uranium dioxide 
( U 0 2 ) , a widely used reactor fuel, often ap
proaches 4,500° F . (2,480° C.) during reactor 
use, a knowledge of its high temperature prop
erties is important. One such property is the 
electrical conductivity which, it has been shown 
at the Pacific Northwest Laboratory, increases 
greatly as the temperature of the U 0 2 rises. 

The electrical conductivity of U 0 2 was deter
mined from room temperature up to 4,250° F . 
(2,340° C.) (see Fig. 11-21). Near room tem
perature, U 0 2 is an electrical insulator. How
ever, unlike metals which show a decrease in 
conductivity as the temperature increases, the 
conductivity of U 0 2 increases. At about 1,600° 
F . (870° C.), the conductivity begins to increase 
very rapidly as the temperature increases, and 
the U 0 2 behaves much like a conductor. Near 
the melting point—about 4,400° F . (2,425° 
C.)—the conductivity is more than 100,000 
times greater than at room temperature. 

Most important, this analysis of the high-
temperature electrical data has provided a bet
ter understanding of the electronic structure of 
U 0 2 at high temperatures and how it may be 
related to other properties of direct importance 
in design of nuclear fuel systems. The relatively 
high electrical conduction may contribute sig
nificantly at these higher temperatures to an in
crease in thermal conduction, a very important 
property in predicting fuel performance. Be
cause of the high electrical conductivity and 
other favorable electrical properties, U 0 2 may 
also have promise as a fuel for the direct con
version of nuclear energy to electrical energy. 

Fig. 11-21. Electrical Conductivity Furnace. This high 
temperature furnace is used to measure the electrical 
conductivity of refractory ceramics at Pacific North
west Laboratory. The refractory metal, mesh-type heat
ing element can be heated from room temperature up to 
as high as 5,400° F. (2,980° O.) by a high direct cur
rent—this is 900-1,200° F. higher than the capability of 
other known apparatus. The internal parts of the fur
nace, likewise heated to high temperatures, are also 
made of refractory metals. The ceramic sample is posi
tioned in the hot zone and electrical measurements are 
made with tungsten probes. Measurements can be made 
in inert gas, hydrogen, or vacuum. 

Coated-Pctrticle Fuels 

The fuel for high-temperature gas-cooled re
actors consists of uranium oxide or carbide 
particles in graphite. To prevent escape of gase
ous fission products, each fuel particle is coated 
with a layer of dense impervious carbon, de
posited on it from a hot decomposing hydro
carbon gas. At Oak Ridge National Laboratory 
(ORNL) two notable advances in coated-
particle fuels have recently been made. A mathe
matical model relating irradiation performance 
of coated fuel particles to their physical char
acteristics has successfully predicted particle 
stability in use. Also, substitution of propylene 
for methane as a coating gas has markedly re
duced the required coating time and tempera
ture. 

The mathematical model permits a computer 
calculation of the fission burnup that a fuel 
particle can withstand based on the nature of 
fission and the dimensions, densities, and struc-
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Figs. II-22 and $3. Coated-Partiole Fuels. Photos (mag
nified lOOx above show structures of pyrolytic carbon 
coatings on thorium-uranium oxide particles. In the 
left photos, the coatings were deposited from methane, 
requiring 1 hour and temperatures up to 2,000° C.; 
the outer layer density was 1.9 grams per cubic centi
meter. The right photos show coatings deposited from 
propylene by a new Oak Ridge National Laboratory 
method. An outer coating density of 2.0 was achieved 
with only 10 minutes total coating time and a maxi
mum temperature of 1,200° C. Chart, at left, is a com
parison of mathematical model predictions with 
coated-particle failures observed in an irradiation ex
periment at OBNL. The shaded area represents burn-
ups higher than predicted for failure; that is, the 
calculated stress from the accumulated fissions is suffi
cient to break the coating and let fission gases escape. 
The predicted burnup was based on: 30,000 p.s.i. rup
ture stress, 100% release of fission gas from kernels, 
25% of total inner coating porosity available as free 
volume (except 50% for porous inner coatings). 
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Fig. 11-24- Miniature Fuel Element. A coated nuclear fuel particle is shown in cross section, magnified 250 X. 
Actually no larger than a grain of common table salt, these miniature nuclear fuel elements contain a core 
or kernel of fissionable fuel in the form of uranium and thorium clicarbide coated with two or more layers 
of carbon or graphite. The coatings, referred to as pyrolytic carbon because of the high temperature processes 
used in their preparation, serve to protect the fissionable material and contain fission products formed as the 
uranium is consumed in the nuclear fission process. The use of carbon and graphite (with the highest melting-
point of any element) rather than metal claddings permits this unique fuel, as shown in this Gulf General 
Atomics photo, to operate at very high temperatures, thus increasing the efficiency of electric power generation. 

least an hour in methane (CH4) at 2,000° C. or 
above, which is costly for large-scale production. 
A similar coating is formed in one-tenth the 
time at only 1,250° O. by the OBNL-devised 
process using propylene (C3H6) as the source 
of carbon (see Fig. 11-23). Irradiation tests of 
this type of coating thus far indicate excellent 
performance. 

Genera/ Atomic development. Coated particle 
fuels of outstanding performance character
istics have also been developed by General 

tures of the particle and the coating layers. 
When several batches of coated fuel particles 
were irradiated to various burnups, the inci
dence of failures matched the predicted be
havior strikingly (see Fig. 11-22). 

For irradiation stability, the outer layer of 
the carbon coating must be very dense and have 
structure and properties that show no direc
tional variation. On particles of mixed thorium-
uranium dioxide, (Th,U)02, a sufficient coating 
of this type normally requires heating for at 
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Atomic Division (now Gulf General Atomic, 
Inc.) of General Dynamics in San Diego, Calif. 
Spherical particles of fissionable fuel and fertile 
material (uranium and thorium), about one-
hundredth-of-an-inch in diameter, are clad with 
multilayer coatings of carbon, graphite, or 
metal carbide only a few thousandths-of-an-
inch thick (see Fig. 11-24). Because of their 
small size (about the size of a grain of table 
salt), spherical shape, and outstanding high 
temperature properties, these coatings maintain 
their integrity during long periods of operation 
at high temperatures while under intense irradi
ation by neutrons and fission fragments. 

New Uranium Mononitride Nuclear Fuel 

A cooperative study between Oak Eidge Na
tional Laboratory and Battelle Memorial Insti
tute, Columbus, Ohio, is rapidly providing de
tailed knowledge of the properties of uranium 
mononitride (UN), a potential newT reactor fuel 
particularly for fast breeder reactors and com
pact space reactors. Uranium mononitride 
possesses much better dimensional stability than 
uranium metal, higher uranium density and 
thermal conductivity than uranium dioxide 
(U02) , and better stability toward water and 
air exposure than uranium carbide. Sufficiently 
pure UN had not previously been available. 
However, a method has been developed for pro
ducing material with about 200 parts per million 
each of oxygen and carbon as the only signifi
cant impurities. 

The availability of high-purity UN and a 
unique technique for measuring gas-solid inter
actions at high vacuum have permitted measure
ment of the stability of UN at the operating 
temperatures of high-temperature power reac
tors. Heated in vacuum, UN decomposes to 
molten uranium metal and nitrogen gas. In 
excellent agreement with theoretical predictions, 
measurements at 1,300° to 1,500° C. show dis
sociation pressures down to less than one ten-
billionth of atmospheric pressure. With these 
results (see Fig. 11-25) added to others, the dis
sociation pressure is known over a range of more 
than 10 decades.18 

Pressure of Niirogen 0 « ' UN(s) *UI-/)by Various Imesiigoiors 

Fig. 11-25. Uranium Mononitride Fuel. The graph 
shows the dissociation pressure of uranium mononi
tride. It combines the results of several studies, show
ing the wide range of pressures enabled by Oak Ridge 
National Laboratory measurements of extremely low 
pressures. Values predicted from thermodynamic the
ory are also shown. The ORNL apparatus, diagrammed 
in upper right, can measure differences in gas volume 
of one-billionth of a cubic centimeter under equilibrium 
conditions and can detect under transient conditions, 
gas flows of ten-trillionths of a cubic centimeter per 
second. The technique is useful for studying many gas-
solid interactions; solubility and rate of solution of 
nitrogen in refractory metals and alloys has been one 
application. The apparatus uses a mass spectrometer 
(T-shaped (5) in left part of drawing) to measure 
total pressure and individual gas pressures down to 
one-trillionth of atmospheric at temperatures as high 
as 1,800° С 

Electronic Structures and Properties 

The fissile elements thorium, uranium, and 
plutonium combine with the nonmetal elements 
of Groups IV to VI (of the Periodic Table of 
Elements; see Fig..1-1) to form compounds with 
the cubic sodium chloride-type crystal structure. 

18 A decade is a 10*fold variation in a numerical value ; 
e.g., 6 decades would be a million-fold (10°) variation. 

275-845 0—68 11 



138 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

Some of these compounds, the monocarbides, 
mononitrides, monophosphides, and monosul-
fides, have high melting points, high thermal 
conductivities, and suitable densities, all of 
which make them attractive as fuels for fast 
high-energy neutron breeder reactors. For this 
reason, these materials are being prepared, fab
ricated, and studied at Argonne National Lab
oratory.19 This group of aotinide compounds is 
also of theoretical interest because their common 
crystal structure provides a basis for compari
son of the changes in properties associated with 
systematic changes in electronic configuration. 

Eecent measurements have shown that the 
electrical resistivities of the plutonium com
pounds increase as the nonmetal component 
changes from Group IV to VI. Plutonium mon-
osulfide (PuS) was found to be a low-resistance 
semiconductor up to 425° C. Above this tem
perature, it exhibits metallic-type conduction as 
do the other compounds. This unusual dual be
havior, only observed in PuS, has been helpful 
in the interpretation of the electronic configura
tion of this and other actinide compounds. Re
sistivity values of the plutonium compounds 
have been combined with data for other actinide 
compounds in Figure 11-26. 

REACTOR MATERIALS 

The effects of radiation and of corrosion on 
reactor structural and component materials 
must be known if reactors of assured safety and 
durability are to be designed and built. Hence, 
the AEC is sponsoring studies in these areas; 
also, in the area of new fabrication techniques 
and improved methods for nondestructive test
ing of materials. 

Radiation Effect on Materials 

Radiation Embrittlement of Iron 

The embrittlement of reactor structural steel 
by fast neutron irradiation is being investigated 
at Brookhaven National Laboratory by a fun-
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Fig. 11-26. Electronic Structure and Properties. This 
Argonne National Laboratory chart shows room-temp
erature resistivities of the actinide compounds plotted 
against the atomic number of the actinide component. 
All these compounds have low electrical resistances 
characteristic of metals. The study showed that thor
ium and uranium compounds exhibit a similar increase 
in resistance with change in nonmetal components, as 
was found with the plutonium compounds. In addition, 
the resistances of compounds with common nonmetal 
components increase as the atomic number of the acti
nide member increases. Systematic changes of this na
ture have previously remained unnoticed. These 
changes are now relatable to the electronic structures 
of the actinide compounds, and the electrical properties 
of all the Group IV to VI (Periodic Chart of the Ele
ments) nonmetal compounds are predictable. 

damental study of the fast neutron embrittle
ment of iron itself. I t has been observed that, 
the tensile yield strength of iron increases with 
exposure to fast neutrons at 70° C.; and that 
above a critical exposure level of approximately 
2X1018 fast neutrons per square centimeter, the 
iron undergoes a transition from ductile to brit
tle behavior when tensile tested below —145° G. 

"See pp. 233-236, 
search—U966." 

"Fundamental Nuclear Energy Re-
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(125°-130° K ) .20 Heating to 250° C. for 4 hours 
is required to remove this latter effect. 

I t has been found that highly purified iron, 
or iron containing an element which will com
bine with carbon and remove it from solid solu
tion, does not undergo this embrittlement. Oth
er investigators have shown that interstitial 
impurity atoms, such as carbon, and radiation-
induced defects begin to migrate and anneal out 
or combine with each other at specific tempera
tures. For example, displaced iron atoms (in-
terstitials) are able to move freely at —200° C. 
A complex formed by these iron interstitials 
and carbon atoms dissociates at —30° C. Carbon 
and nitrogen atoms begin to move rapidly in 
the iron lattice around room temperature. A 
carbon lattice vacancy complex probably dis
sociates near 200°-250° C., while vacancies are 
believed to be mobile at 350°HL00° C. 

Accordingly, iron samples containing 30 parts 
per million by weight of carbon were irradiated 
at —70° С and at 0° C. to an exposure of 
2 X1018 fast neutrons per square centimeter and 
tensile tested below the ductile to brittle transi
tion temperature. No embrittlement was ob
served and only an increased yield strength was 
produced, as shown in Figure 11-27. However, 
a higher carbon iron (200 p.p.m. carbon) has 
shown brittle behavior below —155° С after an 
irradiation at 0° C. 

If the irradiated iron is warmed up to room 
temperature or up to 150° C. immediately after 
the irradiation but before the tensile testing, the 
embrittlement cannot be introduced. Therefore, 
the defects which cause embrittlement after a 
70° C. irradiation cannot be produced by allow
ing the defects created at subzero temperatures 
to move. 

Radiation Effects on Stainless Steels 

The effects of neutron irradiation on the 
mechanical properties of stainless steels at tem
peratures to 1,400° F. (760° C.) are being 
studied at Pacific Northwest Laboratory. Em
phasis is being placed on the combined effects 
of metallurgical structure and neutron environ
ment on strength and ductility. A series of in-
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Fig. II-27. Radiation Embrittlement of Iron. The effect 
of low temperature on the radiation embrittlement of 
iron is shown in the Brookhaven National Laboratory 
chart, as well as load vs elongation charts of iron be
fore and after irradiation at +70° and —70° С 
When tested below —145° С (128° К.), iron is brittle 
after an irradiation of 2X101S at 70° O. (see specimens 
05 and C7) while similar specimens irradiated to ex
posures up to 2X1018 at —70° C. retain the normal low-
temperature ductility. Note tensile testing tempera
ture listed below irradiation temperature. 

reactor creep tests on type AISI 304 21 stainless 
steel over the temperature range 750°-1,400° F. 
(400°-760° G.) have been conducted. I t was 
discovered that neutron flux had little effect on 
dynamic creep rate at these temperatures, but 
consistently reduced the time to failure com
pared with out-of-reactor behavior. 

30 К scale—In recent years, scientists have used the absolute 
or Kelvin (K) scale for low-temperature studies. On this scale, 
the degrees are the same size as on the centigrade scale, but 
the 0 point is at — 273.15° C. Water freezes at 273° A (abso
lute) and at 0° C. (centigrade). The boiling point of water on 
the absolute (or Kelvin scale) is 373°. Therefore, the absolute 
temperature can be obtained by adding 273° to the centigrade 
temperature. Absolute 0 temperature on the centigrade scale 
is —273° ; on the absolute (or Kelvin scale) it is 0°. 

21 AISI 304 is a steel containing 18 percent chromium 
and 8 percent nickel by weight, which is the basic composi
tion for stainless steels commonly used in nuclear reactor 
applications. 
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Figs. 11-28 and 29. Fission Tracks. Photo above resulted from a Pacific Northwest Laboratory study of fission 
tracks and shows an irradiated sample of ordinary glass microscope slide coated with a thin layer of fissionable 
uranium. These tracks are actually trails of disrupted material caused by the passage of the fragments from 
the fissioning uranium. After irradiation, the glass was etched in hydrofluoric acid to enlarge the tracks for 
viewing in an optical microscope, as shown here with a magnification of 500 X- Photo below is of fission tracks 
in irradiated mica due to the fissioning of the natural-uranium impurities. This figure illustrates a technique 
developed at PNL to facilitate track counting. The right side of the figure shows the effect of coating a thin 
film of aluminum on the surface of the mica after etching. Tracks only on one surface are visible. The long-
track on the left side of the figure shows the full length of the track as it penetrates each layer of mica. The 
tracks are defined more clearly on the side coated with aluminum and, therefore, much easier to count. 

ш • 
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Extensive investigations of the microstruc-
ture of stainless steels of various compositions 
and irradiation histories were made to deter
mine the causes for mechanical degradation 
after elevated temperature irradiation. Some in
vestigators have attributed the loss of ductility 
under these conditions to the presence of helium 
generated during the irradiation process. Al
though this is probably an important contribut
ing factor, careful examinations with the elec
tron microscope by P N L investigators have 
shown that certain features, such as surface pits, 
metallic carbides, and cavities can produce con
trast effects similar to those produced by helium 
bubbles and lead to erroneous conclusions. 

Furthermore, it has been demonstrated that 
carbide formation can be promoted by neutron 
irradiation and possibly by radiation-induced 
gas atoms. This knowledge is being used to 
develop a more consistent model of non-recover
able irradiation damage to these alloys and to 
develop thermal-mechanical treatments to im
prove strength and ductility for elevated tem
perature reactor service. 

Fracture Mechanics Studies 

Investigations being- performed at Pacific 
Northwest Laboratory (PNL) using a specially 
designed specimen to determine the effect of 
reactor environments on the brittle fracture 
characteristics of reactor structural materials, 
have shown that neutron irradiation promotes 
propagation of cracks, once they are initiated. 
Primary emphasis has been placed on radiation 
effects on zirconium alloys used for pressure 
tubing and on pressure vessel steels. The PNL-
developed double cantilever beam (DCB) speci
men provides valid measurements of plane-
strain fracture toughness and yet is compact 
enough to be accommodated in the core and test 
positions of most current reactors. Furthermore, 
several measurements of the fracture toughness 
parameters can be made from a single specimen. 

The versatility of the specimen has been dem
onstrated by applying it to fatigue crack prop
agation studies, fracture-toughness profile 

measurements across weld and heat-affected 
zones, hydrogen embrittlement studies, and ir
radiation effects studies. An eddy-current meth
od for measuring dynamic crack velocities and 
advanced mathematical models for treating 
complex stress states near flaws were developed. 

I t was discovered that a principal effect of 
neutron irradiation at water reactor tempera
tures is to reduce the ability of A302-B, the 
principal pressure vessel steel in general com
mercial use, to resist the growth of moving-
cracks. That is, a crack once initiated in the 
brittle temperature region will propagate in a 
more catastrophic maimer in an irradiated ves
sel than in an unirradiated vessel. 

Creep in Vanadium-Base Jacket Alloys 

The jacket material surrounding the nuclear 
fuel in a fast г-eactor fuel element can greatly 
prolong the useful life of the fuel if it possesses 
sufficient creep strength to resist the tendency 
of the fuel to swell. In addition, the jacket mate
rial must be chemically compatible with the fuel 
and the liquid-metal coolant. This combination 
of properties is not usually found in a single 
commercially available structural material, and 
therefore must be obtained through new alloy 
development. Strong jacket materials that arc 
compatible with metallic fuels and liquid so
dium are being developed at Argonne National 
Laboratory for use in liquid-metal-cooled fast 
breeder reactors ( L M F B E ) . Since it is not un
usual for the creep strength to be adversely 
affected by such variables as temperature, 
strain rate, material composition, metallurgical 
condition, and the operating environment, the 
effects of these variables are studied over a suf
ficiently broad range to simulate reactor operat
ing conditions. Under these conditions, vana
dium (V)-titanium (Ti) alloys containing an 
addition of chromium (Cr) exhibit the most 
promising creep behavior. 

Vanaclium-20 weight percent (w/o) titanium 
(V-20 w/o Ti) has a much higher creep strength 
than stainless steel and responds to heat treat
ment. The V-15 w/o Ti-7.5 w/o Cr and V-5 



142 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

w/o Ti-5 w/o Cr alloys, developed at Argonne, 
have been heat treated to attain creep strengths 
more than 10 times as great as that achieved in 
V-20 w/o Ti. Furthermore, their creep strengths 
are not appreciably decreased over the range 
of temperatures and strain rates that are of 
interest to reactor operation. Exposure of V-20 
w/o Ti at 650° С to liquid sodium containing 
20 parts per million by weight of oxygen (20 
p.p.m. 02) results in a significant decrease in 
creep strength; however, similar exposure to 
sodium containing a more likely reactor con
centration of 10 p.p.m. oxygen has only a slight 
effect. Preliminary tests on V-15 w/o Ti-7.5 
w/o Cr indicate that its creep strength is even 
less affected by exposure to sodium containing 
10 p.p.m. oxygen than is V-20 w/o Ti. 

Helium-3 Surface Activation Analysis 

Oxygen and carbon, common impurities in 
metals, can have large effects on the properties 
of metals. These properties are important in 
applications where high reliability is necessary, 
as for instance, in nuclear reactors and space
craft. A method of analysis has been developed 
at the Los Alamos Scientific Laboratory in 
which the distribution of oxygen and carbon in 
metals can be observed, and their concentrations 
can be estimated. A metallographically polished 
sample is bombarded with singly charged posi
tive ions of helium-3 (He3) accelerated to an 
energy of 6 million electron volts (Mev.) in a 
Van de Graaff accelerator, and the sample is 
then autoradiographed; that is, it is placed in 
contact with a photographic emulsion so that 
the radiation emitted can expose the emulsion. 
The He3 ions activate the oxygen and carbon 
by the reactions O ie(He3,p)F ls and CI2(He3, 
He4)Cn. The fluorine (F18) and carbon (C11) 
both emit positrons (positive electrons), so the 
most exposed (blacker) parts of the emulsion 
indicate the areas of highest oxygen and carbon 
concentration. Since the activation products de
cay at different rates, a time sequence of auto-
radiographs indicates which areas were caused 
by which element (see Fig. 11-32). 
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Fig. II-SO. Post-Irradiation Creep Properties. Oak 
Eidge National Laboratory graph shows the effect of 
titanium content on the creep of irradiated modified 
Hastelloy N. Nieltel-base alloys containing 12% molyb
denum, 7% chromium, 0.05% carbon, and the indicated 
titanium contents were anneajed 1 hour at 1,177° C, 
irradiated at 660° C. to a dose of 2.5 XIO20 (250 quin-
tillion) neutrons/em2, and stressed at 650° С with 
32,350 pounds per square inch. The plot shows the time 
to failure. Above each point is the percent elongation ; 
this is the increase in length at failure and is a meas
ure of the ability of the material to deform to accommo
date in-service dimensional changes. Unirradiated nor
mal Hastelloy N, similarly tested, has a rupture life of 
800 hours and an elongation of 12.5%. 

Although there is some difficulty in obtaining 
a uniform bombardment, a focusing method has 
been developed which partially overcomes this 
problem. The target apparatus is shown in 
Figure 11-33. After the beam is focused, the 
sample is irradiated for about 30 minutes. The 
He3 ions penetrate into the sample to a depth of 
less than one-thousandth (0.001) of an inch; 
however, in many samples the surface distribu
tions of oxygen and carbon are typical of the 
overall distributions. While the autoradio-
graphs are being taken, the activity of the sam
ple is also recorded electronically. The data 
taken in this way are later analyzed on a com
puter to determine which element caused the 
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primary exposure and how much of each ele- done by ordinary chemical analysis (see Fig. 
ment was present. This method can be used to 11-34). If the distributions of these elements 
measure oxygen and carbon distributions in and how they affect the properties of metals are 
metals containing as little as 25 parts per mil- known, the characteristics of the metals can be 
lion oxygen or carbon, something that cannot be improved. 

Fig. II-S1. Helium Bubbles in Irradiated Beryllium. Though formation of gas bubbles in irradiated materials 
has important effects on structural strength, theories of gas diffusion are not yet adequate to explain all that 
occurs. This fractograph photo, made by Idaho Nuclear Corp. at the National Reactor Testing Station, Idaho, 
was taken through an electron microscope at 16,000 diameters magnification to show the surface of a beryllium 
sample that had been fractured by compression. The sample had previously been irradiated for 3,560 hours at 
600° O. to an exposure of 1.08 x 1 0 я neutrons/cm2 above 1 Me v. energy. The helium gas appears to diffuse to the 
grain boundaries and migrate to the specimen surface. The gas bubbles are more numerous and larger in the 
grain boundaries than on the cleavage planes in the fractograph. Beryllium is an important reactor material 
because of its high ability to scatter and slow neutrons and its low affinity for absorbing them. Thus, it is used 
as a neutron reflector and moderator, and current studies indicate it may be useful as a fuel cladding material 
(see pp. 240-241, "Fundamental Nuclear Energy Research—1966"). 
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Figs. 11-32, 33, and 34. H& Surface Activation Analysis. The autoradiographs above are from a tantalum sample 
irradiated with helium-S (He3) ions. Times of exposure are indicated below each spot, in terms of the number 
of minutes after irradiation. The darker spots (about 0.008-in. in diameter) in the first two exposures result 
from carbon-11 (011), which has a half-life of 20.4 minutes. The background results from fluorine-18, which 
has a longer half-life (112 minutes) and therefore shows up in the autoradiographs for a longer time. The 
diagram, below left, is the target apparatus used in the LASL method. The quartz disc fluoresces when the 
He8 beam strikes it, and the operator adjusts the beam to make the spot uniform when the beam current is 
about 0.3 microamperes. The quartz disc is then removed from the beam, and the sample is bombarded. Below 
right shows a metal sample that was bombarded with He3 ions to produce radioactive C11 in the sample. 
Although the beam for this activation was uniform (circle), the distribution of carbon (darker area) was not 
uniform. Without a method of regulating the beam, it would be impossible to determine whether the nonuni-
formity of the autoradiograph was due to the beam intensity or to the carbon distribution. 
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Thermal Conductivity of Graphite 

Thermal conductivity is of great interest in 
any reactor, particularly high temperature heat-
producing reactors. At the Los Alamos Scien
tific Laboratory, as part of the Rover nuclear 
rocket program, the thermal conductivity of a 
commercial "hot-worked" graphite (ZTA 
grade) has been measured over the temperature 
interval -100° to 2,700° C. The "hot-working" 
process results in a graphite with a higher den
sity than the starting material und one which 
has a much greater preferred orientation than 
did the starting material. Preferred orientation 
means that the basal planes of the grain lie (on 
the average) in planes which are perpendicular 
to the direction of the applied "working" force. 
The thermal conductivity is enhanced in the di
rection parallel to the basal plane, and at room 
temperature is equal to 1.81 watts per centi
meter per degree centigrade (w/cm° C ) , but 
the thermal conductivity perpendicular to the 
basal plane remains relatively unchanged at 1.00 
w/cm° С 

Three different measurement methods were 
used to cover the temperature intervals con
sidered: a transient technique ( — 100° to 400° 
C . ) , a series comparison method (250° to 900° 
C ) , and a radial heat flow method (1,100° to 
2,700° C ) . The data obtained appeared to be 
internally self-consistent regardless of the 
technique employed. Deduction of the thermal 
conductivity by the radial heat flow method for 
specimens wherein the basal planes paralleled 
the axis of the cylindrical samples required a nu
merical solution for the appropriate two-di
mensional heat flow problem. This was gen
erated by the fact that in this case, the heat 
flow in one radial direction is along the layer 
planes, whereas in a radial direction perpendi
cular to the first direction, heat flow is across 
the planes. Since the solution does not appear in 
the literature, the analysis and coding was done 
at Los Alamos. Thermal conductivity results 
were considered in terms of current, theories of 
heat conduction in single crystals. Since the 
two major modes of heat conduction (in-plane 
and across-plane) are not experimentally sep

arable in polycrystalline graphite, application 
of current theories has not proven to be par
ticularly successful at this time. Measurements 
of thermal expansion and the irreversible di
mensional changes which occur in this partic
ular graphite when heated beyond 2,300° С 
have been investigated and analyzed. 

Corrosion Effects on Materials 

High Temperature Corrosion in Helium 

The corrosion of metals and alloys in high 
temperature helium gas environments is being 
studied at Pacific Northwest Laboratory 
( P N L ) , in support of the design and operation 
of the gas-cooled loop in the Advanced Testing 
Eeactor.22 One of the important reasons for 
using helium in a gas-cooled loop or gas-cooled 
reactor is that this gas does not react chemical
ly with materials having cobalt or nickel as a 
base, even at high temperatures. Impurities in 
the helium, however, can react with such ma
terials and degrade their properties and per
formance. Corrosion studies in both laboratory 
and engineering scale systems show that even 
at temperatures up to 2,100° F . (1,150° C ) , se
lected nickel-base and cobalt-base alloys are not 
destructively oxidized at the low oxygen con
centrations which can be maintained in the 
helium gas by the PNL-developed purification 
system. Evaporation of alloy species from the 
nickel-base and cobalt-base alloys at tempera
tures above 2,000° F . (1,095° C.) is significantly 
reduced in pressurized, high-velocity helium 
relative to a vacuum. 

Corrosion in Liquid Metals 

Several significant advances have been made 
by Argonne National Laboratory in the area of 
chemistry and corrosion in liquid sodium, 
which is used as coolant for fast breeder reac
tors. They include the development of a vana
dium-base alloy with improved resistance to 

M Now under construction at the National Reactor Testing 
Station in Idaho. 
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Figs. 11-35 and 86. Pseudo-Fivefold Symmetry in Oarbonyl Process Nickel. At Mound Laboratory, the effect 
of impurity gases on nickel coatings deposited by the thermal decomposition of nickel carbonyl [Ni(CO)i] is 
being studied. A transmission electron micrograph (40,000 X) revealed grains which have apparent fivefold 
symmetry (shown above). These are nearly perfect, fivefold twinned grains. The normal to the observed plane 
is the < 110 > direction; the boundaries are parallel to (111) planes. The (111) planes of adjacent twin 
grains are separated by low-wangle "tilt" boundaries. Five such boundaries account for five 1°28' mismatches. 
The angle between the (111) planes, which intersect along the < 110 > direction, is 70°32', instead of the 72° 
needed for perfect fivefold twinning. Below is a transmission electron micrograph (50,000x) showing the 
general structure of a nickel coating made with a small quantity of hydrogen present in the carbonyl plating gas. 
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corrosion, in reactor-grade sodium, and the ap
plication of a theoretical model to a technique 
for distinguishing types of liquid-solid 
reactions. 

Vanadium alloys have been of great interest 
as fuel cladding materials for fast reactors be
cause of favorable nuclear, high-temperature 
mechanical, and metallurgical properties. 
However, in common with other refractory 
metals, commercially available vanadium al
loys suffer unacceptably high corrosion rates 
(material loss) in sodium at practical reactor 
operating conditions. Argonne has now devel
oped and demonstrated refractory metal alloys 
with potentially acceptable corrosion behavior 
in systems of practical interest. Among the al
loys of interest are vanadium-20 weight percent 
titanium, vanadium-15 weight percent titani-
um-7.5 weight percent chromium, and 
vanadium-5 weight percent chromium. 

In the investigation of a technique for study
ing liquid-metal corrosion, the tin-tantalum 
system has been used to demonstrate successfully 
the applicability of a rotating-disc technique 
and the convective-diffusion model for mass 
transport to high-temperature liquid-metal 
systems (see Fig. 11-37). Of particular impor
tance is the ability to distinguish between reac
tion types when liquid and solid interact, and 
to identify the controlling process as a function 
of system variables. 

Graphite Sublimation in Reactors 

The loss of structural graphite from a high 
temperature (900°-l,700° C.) reactor by the 
corrosive action of oxidant impurities in the 
helium coolant has been under experimental 
study at the Los Alamos Scientific Laboratory. 
The reaction rate at which the reactor structure 
would be corroded away has been determined 
as a function of temperature and oxidant con
centration (1 to 100 parts per million), while 
the coolant flow rate, geometry, and pressure 
were maintained constant. I t was determined 
that gas purification techniques are adequate 
for maintaining oxidant concentrations at a 

sufficiently low level to permit presently 
planned gas-cooled reactors to meet their re
quirements. However, if operating tempera
tures are extended above 1,700° C. the carbon 
reaction is observed to increase much more than 
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Fig. 11-37. Corrosion in Liquid, Metals. The Argonne 
National Laboratory chart shows the effects of tem
perature and speed of rotation of a tantalum disc in 
molten tin on its maximum dissolution flux, Jm, in units 
of g/(cm2-sec). At the higher temperatures the mass 
transport data points were found to be in good agree
ment with predictions based upon a model involving 
liquid convection and diffusion in the liquid near the 
surface of a rotating disc. The activation energy (tem
perature dependence) for the dissolution process, Qjm, 
at the higher temperatures was related to the activa
tion energy for tantalum diffusion in liquid tin, the 
activation energy for the viscosity of liquid tin, and 
the temperature dependence of the solubility of tan
talum in liquid tin. The decrease in the temperature 
dependence of the dissolution flux with increasing 
temperature is indicative of a transition from control 
by a reaction at the surface of the tantalum to liquid-
diffusion control. 
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would have been expected from extrapolation 
of the data obtained at temperatures below 
1,700° С The new data correlate with a theory 
that carbon sublimation (or evaporation) be
gins to play a part in the oxidation process at 
higher temperatures. I t is well known that at 
temperatures below 1,700° C, with low oxidant 
concentrations and reasonably low flow rates, 
the rate of reaction is limited by the rate of dif
fusion of the oxidant through the relatively 
stagnant gas film on the surface of the carbon 
structure. Since this diffusion rate is only very 
slightly dependent on temperature, it might be 
assumed that only slight increases in reaction 
rate would result from a rather extensive tem
perature increase. I t ПОЛУ appears that the car
bon from the structure is diffusing into the gas 
stream where it reacts with the oxidant. Since 
the rate of carbon sublimation is very highly 
dependent on temperature, the rate of carbon 
loss is greatly accelerated by small increases in 
temperature above 1,700° C. (see Fig. 11-38). 

Fabrication Studies 
Fabrication and Study of Refractory Metals 

More economical fabrication methods are 
emerging from the Oak Ridge National Lab
oratory (ORNL) study of refractory metals 
(niobium, molybdenum, tantalum, and tungsten) 
and their alloys. A corollary to their strength 
at very high temperatures is high strength and 
brittleness at customary metalworking tempera
tures. This is particularly true of tungsten, the 
metal with the highest melting temperature. 
The work at ORNL includes both extension of 
conventional techniques to higher temperatures 
and deposition of metals from gases reacting at 
a heated surface. 

Self-fubricafing extrusion. Several recent ad
vances center around the ORNL self-lubricating 
extrusion23 technique, in which tungsten and 
molybdenum are lubricated during extrusion by 
a film of molten oxide which later evaporates. 

23 Extrusion is the forming of a material by forcing it 
through an opening—similar to squeezing toothpaste from 
its tube. It is widely used for metallic, ceramic, and plastic 
materials. 
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Fig. 11-38. Graphite Sublimation in Reactors. The rate 
of graphite corrosion in reactors has been studied at 
the Los Alamos Scientific Laboratory and found to 
increase unexpectedly at temperatures above 1,700° C. 
This high corrosion rate has great significance to the 
design of high-temperature gas-cooled graphite reac
tors. The increased rate of graphite oxidation, with 
parts-per-million quantities of carbon dioxide in 
helium at very high temperatures, is shown on the 
above curve, where the observed reaction rate deviates 
from that expected. I t is theorized that carbon sub
limation places carbon in the gas phase adjacent to the 
solid carbon surface. Carbon dioxide then reacts with 
the sublimed carbon as well as the carbon surface. 
The increased rate agrees closely with calculations on 
the rate of graphite evaporation. 

This method was extended to alloys that oxidize 
too slowly and to niobium and tantalum, which 
do not form suitable oxides, by applying a 
chemical-vapor-deposited coating of pure tung
sten or molybdenum to the billet before extru
sion. Thin-walled tungsten tubes of about an 
inch in diameter were produced by reextruding 
a tungsten tube shell fabricated into a duplex 
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billet with molybdenum, which is subsequently 
removed. Also, advancements in tube drawing2i 

techniques permit fabricating thin-walled tub
ing from the extruded tube shells. Higher draw
ing temperatures, achieved in part by the use 
of zirconia (Zr02) dies, enabled successful pro
duction of molybdenum tubing. Similar draw
ing of tungsten awaits furnace modification. 

Chemical vapor deposition. The technique of 
chemical vapor deposition is a very economical 
and convenient way of preparing various shapes, 
particularly tubing, from refractory metals. 
Oak Ridge National Laboratory has developed 
techniques for depositing many complex shapes 
that would be impossible to form by conven-

24 Drawing is the forming of wire or tubing by pulling the 
material over dies. 

tional techniques. It has also made considerable 
progress in optimization and understanding of 
the chemical-vapor-deposition process, and has 
determined the mechanical properties of the 
deposited tungsten in comparison with the 
values for tungsten prepared by conventional 
techniques. The deposited tungsten has a char
acteristic columnar structure that is stable at 
annealing temperatures up to 2,500° С The 
columnar structure would be detrimental for 
some applications, because of its effect on 
strength, ductility, and fabricability. However, 
it was demonstrated at OENL that the align
ment of individual crystals, which governs 
mechanical behavior, is the same in deposited 
tungsten as in wrought tungsten after both have 
been rolled to one-fifth their original thickness. 

Figs. 11-39 and 40. Chemical Vapor Deposition. Electron micrograph on left shows gas bubbles that had developed 
along boundaries between grains (separate crystals) in chemical-vapor-deposited tungsten. Such bubbles develop 
upon heating if sufficient fluorine is present. They inhibit grain growth and may affect mechanical properties. 
This photograph shows bubbles in material annealed 2 hours at 2,600° C. Their polyhedral shape is a result of 
movement of tungsten atoms along the surface to maintain equilibrium between the internal gas pressure and 
the surface tensions of the more prominent crystal faces. On right, the electron micrograph shows gas bubbles 
that developed along boundaries between grains in chemical-vapor-deposited tungsten (as compared with photo 
on left). This photo shows bubbles in material annealed 5 hours at 2,500° O.; they are larger than the bubbles 
shown in left photo. These two photos, as a pair, won the Best-in-Class award for electron micrographs using 
replicas at the 1966 American Society for Metals Metallographic Exhibit in Chicago. 
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Fig. 11-41. Deformation in Zirconium. This Oak Ridge 
National Laboratory photo (magnified 60X) shows 
the deformed region of a single crystal of zirconium. 
A portion of the specimen has been forced to move past 
another in a direction with very high resistance to 
relative motion of planes of zirconium atoms. The very 
complicated structure is the result of several deforma
tion mechanisms, including a remarkably high order of 
"twinning"—in which portions of the grain deform by 
shifting into an atom arrangement that is a "mirror 
image" of the rest of the grain. 

Furthermore, the vapor-deposited tungsten can 
be rolled at temperatures as low as 400° С, а 
very low fabrication temperature for tungsten. 

Vapor-deposited tungsten containing from 1 
to 30 parts per million fluorine shows impair
ment of mechanical properties that increases 
with fluorine content. At temperatures in the 
range of anticipated use, this impurity forms 
bubbles whose volume depends on temperature, 
time at temperature, and fluorine content. These 
bubbles can be conveniently studied by electron 
microscopy of replicas of fractured surfaces 
(see Figs. 11-39 and 40). Their polyhedral shape 
provides information on the surface energy of 
different tungsten crystal surfaces. Also, initia

tion and growth of the bubbles under stress may 
give clues to how irradiation-produced gases 
embrittle metals. 

Deformation in Zirconium 

The plastic deformation of metals permits 
them to assume desired shapes during fabrica
tion and to absorb strains that occur in service. 
Preparation of high-quality single crystals of 
zirconium at ORNL is contributing to the 
understanding of deformation in this important 
metal for nuclear reactors. For metals to deform, 
the individual crystals or grains must change 
shape; this happens in two ways. The usual 
mechanism is "slip," in which planes of atoms 
move past each other. When suitable directions 
for slip are unavailable, "twinning" occurs, in 
which portions of the grain deform by shifting 
into an atom arrangement that is the mirror 
image of the rest of the grain. Single crystals 
can be oriented to force deformation on certain 
planes in specified directions. When a zirconium 
crystal is aligned so that slip is difficult and then 
is forced with high stress to deform, unusually 
high degrees of twinning occur (see Fig. 11-41). 
These results, along with other study of defor
mation behavior of zirconium, will lead to im
proved fabrication and utilization of zirconium 
alloys. 

Sintered Aluminum Products 

Sintered aluminum products (SAP) mate
rial is aluminum fabricated from partially oxi
dized powder; the resulting dispersed oxide 
strengthens the aluminum and extends its use
fulness in reactors to higher temperature ranges. 
Oak Eidge National Laboratory has exten
sively investigated the characteristics of this 
material and its processing parameters for 
preparation with sufficient uniformity and re
liability for reactor use. The work has led to 
production of a uniform material. Previously 
available SAP exhibited erratic behavior in the 
form of poor process yield, structural in-
homogeneity, gas Assuring and blistering, prop
erties dependent on direction, premature frac
ture, and poor ductility under prolonged load. 
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Fig. 11-42. Sintered Aluminum Products (SAP). Electron micrographs comparing Oak Ridge National Laboratory 
SAP and a typical commercial SAP (ISML-930). The OR.NL material on the left shows the finely dispersed 
oxide particles; dark patches are differently oriented aluminum grains. The commercial material on the right 
contains inclusions) of impurities introduced during milling. Both photos are magnified 25.000X. The high 
magnification of electron micrographs has permitted ORNL to study the inhomogeneties that cause the lack 
of reproducibility in commercial SAP and to improve the fineness of the dispersion. 

The ORNL study has resulted in a process 
that eliminates the nonuniformity of SAP (see 
Fig. 11-42). The form of dispersed oxide and 
the identification of inclusions, such as iron and 
aluminum carbide (ALC3), have led to a better 
understanding of the effect of processing vari
ables on the properties of SAP. Finally, the me
chanical properties were found to be very sensi
tive to testing conditions, so much of the re
ported variation could be traced to differences 
in testing procedures. 

Coextrusion of Fuel Elements 

An improved coextrusion technique, utiliz
ing unique billet and extrusion tool designs, for 
fabricating integral-ribbed, tubular fuel ele
ments has been developed at the Savannah River 
Laboratory (see Figs. 11-43 and 44). With this 
technique, the metal needed to form the ribs on 
the tubular elements is supplied from ribs on 
the outer sheath of the composite billet. The 

ribbed billet is extruded from a grooved steel 
container that matches the shape of the billet 
and prevents circumferential flow of metal dur
ing extrusion. 

In previous billet designs, the outer sheath 
was cylindrical, and the billet was extruded 
from a round container. This design produced 
two undesirable characteristics: (a) uncon
trolled core thickening beneath the ribs which 
can limit reactor power due to excessive heat 
generation in the rib area; and (b) thinning 
of the clad at the base of the ribs which in
creases the possibility of fission product release 
at this point. The new ribbed billet co-extrusion 
technique eliminates both of these detrimental 
characteristics. 

Because no thinning of the cladding occurs 
at the root of each rib, the technique allows 
manufacture of elements with thinner nominal 
cladding. In addition, elements can be extruded 
with greater ratios of rib height to Avail thick
ness and with the more uniform distribution of 
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Figs. 11-48 and 44- Ooemtritsion of Fuel Elements. Ribbed billets developed at Savannah Kiver have eliminated 
the upset of the fuel core beneath ribs in extruded fuel tubes. The photo above shows a section of a composite 
tubular billet as it enters a die (broad portion) and a section of the ribbed fuel tube (small portion) that 
emerges. A round billet is shown on the left and a ribbed billet is shown on the right. The photo below shows 
a cross section of the rib area of a fuel tube. The core is a uranium-aluminum alloy, while the cladding is 
aluminum. The tube on the left was extruded from a round billet and shows the core upset. The tube on the 
right was extruded from a ribbed billet and has no upset. Reactor power can be increased by eliminating local 
temperature gradients, or fuel hot spots, caused by such core upsets. 
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fuel. These improvements are expected to allow 
operation of fuel elements of the current design 
at higher power levels and will permit manu
facture of the extremely thin elements for fu
ture operation at higher neutron flux. Thinner 
cladding will also provide increased neutron 
economy during irradiation and decrease the 
cost of chemical separation and waste storage 
following irradiation. 

275-845 0—68- 12 

Nondestructive Testing 

Ultrasonic Testing 

Pacific Northwest Laboratory is actively de
veloping a research program to conduct ultra
sonic nondestructive tests on nuclear reactor 
critical components directed toward providing 
a better understanding of the way in which 

Figs. 11-45, 46, and 47- Schlieren System for Study of 
Ultrasonic Phenomena. In regions of abrupt density 
changes in transparent media, light is diffracted just 
as i t is by objects of size comparable to the wavelength. 
This phenomenon is used by ballistics students in the 
Schlieren optical technique for observing shock waves. 
Oak Ridge National Laboratory nondestructive test 
engineers have adapted the technique to study the 
transmission of ultrasonic waves through various 
media. The Schlieren pattern reveals the path of a 
pulse of ultrasonic energy through a tank of water 
(upper left), while the change of the pattern (upper 
right) when a solid object, such as a piece of tubing, is 
placed in the tank shows the nature of the interaction 
of ultrasound with the solid object. Photo at left shows 
how ultrasound can be focused by a curved surface. 
The understanding gained from these experiments will 
improve the interpretation of ultrasonic test results 
and should open possibilities for a new ultrasonic in
spection method. 
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Fig. 11-48. Nondestructive Electromagnetic Testing. The figure illustrates a display scheme used with an eddy 
current (electromagnetic) tubing tester being developed at Pacific Northwest Laboratory. Two extreme cases 
are shown. First, when a tube with no defects is rotated beneath an eddy current test coil, two smooth con
centric circles representing the inner and outer tube diameters appear on a cathode ray tube {upper left). 
The defective tube case is illustrated by the display produced by a tube with known defects (lower right). 
Indentations distort the smooth circles whenever flaws are encountered. The location of the indentation on 
the display corresponds to the flaw location in the tube, while its depth indicates the flaw size. Note that the 
device is sensitive enough to simultaneously detect flaws on both the inner and outer surfaces. 

ultrasonic energy travels through liquid and 
solid media. Studies are currently in progress 
to provide a suitable model to mathematically 
describe this phenomena. 

When pulsed ultrasonic methods are used to 
detect flaws in metals, the shape and frequency 
content of the received signals are affected by 
normal attenuation and diffraction effects, as 
well as by flaw size and orientation. To date, 
several different mathematical functions have 
been examined and discarded because they were 
unable to predict, with sufficient accuracy, the 
wave forms which are experimentally observed. 

Quite recently, however, a new mathematical 
function has been found which shows excellent 

promise for reducing the discrepancy between 
calculated and experimental results. This model 
consists of a series of damped sinusoidal func
tions, generally referred to as Kautz functions. 
Eecent work, consisting of analyzing Kautz 
functions under various conditions of simulated 
materials properties using a large digital com
puter, indicates that good correlation between 
the experimentally observed and the mathe
matically predicted pulse shapes is now possible. 
Kautz functions offer potential for mathemati
cally describing ultrasonic wave forms, and also 
may be applied in other areas where mathe
matical models are needed to analyze similar 
experimental data. 
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Electromagnetic Testing 

The multidimensional nature of the eddy 
current, or electromagnetic, test signal consti
tutes a sound technical basis for the develop
ment of a multiparameter eddy current testing-
system. Experiments have been conducted at 
Pacific Northwest Laboratory to evaluate, in 
depth, this test concept so that maximum benefit 
is derived from its unique characteristics. One 
of the primary uses for such a testing system is 
in examining the many miles of tubing in a 
nuclear reactor plant. A significant new de
velopment has been the demonstration of a 
technique for simultaneously displaying flaw 

location and size on an oscilloscope (see Fig. 
11-48). 

This technique, similar to a radar display of 
a cross section of the tube, indicates the rela
tive magnitude and positions of the flaws. Pre
vious eddy current displays had been in the 
form of blips on an oscilloscope which, in turn 
had to be interpreted to determine the exact 
size and locations of the defect. It is expected 
that this new type of equipment will ultimately 
result in improved quality assurance methods at 
decreased cost. The additional information 
which is made available by this system also per
mits greater ability to identify and classify sig
nals in terms of actual tubing quality. 





Fig. 11-49. Zero Power Reactor—No. S. In developing the designs for reactors, zero power reactors (ZPR) are 
used to determine the critical size (ability to sustain a fission reaction) and other physics characteristics, such 
as neutron flux distributions, fuel configurations, control features, and to test design calculations. These experi
mental "mock up" reactors are operated at such low levels of radioactivity that a liquid coolant and heavy 
permanent shielding are not needed. Photo shows Argonne National Laboratory's ZPR-3, which is located 
at the National Eeactor Testing Station in Idaho. Since 1955, it has been used for studies on 50 different types 
of reactors; currently, it is being used for studies on fast (breeder-type) plutonium-fueled reactors. For tests, 
the two halves are slowly brought together by worm gearsi; the ramp is raised to deflect stray radiations that 
are set up between the halves (see p. 158). 

REACTOR PHYSICS R E S E A R C H — 
Such parameters as neutron population and neutron use in reactor cores, as 
well as the manner and rate of neutron interactions with reactor materials, are 
essential to the design and construction of safe, dependable nuclear reactors. 
In view of the importance of these parameters, the AEC is sponsoring a broad 
program of research in the field of reactor physics. 

INTEGRAL MEASUREMENTS ters> u s m g t n e entire spectrum of neutron en
ergy levels rather than just one energy level are 

Measurements of neutron cross sections, neu- termed integral measurements. These are distin-
tron scatter, Doppler effect, and other parame- guished from differential measurements (see 

157 
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next section), which use only one neutron en
ergy level. 

ZPR-3 Assembly 48 

Most important physics characteristics of 
fast breeder power reactors can be measured at 
room temperature and low power, thus elimi
nating the need for associated large, complex, 
liquid-metal coolant systems such as are re
quired when large quantities of power are the 
objective. Argonne National Laboratory's Zero 
Power Eeactor-3 (ZPE-3) at the National Ee-
actor Testing Station in Idaho has, for the past 
22 years, been providing the majority of this in
formation through studies of more than 50 dif
ferent types of reactors. Included in this series 
have been studies of mockups of a number of 
proposed or existing fast reactors. These in
clude studies of the Experimental Breeder Ee-
actor-II ( E B E - I I ) , the Argonne Fast Source 
Eeactor ( A F S E ) , the Experimental Breeder 
Eeactor-I ( E B E - I ) , the Enrico Fermi Power 
Eeactor, the Argonne Fast Eeactor Test Facil
ity ( F A E E T ) , the Southwest Experimental 
Fast Oxide Eeactor ( S E F O E ) , and the French 
Fast Eeactor (Bapsodie). The results of Z P E -
3 studies have aided in the design of these re
actors and have established numerous operating 
characteristics. Currently, the Z P E - 3 is being 
used for first-of-their-kind physics measure
ments on plutonium-fueled breeder reactor 
designs. (See footnote 10 for definition of fast 
breeder reactors—often referred to as "fast 
reactors.") 

Other work on ZPE-3 has firmly established 
the neutronic characteristics of a wide variety 
of small and intermediate size, uranium-fueled 
fast reactors containing a number of specific 
combinations of uranium-235 and 238, sodium, 
and structural materials. The ZPE-3 is shown 
in Figure 11-49. 

More recently, ZPE-6 and Z P E - 9 2 5 have 
been operated at Argonne National Laboratory 
in Illinois as fast critical facilities for the same 
purposes. 

Z P E - 3 is the first of these facilities to per
form reactor physics studies of unmoderated 

plutonium-fueled reactors, i.e., "fast" pluto-
nium-field reactors. A plutonium-fueled criti
cal experiment of special interest to fast reactor 
physicists, a large plutonium-fueled assembly of 
simple composition and geometry designated 
"assembly-48," has been constructed in ZPE-3 . 
The reactor core was designed to be similar to 
that of a very large power reactor in its neutixm 
energy spectrum, yet simple enough in the ar
rangement of its constituents to allow detailed 
analysis. 

Internationa) aspects. A t an International 
Conference held in 1966 at Argonne, 11 fast re
actor design groups from the United States, 
United Kingdom, France, and West Germany, 
compared their detailed theoretical results ob
tained from studying this reactor. The success 
and failures in computing data measured from 
this assembly showed where improved methods 
and better nuclear data were needed and thus 
more clearly established the areas of future fast 
reactor physics research. The basic physics stud
ies were continued in 1967 by studies in other 
cores, altered to shift experimental emphasis to 
other important regions of the fast neutron 
spectrum. The core compositions were kept 
simple to continue the assembly-48 philosophy 
of ease of analytical interpretation. 

An international intercomparison of methods 
of measurement in fast critical experiments, ini
tiated in 1966, began to assume a broader base 
in 1967, the participants including the United 
Kingdom, France, and the United States, with 
Sweden and West Germany to follow. Measure
ments thus far have shown that while most 
instruments were in good agreement, some re-
calibration will be necessary. The continuing 
intercomparison will result in increased confi
dence in the validity of measurements to be 
made throughout the world. 

Heterogeneity investigations. The ZPE-3 , and 
the fast critical facilities ZPE-6 and 9 at 
Argonne National Laboratory, are constructed 
of drawers containing plates of various basic 
materials such as enriched uranium, depleted 
uranium, steel, aluminum, sodium (encapsu-

23 See pp. 263-264, "Fundamental Nuclear Energy Re
search—1966." 
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lated in. plate-shaped steel cans), and graphite. 
One important difference between such a criti
cal facility and a power reactor is that the 
power reactor fuel element is typically a pin 
of small diameter, for which heterogeneity 
(local neutronic perturbations due to a non-
homogeneous mixture of core materials) effects 
are small. The heterogeneity effects due to the 
plates are considerably larger; hence, it is neces
sary to understand these effects and to correct 
experimental data for them, if subsequent 
extrapolations of the data to power-reactor de
signs are to be reliable. Analyses and experi
ments have been carried out at Argonne to 
study the effects of these plate heterogeneities 
upon pertinent quantities such as critical mass 
and the sodium reactivity coefficient. 

The heterogeneous critical assemblies have 
been calculated to have critical masses smaller 
than that of the more homogeneous power re
actor from a few percent to as much as 30 per
cent. The effect of varying the heterogeneity 
has been studied, and agreement between calcu
lation and experiment for various degrees of 
heterogeneity has been good. 

Analysis of Fast Fission Cross Sections 

The rate at which fission occurs in a reactor 
depends upon the probability of fission (cross 
section) and upon the average neutron energy 
in the reactor (neutron energy spectrum). 
These values vary for different types of fuels 
and structural materials, and also depend upon 
the way the fuels and materials are arranged in 
the reactor. The relative rates of fission in iso
topes of plutonium, uranium, neptunium, and 
thorium are measured in fast reactors, and such 
information as rates of breeding and heat 
generation are determined. An understanding 
of the fission events in a reactor depends in part 
upon an accurate knowledge of the variation 
with neutron energy of the fission cross sections 
of fuels and fertile materials. Measurement of 
these cross sections is a fundamental aspect of 
nuclear physics, but the results obtained by 
many different experiments over a period of 
years were often not evaluated carefully 
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Fig. 11-50. Analysis of Fast Fission Gross Sections. 
The fissioning rate in a reactor depends upon several 
variabiles, such as the probability of fission occurring 
(cross section), the neutron energy spectrum, the types 
of fuels and materials and their arrangement. The 
Argonne National Laboratory chart shows the differ
ence between several typical measured data for urani-
um-235 (U235) and the "best data" curve obtained 
through careful evaluation. 

enough to permit their direct use in accurate 
reactor calculations. The fission cross sections 
of thorium-232, uranium-233, 234, 235, 236, and 
238, neptunium-237, and the plutonium iso
topes 239, 240, 241, and 242 have been evaluated 
at Argonne National Laboratory's ZPE-3 to 
obtain more consistent, accurate data for fast 
reactor physics anaylsis. The study showed that 
a careful examination of source data and 
methods is vital and that, in particular, the 
cross section of uranium-235 must be well 
known, since it is the yardstick used to measure 
other cross sections. This study has helped 
stimulate interest in additional precise meas
urements of fission cross sections. Figure 11-50 
shows differences between typical measures 
data and the selected "best data" curve. 

Inelastic Neutron Scattering Measurements 
Knowledge of the probability of collision of 

a neutron with reactor materials (with resultant 
marked loss of energy) is important in fast 
reactors because better breeding ratios are 
achieved if these inelastic scatterings are mini
mized and the neutron energy is kept as high 
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Fig. 11-51. Inelastic Neutron Scattering. A. method for 
measuring the wide range of neutron energies present 
in a fast reactor has been developed at Argonne Na
tional Laboratory. The method involves measuring the 
rate of fission in a material whose fission cross section 
varies strongly with neutron energy, with and without 
spherical shells of reactor fuels and materials sur
rounding the fission detector. Photo shows counters, 
shells, and positioning drawers used in these inelastic 
scattering measurements conducted with the ZPR-3. 

as possible. Because of the wide range of neutron 
energies present in a fast reactor, these measure
ments are difficult. A method of performing 
these measurements in a fast reactor itself has 
been developed with Argonne's ZPB.-3. This 
consists of measuring the rate of fission in a 
material whose fission cross section varies 
strongly with neutron energy (threshold fissile 
and material), with and without spherical shells 
of various reactor fuels and materials around 
the fission detector. Inelastic scattering in the 
shell reduces the fission rate; thus, the proba
bility (cross section) of scattering can be found. 

These measurements can be performed con
veniently in the center of a fast reactor core 
in a critical facility, such as ZPE-3 , to provide 
checks upon the accuracy of reactor calculations. 
Careful control of the fission-rate measurements 
is needed because the changes produced by the 
shells are small—only a few percent. An initial 
experiment performed in ZPR-3 has shown that 
certain cross section sets have serious errors in 
some inelastic scattering cross sections. The 

specially developed detectors and shells for this 
experiment are shown in Figure 11-51. 

Zoned Core Concepts 

The study of large fast breeder reactors can 
be accelerated if some of the physics parameters 
of very large reactors can be studied in smaller 
experiments. The feasibility of zoned cores for 
this purpose has been investigated on ZPR-6 
and 9 at Argonne National Laboratory. I t has 
been found that such reactor parameters as the 
Doppler effect26 and the spectral component of 
the sodium-void effect, both of which are im
portant for reactor safety, can be measured 
with zoned cores. 

A zoned core is one composed of concentric 
cylindrical regions, the innermost of which has 
the same material composition as that of a large 
fast power reactor. I t is important to determine 
the smallest central zone that is useful, since 
materials for this zone may involve the higher 
isotopes of plutonium, which are difficult to 
obtain. I t has been verified, by comparing meas
urements in zoned and full-sized cores, that a 
central zone as small as 192 liters (about 6% 
cubic feet) is adequate to give acceptable accu
racy, while on the other hand, a 125-liter (about 
iy2 cubic feet) zone is definitely too small. For 
comparison, the volume of a full-size mockup 
(see Fig. 11-52) of a carbide-fueled fast reactor, 
with uranium-235 as fissile material, was 2,600 
liters (about 90 cubic feet). While the exact size 
of zone needed will vary with core composition, 
these experiments provide a valuable check of 
theoretical methods. 

Doppler Effect Measurements 

Accurate calculation of the Doppler effect is 
one of the more important problems in fast 
reactor physics because the rapid reactivity re-

я Doppler effect—A shift in tbe measured frequency of a 
wave pattern caused by movement of the receiving device or 
wave source. Since, in a reactor fission cross sections depend 
on the relative velocity of the neutrons and the uranium 
atoms (neutron movement can be considered wave motion), 
vibration of the uranium atoms in a fuel element due to the 
increased operating temperature leads to the Doppler effect. 
This can vary the reactivity of the reactor. 
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.F-itf. 11-52. Assembly Na 5 in ZPRr-6. ZPR.-6 is one of Argonne's split bed-type critical facilities used in support 
of the fast power breeder reactor development program. Assembly 5 is a depleted uranium reflected core having 
a composition representative of a large, dilute-uranium carbide-fueled fast breeder reactor. The 2,600-liter (about 
90-cubic feet) core contains 1,600 kilograms of uranium-235, the largest quantity of fissile material ever used 
in a single critical assembly. 

duofcion provided by this effect as reactor power 
rises is an important safety feature. Likewise, 
direct measurements of the Doppler effect are 
necessary to check theory, and a detailed pro
gram of such measurements is underway in the 
fast critical assemblies ZPR-6 and 9 at Argonne 
National Laboratory using both zoned and uni
formly loaded cores. Comparison of recent meas
urements with current analytical techniques has 
confirmed the adequacy of these techniques for 
prediction of several important facets of the 
Doppler effect. The uranium-238 Doppler effect, 
which is the major contributor to the overall 

negative reactivity effect, has been predicted 
quite well by theory. 

The Doppler effect occurs because a change in 
the thermal velocity distribution of the fuel 
atoms with temperature changes the width of 
the cross-section resonances and changes the 
amount by which one atom can shield a neigh
boring atom of the same isotope. When the fuel 
temperature rises, the increase in thermal veloc
ity of the fuel atoms leads to an increase in the 
rates of both fission and capture, which are pro
portional to the product of the cross section and 
the flux. In a large fast breeder reactor, the 
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Fig. 11-53. Research at Atomies International. A zoned critical assembly at the Bpithermal Critical Experiments 
Laboratory at Atomies International, Oanoga Park, Calif., is being used to investigate the Doppler effect in the 
Plutonium isotopes by means of heating small samples that contain various ratios1 of the different isotopes. The 
samples are placed in a test zone in which the neutron energy distribution simulates that which would exist in 
a proposed fast power-producing reactor. Studies are being conducted over the temperature range from —253° 
to +900° C. in a wide variety of neutron spectra. 

increase in capture outweighs the increase in 
fission, producing an overall negative reactivity 
effect with increasing fuel temperature. 

Sodium Void Effect on Reactivity 

The reactivity effect associated with the pos
sible sudden loss of the sodium coolant is of 
great interest in analyzing the safety of large 
sodium-cooled fast breeder reactors. Should 
boiling of the sodium in a reactor excursion lead 
initially to a gain in reactivity, the power tends 
to rise, making the excursion more difficult to 
cope with. Therefore, it is important to know 
accurately what the magnitude of the sodium 
void effect2r on reactivity is, and studies have 

been underway at Argonne National Labora
tory for some years on this problem. Measure
ments made in both the ZPR-3 and ZPR-6 fast 
critical experiment facilities have helped to re
duce the considerable uncertainties in calcula
tions of this effect. Measured values of the 
"leakage" component of the sodium void effect 
have been found to agree with calculated values 
to within about 10 percent. This indicates that 
there are no serious errors in the calculation 
methods or data involved in calculating this 
component. 

Neutrons at lower energies in a fast reactor 
tend to be less important in maintaining the 
chain reaction than those at higher energy. 
When sodium is removed from the reactor, neu-
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trons do not undergo collisions with the sodium 
nuclei and the average neutron energy rises, 
leading to a gain in the effectiveness of the neu
trons in maintaining the chain reaction. How
ever, neutrons simultaneously have a greater 
chance of escaping (or "leaking"), thereby los
ing effectiveness. The net algebraic result de
pends on the difference between two relatively 
large numbers, so that large percentage uncer
tainties in the total effect are produced by rela
tively small uncertainties in the components. 

The "leakage" component, which corresponds 
to the retarding effect that collisions between 
neutrons and sodium nuclei have on leakage of 
neutrons from the reactor, is not sensitive to 
choice of fissile isotopes; extensive measure
ments of the leakage component, of direct ap
plicability to plutonium-fueled reactors, have 
been made with uranium-235-fueled critical 
experiments. The measured leakage component 
has been carefully compared with theory, and 
the discrepancies that exist are not major. 

Detailed measurements of the reactivity com
ponent caused by changes in the neutron energy 
spectrum are underway in both uranium-235-
and plutonium-239-fueled critical experiments. 
I t has been found, as expected, that this "spec
tral" component in uranium-235-fueled reac
tors is relatively small. There are disagreements 
between theory and experiment which are prob
ably from improper choices of fission and cap
ture cross sections of uranium-235. For pluto-
nium-239-fueled compositions, the measured 
spectral components are, again as expected, more 
positive (corresponding to a larger reactivity 
gain on removal of sodium) than in the case of 
uranium-235. 

While the available results have been of some 
assistance in checking cross sections, the data 
uncertainties, particularly hi fission and cap
ture cross sections of the plutonium isotopes, 
are so large that many more measurements of 
this type are needed. 

Resonance Integral Measurements 

A program of experiments aimed at the 
measurement of resonance integral cross sec

tions of reactor materials has recently been ex
panded by the addition of equipment to make 
radioactive sample measurements. Previous 
measurements have been limited to samples that 
could be physically handled by the personnel 
involved. Now, however, a radioactively "hot" 
sample changing device is in operation in the 
Advanced Reactivity Measurement Facility-II, 
operated by Idaho Nuclear Corp. for the AEC 
at the National Reactor Testing Station, Idaho. 

The new apparatus, shown in Figures 11-54 
and 55, allows a "hot" sample to be loaded into 
a drum under water. The drum has means for 
drying the sample, one of the requirements in 
this kind of experiment, and handling the sam
ple remotely. The new device offers the possi
bility of determining resonance integrals of 
radioactive nuclides which have been long 
sought after by reactor designers. 

In addition, the new sample changer is also 
ideally suited for making temperature depend
ent resonance integral measurements. In the 
past, such measurements have been difficult be
cause the heat loss by the heated sample contri
butes to the overall temperature of the reactor 
core, and leads to serious errors in data in
terpretation. Now, however, this heat loss can 
be removed from the system by the drying gas 
passing around the sample. Measurements of 
this type are needed in designing high tempera
ture reactors, in study of reactor safety, and in 
breeder reactor cores. 

Eta of Plutonium-241 

Continued operation of a nuclear reactor de
pends on producing at least as many neutrons 
as are consumed. The quantity "eta" refers to 
the number of neutrons produced on the average 
for each neutron absorbed by the atomic fuel 
material. This important quantity has been 
measured for plutonium-239 (Pu239) and 241 in 
the low power test reactors—Advanced Reactiv
ity Measurement F a c i l i t y (ARMF-I and 
ARMF-II)—at the National Reactor Testing 
Station in Idaho. These reactors measure with 

я Sodium void effect—A term used to describe the changes 
In the power level of a fast reactor that occur upon loss of 
sodium coolant. 
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Figs. IlSIf апЛ 55. Resonance Integral Measurements. The "hot" sample changer used by Idaho Nuclear Corp. 
for measurements of resonance integral cross sections of reactor materials, is shown on the left as it is being 
löwered into position in the ARMF-II at the National Reactor Testing Station. The rotating drum has room for 
eight samples. These are loaded under water and then dried inside the apparatus by flowing gas through the 
compartments. The reactor core shown covered by about 3 inches of water is normally under 15 feet of water 
during operation. Photo on right shows the control "console" for the "hot" sample changer. I t is located 18 feet 
above the sample drum and consists of a crank for mechanical rotation of the drum, and toggle valves to control 
gas flow to the pneumatic clamps and water purging system. Samples may also be inserted directly through the 
plugged 2-inch tube in the foreground. 

great precision the changes in neutron popula
tion; thus it is possible to determine eta. A 
small sample of the material is placed in solu
tion and measured under standard fixed condi
tions.28 Similar measurements are made on 
known materials, such as uranium-235 (IP35) 
and boron, for comparison. The results showed 
that whereas plutonium-239 produces nearly 
the same net number of neutrons as uranium-
235, plutonium-241 furnishes about five percent 
more under normal low temperature conditions. 
Since both of these plutonium isotopes are pres
ent (though in varying proportions) in any 
plutonium fueled reactor, eta for each one is 
needed in calculations of these new reactor 

23 Conditions standard for flux distribution and tempera
ture, the latter at 20.44° C. 

types. The ratios of eta of Pu239/U235 equaled 
1.0117±0.0077, while for Pu2"/U235 it equaled 
1.0574 ±0.0081 for fissions by neutrons in the 
thermal range. In other words, plutonium-239 
and -241 produce slightly more neutrons upon 
fission than does uranium-235 under the same 
conditions. 

High Burnup Studies of Pu2" and U233 

Irradiations of the fissile isotopes uranium-
233, uranium-235, plutonium-239 and plutoni-
um-241, and measurements of the resulting 
changes in reactivity (a measure of the ability 
to sustain a chain reaction), are continuing by 
Idaho Nuclear Corp. at the National Reactor 
Testing Station. Such reactivity changes are due 
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to the depletion of the fissile isotope in question 
and to the production of neutron absorber atoms 
(fission products) during the fission process. 
These fission products are radioactive and decay 
to other atoms (daughter products) that may, 
or may not, have different neutron absorption 
characteristics (cross section). Depletions rang
ing between 10 and 80 percent of the original 
fissile isotope contents have been obtained and 
reactivity measurements, extending over periods 
in excess of one year following termination of 
irradiation, have been made.' During the first 
50 hours following irradiation the reactivity 
changes are due primarily to the decay of the 
two isotopes, iodine-135 and xenon-135 (I135 and 
Xe135). Between 60 and 500 hours the changes 
are due primarily to the decay of promethium-
149 to samarium-149 (Pm14S to Sm"9). Beyond 
500 hours and up to about 13 months, no changes 
have been detected. The fission products are 
known to be decaying because of the gamma rays 
they emit. Hence, the conclusion is that on the 
average the cross sections of the daughter prod
ucts do not differ by a measurable amount from 
the cross sections of the original fission products 
present at 500 hours after termination of irradi
ation. After 500 hours no significant change in 
reactivity was observed and decay times of sam
ples before measurement of reactivities of up to 
12,000 hours produced no further change. The 
reactivities of the samples are controlled not 
only by the TJ233 or U235 present but also by the 
amounts and cross sections of specific fission 
products. 

Delayed Photoneutrons 

Virginia Polytechnic Institute, Blacksburg, 
is doing research on the production of "delayed 
neutrons" in reactors. After fission occurs, neu
trons are emitted for some time from the fission 
fragments. These are called "delayed neutrons," 
and are important for the control of both fast 
and thermal reactors. In addition, when heavy 
water or beryllium is present in a reactor, gam
ma rays from fission products produce addi
tional delayed neutrons by the photoneutron 

process. Eesearch on delayed neutrons, in partic
ular the abundance and lifetimes of the delayed 
photoneutron groups, was suggested to aid the 
design of new reactors. Eesults to date include 
verification of previously reported delayed neu
tron groups and the identification of two previ
ous unknown short-lived delayed photoneutron 
groups. 

Delayed neutron data has been obtained by a 
"chopped beam" method, which permits investi
gation of the delayed neutron groups in time 
ranges of from milliseconds (1 millisecond = 
l/l,000th of a second) to minutes. Thus far, 
data have been obtained for delayed photoneu
tron groups with half-lives of 4 and 74 milli
seconds and delayed neutron groups with half-
lives of 0.46, 2.32, and 7.31 seconds. The method 
employed has the advantage over previous tech
niques of examining in detail the time range of 
the order of milliseconds after fission. 

Neutron Diffusion in Light and Heavy Water 

High energy neutrons injected into a good 
moderator, such as light water (H20) or heavy 
water (D20), are slowed by collisions with the 
moderator molecules and then behave as a dif
fusing gas in thermal equilibrium with the mod
erator. In designing a nuclear reactor it is 
important to know the rate at which these neu
trons migrate (or diffuse) from one location to 
another in the moderator; work at the Savan
nah Kiver Laboratory (SEL) has determined 
these diffusion rates with new reliability and 
precision. The diffusion of neutrons is compli
cated by the fact that, unlike ordinary mole
cules, the neutrons can be absorbed or even leak 
out of the system as they move about. These 
effects lead to a decreasing neutron density as 
neutrons diffuse away from the vicinity of the 
source, and the decrease is characterized by a 
"die-off coefficient," K, which can be measured 
directly. 

Two methods are commonly used to measure 
neutron diffusion coefficients. In the "static" 
method, the neutron population attenuation is 
measured as a function of distance from a source 
of continuously supplied neutrons. The absorb-



1 6 6 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

ing properties of the medium are varied by add
ing strong neutron absorbers such as boron. 
These absorbers preferentially absorb the 
slower, lower energy neutrons. I n the "pulsed" 
method, the decay of the neutron population is 
measured as a function of time after the injec
tion of a burst of neutrons into the sample. The 
leakage properties of the medium are varied by 
altering the size of the sample. Since the faster 
neutrons leak from the sample more easily, re
ducing the sample size will produce an abnormal 
abundance of the lower energy neutrons. This 
is the opposite of the effect that is obtained 
when strong absorbers are added in the static 
experiment. Therefore the pulsed measurement 
can be analyzed as if it were the equivalent of a 
static measurement in which neutron multi

pliers (or negative absorbers) are added to the 
sample. 

Previous measurements in heavy water 
seemed to indicate that the value of К at "zero" 
absorber concentration depended slightly on the 
method of measurement, static or pulsed. Com
bination of pulsed method and static method 
experiments were performed on both heavy and 
light water at SKL. The results for heavy water 
are shown in Figure 11-56. The fact that these 
results are joined by a smooth curve at "zero" 
absorption demonstrates for the first time that 
the die-away coefficient, K, has been found inde
pendently of the method of measurement. Simi
lar results were found for light water. These 
measurements furnish a direct comparison for 
the various diffusion theory models. 
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Fig. 11-56. Neutron Diffusion in Heavy Water. The Savannah River Laboratory chart shows the variation of 
die-off coefficient, K, with the amount of neutron absorbing boron (proportional to &>) mixed in heavy water 
(D20). Both pulsed and static methods of measurement were employed. In previous measurements a small 
discrepancy existed between the results of these two types of experiments in D«0. The fact that these results 
are joined by a smooth curve at "zero" absorption removes this discrepancy and allows an overall test of the 
diffusion theories. 
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Capture and Fission Cross Sections 

An experiment in which the neutron capture 
and fission cross sections of uranium-233 were 
measured simultaneously over the neutron en
ergy range from 0.5 to 100 electron volts (ev.) 
was successfully performed in a cooperative 
effort by the Oak Eidge National Laboratory 
(ORNL) and Kensselaer Polytechnic Institute 
(RPI), Troy, N.Y., yielding the first direct 
measurements of the capture cross section ever 
made. The technique used was essentially the 
same as the one applied in earlier uranium-235 
measurements,29 except that modifications were 
required to circumvent a severe background 
problem resulting from the isotope's high spe
cific activity of alpha particles. 

As was the case for uranium-235, the sample 
was fabricated at ORNL in the form of a fis
sion chamber which was centered in a large 
tank of liquid scintillator that was sensitive to 
gamma rays. A high-intensity pulsed-neutron 
source was obtained from a target placed in the 
beam of the electron linear accelerator at RPI, 
and the time-of-flight technique was used to 
deduce the energies of the neutrons from the 
flight time between the target and the sample. 
Gamma rays were emitted by the sample fol
lowing both fission and capture events, the fis
sion events being distinguished from the capture 
events by accompanying fission chamber pulses. 
Thus, the measurements yielded not only values 
of the capture and fission cross sections them
selves, but also values of the parameter a, the 
ratio of the capture cross section to the fission 
cross section, which is important for establish
ing the feasibility of breeder reactors. Breeder 
reactors will be possible only if the average 
value of a is considerably less than 1. 

A sample of some of the data is shown in Fig. 
11-57, in which the parameter <x (<*=&<./<rt) is 
shown to vary between 0.02 and 0.9 for the en
ergy range from 0 to 25 ev. Extension of these 
measurements to higher energies gives an aver
age epithermal value of a of about 0.18, which 
agrees with direct integral measurements and 
contradicts evaluations based on earlier cross-
section measurements. 

г зз и 

FISSION ÄND CAPTURE 
\ CROSS SECTIONS 

H : •'. 
i •:•' 

If ;: : 
1 l ^ ; 
\JWiJ 
I T O 4\5 borns 

i •' 
S . 

fi\ J /1 i 

л 

S 

4> 

Ъ**г*-* 
О 5 10 (5 20 25 

NEUTRON ENERGY (eV) 

'Fig. 11-57. Capture and Fission Cross Sections. The 
measured values of the neutron fission and capture 
cross sections for uranium-233 are shown above. These, 
derived by Oak Ridge National Laboratory and Rens
selaer Polytechnic Institute, and similar measure
ments for other energy ranges are needed to determine 
the feasibility of breeder reactors. The parameter 
a (a=<rc/<Tf) is shown to vary between 0.02 and 0.9 
for the energy range from 0 to 25 ev. Extension of 
these measurements' to higher energies gives an aver
age epifchermal value of a of about 0.18, which agrees 
with direct integral measurements and contradicts 
evaluations based on earlier cross-section measure
ments. 

Scattering Cross Sections 

Oak Ridge National Laboratory (ORNL) is 
engaged in a long-range program to develop 
nuclear models for calculating neutron scatter
ing cross sections, with the current emphasis on 
inelastic scattering cross sections. Inelastic scat
tering is a neutron-nucleus interaction which 
proceeds as follows: the neutron joins the nu
cleus to form an extremely short-lived com
pound nucleus; the compound nucleus ejects a 
neutron of lower energy; and the nucleus rids 

29 See p. 112, "Fundamental Nuclear Energy Research—• 
1964." 
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itself of the excess energy by emitting gamma 
radiation. Such reactions are commonly referred 
to as n,n' or n,n'y reactions. To date, 12 elements 
have been measured for various incident neu
tron energy. 

The experiments consist in the measurement 
of the spectra of neutrons scattered at various 
angles from samples of the elements. The in
cident neutrons are obtained from the D(d,n) 
reaction30 in a deuterium gas target. With the 
accelerators available at ORNL, the neutron 
energy can be varied between 3.8 and 8.5 million 
electron volts (Mev.). The energies of the scat
tered neutrons are determined from the time 
interval between the production of the primary 
neutrons and the detection of the scattered 
neutrons. 

The samples are fabricated in the form of 
small cylinders and are located 8 to 11 centi
meters (3.4-4.33 inches) from the neutron 
source. Thus far, measurements have been made 
for the following elements and incident neutron 
energies: 

Neutron energies Elements 
4.5 Mev Carbon, iron. 
5 Mev Carbon, sodium, aluminum, silicon, 

potassium, calcium, vanadium, iron, 
cobalt, yttrium. 

5.6 Mev Carbon, silicon, iron. 
6.2 Mev Iron. 
6.6 Mev Iron. 
7.6 Mev Carbon, magnesium, aluminum, sili

con, sulfur, iron, cobalt, yttrium. 

Below 5.6 Mev., the angular range was between 
20 and 140 degrees from the incident neutron 
beam, while for higher energies it was between 
25 and 114 degrees. The data are in various 
stages of reduction; however, most of them are 
in the form of "raw" cross sections which still 
require corrections. 

Cross Section of Promethium-147 

One of the more important reactor-produced 
isotopes is the fission product, promethium-147, 
which acts as a reactor poison (neutron ab
sorber) in reactors and also has possible by

product use as an energy source for space appli
cations. The total cross section of promethium-
147 has been measured as a function of neutron 
energy by the Idaho Nuclear Corp. with the 
Materials Testing Keactor (MTB,) Fast Chop
per at the National Eeactor Testing Station, 
Idaho. The sample was obtained from a stock of 
fission-product promethium which had been 
separated for use as a space energy source and 
was further purified at the MTB. The cross sec
tions were also measured as a function of time; 
hence, the cross section caused by the daughter 
product, samarium-147 (Sm147), being formed 
by decay of the promethium could be distin
guished from the promethium-147 (Pm14r) 
cross section. 

Both promethium-147 and samarium-147 
contain many resonances, as do a great number 
of isotopes. Since the distribution and size of 
the resonances is characteristic of each isotope, 
they can be used to identify or determine the 
amount of one isotope in another or in a mixture. 
For example, the growth of Sm147 can be fol
lowed in a sample of Pm147 by observing, with 
the MTB fast chopper, the increasing effect of 
the samarium resonances31 with time. Neutron 
transmissions through a Pm147 sample over the 
neutron energy region from 23 to 2.5 electron 
volts, corresponds to a neutron time of flight 
varying from 300 to 900 microseconds. 

A fast chopper, such as the one at the MTB, 
can resolve resonances only up to moderate neu
tron energies. Furthermore, it can only measure 
total cross sections of radioactive materials, 
whereas the cross sections of absorption of neu
trons is of more direct importance to the reactor 
program. 

The absorption cross section of 2.7-year half-
life promethium-147 was measured in February 
1967 at the Nevada Test Site using an under
ground nuclear explosion (the Persimmon 
scientific-study event of the AEC's Plowshare 
program) as the source of neutrons. The intense 

30 A deuteron, d, hitting a deuterium gas target, D, results 
in the emission of a neutron, n. 

31 A resonance occurs when the neutron interaction prob
ability becomes much larger at a certain energy. 
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Fig. 11-58. Рготе1Ыит-ЦУ Cross Section Measured. The 1,000-curie sample of Pm1", enclosed in a massive lead 
shield is shown arriving at the experimental area of the Nevada Test Site for the Plowshare Program's "Per
simmon" event in early 1967. A nuclear explosive, detonated deep underground below the tower, provided an 
intense beam of neutrons used by the Idaho Nuclear Corp. and Los Alamos Scientific Laboratory to measure 
the neutron absorption cross section of Pm1*7 as well as for a large number of other nuclear physics 
measurements. 

beam of neutrons from the nuclear explosion 
allowed direct measurement of neutron absorp
tion despite the intense radioactivity of the 
1,000-curie Pm147 sample (see Fig. 11-58). The 
Pm"7 cross section was measured over a very 
wide range of neutron energies. This experi
ment, the first of a series of measurements on 
very radioactive materials to be made at the 
Nevada Test Site, was a cooperative effort of the 
Idaho Nuclear Corp. and Los Alamos Scientific 
Laboratory. Analysis of these data, a laborious 
process, is now being carried out. 

27/5-84.5 0—68 13 

EVALUATION CALCULATIONS 

The AEC sponsors research into improved 
methods for calculating various reactor param
eters and for evaluating sets of data obtained 
from these calculations. 

Fission Product Yields 

The yields of fission products from the fission 
of plutonium-239 in a fast reactor are being 
studied at the Los Alamos Scientific Laboratory. 
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In the design and safety evaluation of a nuclear 
power reactor it is necessary to know, among 
other things, the yields of the radioactive prod
ucts produced by fission. These fission products 
emit beta and gamma radiations and have half -
lives which range from a fraction of a second to 
several thousand years. Much information exists 
on fission product yields for fission of uranium-
235 by thermal neutrons (0.025 electron-volt en
ergy) . However, little experimental information 
is available on yields from fast neutron (energy 
of about 1 million electron volts) fission of 
plutonium-239. Because fast fission of pluto-
nium-239 is basic to the operation of power 
breeder reactors, a theoretical approach was 
employed to calculate yields of approximately 
200 selected radioactive nuclides which result 
from this type of fission. The calculated yields, 
together with the known radioactive properties 
of the nuclides studied,, have been incorporated 
into an existing computer code to determine the 
quantities or inventory of fission-products for 
any specified reactor power, operating time, and 
time after shutdown. Calculations indicate that 
the total fission-product inventory, for similar 
reactor conditions, is roughly the same for ther
mal fission of uranium-235 as for the fast fission 
of plutonium-239. The inventories of individual 
nuclides, however, do vary. 

Reactor Cross Section Evaluation 

The Cross Section Evaluation Center 
(CSEC) at Brookhaven National Laboratory 
(BNL) evaluates neutron cross section data.82 

During 1967, it acted as the hub of a large 
scale national effort by the AEC to obtain an 
evaluated set of basic data for use in reactor 
calculations. The other national laboratories, 
and most of the private companies involved in 
the design and construction of nuclear reactors, 
have contributed to this effort. 

This set of data, designated as ENDF/B 
(Evaluated Nuclear Data File, Version B), was 
compiled on an automated magnetic tape for
mat as a cooperative venture by some 18 U.S. 

32 See pp. 255-256, "Fundamental Nuclear Energy 
Kesearch—1966." 

laboratories. After thorough checking and test
ing during 1967 by these laboratories, the data 
will be used in reactor design studies. The 
availability of a standardized and well-tßsted 
set of cross sections for reactor design studies 
will greatly aid the U.S. nuclear energy pro
gram by providing reliable and readily com
parable calculational results. 

The evaluation work of the CSEC and com
pilation work of the Sigma Center, also at BNL, 
have been combined to form the National Neu
tron Cross Section Center effective July 1,1967. 
The automation requirements of evaluated and 
compiled cross sections are similar, and greater 
efficiency will result by coordinating this work 
within the new Center. 

Argonne Reactor Computation 

The Argonne National Laboratory is devel
oping a digital-computer code system, called the 
AEC (Argonne Keactor Computation) system, 
which will facilitate the solution of complex 
reactor theory and design problems. Intended 
for use on modern, high-speed digital computers 
such as IBM's System/360 or CDC's 6600, it 
represents a break with traditional computer 
methods in that individual operations, rather 
than being performed by free-standing codes 
with their own input and output routines, are 
carried out instead in highly specialized compu
tation units called modules, which operate un
der the direction of a central operating system 
in a unified and automated manner. The ARC 
modules are simply specialized codes written in 
a programming language called "Fortran." The 
automated nature of the system eliminates the 
human errors that in the past have been common 
in the solution of complex reactor problems. 
Also, the ability to link various AEC modules in 
an arbitrarily complex manner permits attack
ing problems not previously possible. 

The system uses a "Datapool," or storage li
brary, which contains all user-supplied input 
data, the AEC modules, and the data generated 
by any of the modules during an ARC run. The 
"Datapool" is kept on a magnetic disc for rapid 
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access and permanent storage. The user is able 
to designate which data are to be stored away 
into the "Datapool" from the current AEC run 
and which previously generated data are to be 
retrieved for use during the current run. This 
capability facilitates the rerunning of previous 
problems with slight changes in input data, or 
the running of new problems requiring the re
sults of previous computations, and is one of the 
most powerful aspects of the ARC system con
cept. 

Transport Theory Burnup Code 

A one-dimensional, transport theory s3 burn-
up code, "DTF-Burn," has been written at the 
Los Alamos Scientific Laboratory, for use on 
the IBM 7030 computer. This program, which 
could be readily adapted for use on the IBM 
7094, makes use of the variable dimensioning 
feature of Fortran-IV,34 so that any problem 
whose dimensions do not exceed the total avail
able core storage may be run. The code was writ
ten especially for fuel depletion analyses of 
reactor systems, such as large-scale fast power 
reactors, which require multi-group transport 
theory for an accurate computation of the neu
tron flux. For each burnup time interval, the 
code computes the neutron flux distribution as a 
discrete ordinates solution of the Boltzmann 
transport equation. With this flux distribution, 
the code then computes the change in isotopic 
composition during the interval. Permissible 
burnup isotopes include uranium-235, 236, and 
238; neptunium-239; and plutonium-239, 240, 
241, and 242; as well as fission products. 

Neutron Absorption Code 

The central problem in the design of a nu
clear reactor is the calculation of the ultimate 
fate of neutrons produced by the fission reac
tion. One of the neutrons produced in each fis-

33 Two types of programs are used for reactor burnup calcu
lations : diffusion theory and transport theory. Diffusion 
theory is the more approximate and Is suitable only for certain 
types of reactors, while transport theory is more generally 
applicable. 

31 Special computer programming language. 

sion must be absorbed in the fuel in fission cap
ture to sustain the chain reaction. The excess 
neutrons are either absorbed in the reactor com
ponents in nonfission capture reactions or escape 
from the reactor. The equations describing the 
competing reactions are exceedingly complex; in 
the past, they have been dealt with piecemeal 
by a variety of techniques embodied in several 
computer codes. The "Hammer" system of com
puter codes, developed as a joint effort of the 
Savannah River Laboratory and Brookhaven 
National Laboratory, is a collection of the best 
of these codes available, linked together with a 
significant amount of new coding to produce a 
consistent, complete treatment of the neutron 
balance equations. Use of the new system re
quires significantly less effort on the part of 
the reactor designer, and gives him greater con
fidence in the results. 

THERMAL NEUTRON SCATTERING 

In order to accurately predict the nuclear 
characteristics of a reactor, it is necessary to be 
able to calculate the neutron population as a 
function of energy and position inside the reac
tor. Such calculations require that fundamental 
data on neutron reaction cross sections with the 
reactor materials be known. Using these data 
with a theoretical model, the neutron reaction 
rates with the various reactor materials can then 
be calculated. 

Rotating-Crystal Neutron Spectrometer 

An important part of a thermal reactor, in 
which most of the fissions and neutron captures 
take place at low neutron energies (below one 
electron volt)., is the moderating material, which 
slows down and diffuses the energy of the neu
tron by virtue of inelastic scattering. From 
studies at Pacific Northwest Laboratory (PNL) 
using a new spectrometer developed at PNL 
(see Figs. 11-59 and 60), a better understanding-
has been obtained of neutron scattering with 
such moderator, materials as light water (H20), 
heavy water (D20), beryllium, graphite, and 
zirconium hydride. 
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Figs. 11-59 and 60. Botating-Grystal Time-of-Flight 
Spectrometer. Schematic diagram above describes the 
operation of the rotating crystal spectrometer devel
oped at Pacific Northwest Laboratory. In photo left, 
the spectrometer, which is used to obtain a beam of 
neutrons of one energy from a source having a wide 
range of energies, is shown. In the foreground, is the 
movable, shielded scattering chamber which contains 
nine banks of neutron detectors placed around the 
central sample position. The chamber pivots about the 
axis of the (shielded) rotating crystal. Data recording 
and control equipment are in the left background. 

The neutron spectrometer is a device for ob
taining a beam of neutrons of essentially one 
energy from a source of neutrons having a wide 
range of energies. This is accomplished by using 
a crystal that scatters the neutrons of a partic
ular energy or wavelength (monoenergetic neu
trons) in a particular direction—scattering 
neutrons in such a manner from a crystal is 
called Bragg diffraction. In the PNL spectrom
eter the crystal is rotated, causing it to produce 
short bursts of monoenergetic neutrons by dif
fraction. A mechanical device called a chopper 
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rotates in phase with the crystal to eliminate 
(chop) virtually all neutrons from the beam 
except those with the desired energies. The 
source of neutrons entering the spectrometer is 
a Hanford production reactor. 

The bursts of neutrons from the sample of 
moderating material under investigation and 
the scattered neutrons are detected in 12 detec
tors which cover the range of scattering angles 
from 15 to 165 degrees. The energy of the scat
tered neutrons, and hence the energy loss of scat
tering, is determined by measurement of the 
scattered neutrons' velocity by time-of-flight. 

This spectrometer has proven to be practical 
from a standpoint of resolution and intensity. 
I t has been used in high resolution studies of 
neutron scattering from D 2 0 and H 2 0 at room 
temperature, H 2 0 at -5° C , and zirconium hy
dride, at room'temperature. While the interpre
tation of these measurements in terms of the 
fundamental energy modes of the systems is still 
in progress, the significance of the system has 
been demonstrated in the first clear observation 
of the first molecular vibrational level of the 
H 2 0 molecule at an energy of 0.2 electron volts. 

Dispersion Relations of BeO 

The slow neutron inelastic scattering pro
gram 35 of the Idaho Nuclear Corp. at the Ma
terials Testing Eeactor (MTB) in Idaho is 
directed toward determining the relative num
bers of neutrons at different energies in reactors 
(usually called the neutron energy distribu
tion). This distribution is important because 
the efficiency of the fission process, and therefore 
of reactor design and operation, depends on 
how the neutrons are distributed in energy. Re
cently, experiments have been conducted in 
which neutrons are scattered from samples of 
beryllium oxide (BeO), a promising reactor 
moderator. These experiments have provided 
information about the motion of the beryllium 
and oxygen atoms within the beryllium oxide. 
Since this motion determines the slowing down 
rate of the neutrons and the final energy dis
tribution, a better definition of the neutron 
moderating, or slowing down process, in beryl

lium oxide is being evolved. From the physicists' 
point of view, the motion of the atoms are de
termined when the dispersion relations of the 
waves moving through the crystal are measured. 

The theory which explains the dispersion re
lation data has evolved from other theories 
which have been developed at the MTR to ex
plain the motion of the hydrogen and carbon 
atoms in simple hydrocarbon molecules. The 
atoms in the crystal of beryllium oxide were 
divided into molecules of two beryllium atoms 
plus two oxygen atoms. Then, these beryllium 
oxide "molecules" were joined to other beryllium 
oxide "molecules" to form the crystal. This new 
method of describing crystals as if they are 
joined molecules has not only been successful 
for beryllium but for diamond also, and shows 
great promise for explaining the motions of 
atoms in other valence-force crystals. 

Linear Accelerator Experiments 

I n a cooperative effort, a Rensselaer Polytech
nic Institute ( R P I ) -Knolls Atomic Power Lab
oratory (KAPL) team, using a very high 
resolution scattering analyzer at the R P I linac 
laboratory, has been conducting continuing 
studies36 of thermal inelastic neutron scattering 
in various reactor moderator materials, includ
ing water, metal hydrides, and polyethylene, 
using incident neutrons in the energy range of 
0.1 to 2 ev. The scattering data are corrected for 
multiple scattering effect (the effect of multiple 
neutron collisions in the moderator rather than 
one collision only), and scattering laws for the 
various materials are then derived from the 
corrected data. Preliminary scattering measure
ments also have been made on uranium oxide 
which extend the phonon frequency spectrum 
beyond that previously known. I t is expected 
that further careful measurements of this type 
w i l l b e r e q u i r e d f o r t h e c a l c u l a t i o n o f t e m p e r a 

s' This work was originally started by Phillips Petroleum 

Co. (see pp. 26-27, "Fundamental Nuclear Energy Research— 

1965") ; on July 1, 1966, Idaho Nuclear Corp. (a joint venture 

of Aerojet-General and Allied Chemical Corp.) took over some 

of the contractural work previously done by Phillips at the 

National Reactor Testing Station. 
30 See p. 27, "Fundamental Nuclear Energy Research—1965." 
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ture coefficients, particularly in fast reactors, 
caused by Doppler broadening of nuclear cross 
section resonances. 

The General Atomic Division (San Diego, 
Calif.) of General Dynamics is also continuing 
its studies37 of thermal inelastic scattering of 
neutrons in moderator materials, using its elec
tron linear accelerator to produce short bursts 
of neutrons and using a neutron flight path to 
measure the speed, hence the energy, of the neu
trons. Using this technique, General Atomic has 
measured the scattering from polyethylene at 
room temperature and zirconium hydride at 
420° C, and then used the data to check the 
accuracy of calculations based on theoretical 
models. The agreement of measurements and 
calculations was found to be reasonable except 
for small scattering angles. 

In addition, General Atomic has also studied 
several experimental measurements of the scat
tering law for water, from which it has been 
ascertained that some of the data were strongly 
affected by multiple scattering and should be 
corrected accordingly. These studies have de
termined the circumstances under which mean
ingful corrections can be made, using theoretical 
models, and have shown how existing scattering 
law data can be used to guide the improvement 
of theoretical models even when the correction 
for multiple scattering cannot be carried out 
accurately. 

ADVANCED FACILITIES 

Research and test reactors of advanced de
sign are required to provide intense neutron 
sources for neutron beam research and for test
ing various reactor fuels and materials. 

ETR Flux Stabilization 

The Engineering Test Reactor (ETR), op
erated by Idaho Nuclear Corp. for the AEC at 
NRTS, provides high neutron densities for ir-

3T See pp. 27-29, "Fundamental Nuclear Energy Research— 
1965." In October 1967, the Division was purchased by Gulf 
Oil Corp. and renamed Gulf General Atomic, Inc. 
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Fig. 11-61. ETR Flux Stabilisation. To achieve maxi
mum information on specimens being irradiated by the 
high neutron densities of the Engineering Test Eeactor 
(ETR) at NRTS, it is essential that the neutron 
density variations be as constant as possible. The Idaho 
Nuclear Corp. has been testing different fuel loadings 
for the ETR that will limit the neutron density varia
tion, caused by control rod motion, to plus or minus 
ten percent during a 6-weeks cycle of operation. The 
graph shows the ETR's excess reactivity as a function 
of integrated power for three different loadings. The 
solid line, at top, represents a loading of 500 grams of 
uranium-235 and 3.8 grams of boron which reduces 
control rod motion by 60 percent. 

radiating specimens for reactor fuel develop
ment. To achieve maximum information from 
these irradiations it is essential that the neutron 
density remain almost constant throughout an 
ETR operating cycle (6 weeks, including shut
down time). A program to develop methods of 
limiting neutron density variations to plus or 
minus 10 percent is currently being carried out. 
Recently, a fuel loading with new specifications 
for uranium and boron was tested in the ETR. 
The test showed that increasing the uranium 
(U235) and boron content from the current val
ues of 400 grams and 2.8 grams to 500 grams and 
3.8 grams, respectively, will reduce the control 
rod motion by approximately 60 percent (see 
Fig. 11-61). Since control rod motion is the 
principal cause of neutron density variations 
during reactor operation, these variations will 
be significantly reduced when fuel with the new 
specifications is used routinely. The new specifi
cations in conjunction with new control rod 
designs or control methods should make it pos-
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sible to restrict neutron density variations to 
the desired limits. 

When ETR operation began in 1956, the fuel 
elements contained 255 grams of uranium-235 
and one gram of boron. Core loadings of these 
elements experienced neutron density variations 
of 100 percent in some cases and would operate 
for only 16 full-power days. In order to reduce 
the number of refuelings thereby improving op
erating efficiency, and to further reduce rod 
motion, the U235 and boron contents were in
creased to the current values of 400 grams and 
2.8 grams. Fuel loadings of these elements ex
perience neutron density variations of around 
25 percent and operate for approximately 28 
full-power days. The present effort to maintain 
neutron density variations within plus or minus 
10 percent of a specified value by loading with 
500 grams of U235 and 3.8 grams of boron, was 
made necessary-by the increasing sophistication 
of the test programs in the ETR. 

Proposed Euratom Research Reactor 

The Critical Experiments Facility (CEF) at 
Oak Ridge National Laboratory is being used 
in a cooperative program with Euratom (Euro
pean Atomic Energy Community) to fix the 
design of a pulsed fast research reactor 
(SORA) which the Ispra, Italy, laboratory of 
Euratom has proposed for construction. The 
requirements for SORA—its name is derived 
from a combination of the first two letters in 
each of the two Italian words meaning "source" 
and "rapid"—are that it be able to produce 
bursts of neutrons of about 50 microseconds 
duration and that about 50 bursts be produced 
per second. 

The SORA core will consist of closely spaced 
rods of uranium (or a uranium alloy) arranged 
so that the cross section of the assembly is hex
agonal. Five sides of the hexagon will be sur
rounded by an iron reflector. The sixth side will 
be left open so that a separate piece of reflector 
material (probably beryllium) mounted on a 
wheel can be rotated at high speed next to the 
core. As the reflector sweeps by the core face, the 

Fig. II-ti%. Proposed Euratom Research Reactor. The 
mockup of the proposed SORA pulsed fast research 
reactor tested for Euratom at Oak Ridge National 
Laboratory's Critical Experiments Facility has a hex-
agonally shaped core of iron containing closely spaced 
uranium rods. Criticality is achieved when the core is 
raised by a hydraulic lift into the fixed iron reflector 
on the table above. The iron reflector surrounds five 
sides of the hexagonal core. In the proposed reactor 
it is expected that the core will be repetitively "pulsed" 
by rotating a separate reflector piece at high speed next 
to the sixth side of the core, causing bursts of neutrons 
to be emitted. The reactivity effect of this reflector has 
been measured in the mockup experiments by moving 
the piece of beryllium (or iron) attached to the end 
of the arm shown at the left center of the photograph. 

reactor will be made supercritical and a neutron 
burst will occur. The average power of the re
actor is expected to be one megawatt, and cooling 
will be provided by liquid metal circulating 
through the core. 

ORNL's participation in the SORA program 
consists in performing tests on the mockup of 
the core and reflector shown in Fig. 11-62. The 
iron components were machined in Italy, and the 
fuel rods (uranium enriched to 93% in the IT23"' 
isotope) were supplied by ORNL. 

The iron core block used in the mockup can 
accept as many as 95 of the rods, each of which 
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is 1.4 centimeters in diameter and 24 centimeters 
long. In one experiment 58 kilograms of ura
nium resulted in a critical loading which was 
very near that predicted by the Eeactor Physics 
Department at Ispra. 

Other experiments have shown that the mov
able reflector will be adequate to produce the 
desired bursts. Information gained from the 
tests has included the time behavior of the neu
trons; the pulse characteristics of the system; 
and the effect on the reactivity of varying the 
size, position, and composition of the movable 
reflector. 

Pulsed Research Reactor Studies 

Concepts for high-performance pulsed fast 
research reactors are under study at Brookhaven 
National Laboratory. Engineering work and 
fuel development studies indicate that a fast, 
liquid metal-cooled reactor developing 60-mi-
crosecond bursts with a peak power of the order 
of 20,000 megawatts (Mw) may be feasible, 
based on the first fatigue-life tests of a molyb
denum matrix cermet fuel. At a repetition rate 
of 22 bursts per second, the average-out power 
in such a system would be about 30 Mw. The 
neutrons generated during the power bursts 
would provide an intense source for neutron 
physics research. 

Two modes of operation are possible in the 
pulsed system. In an accelerator-injected pulsed 
reactor, neutrons are injected in short bursts 
into the reactor core by an electron-accelerator-
driven neutron source, i.e., an accelerator 
booster, while the reactivity of the core is simul
taneously pulsed to a near-critical condition 
(near critical on prompt neutrons). The magni
tude of the burst in a system of this type is 
limited by the output of the accelerator-driven 
source. 

In the second mode of operation, the reac
tivity of the reactor could be pulsed to a super
critical condition without injection of neutrons 
from an accelerator. However, the pulse would 
be longer in duration, and some kinds of experi
mental use would be more difficult. In this mode 
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Fig. 11-63. Pulsed Test Reactor Studies. Experimental 
neutron time distribution, as observed with, a neutron 
diffraction spectrometer in an Idaho Nuclear Corp.-
Rensselaer Polytechnic study. These distributions were 
obtained from the surface of a 4 " X 4 " X 3 " polyethyl
ene sample and have an equivalent time resolution of 
3 to 12 microseconds (psec). The (0002) planes of a 
beryllium crystal set at an angle of 45° to the neutron 
beam were used to select the neutron energies. Time 
of flight was then used to separate the different ener
gies. A neutron flight path of 3.398 meters was used 
and 10 energy peaks were observed. The energies of 
these various orders are labeled at the diffraction 
peaks. I t is of interest to note the dramatic effect on 
the time distributions when the sample was cooled to 
liquid nitrogen temperature (—190° C ) . 

of operation, the burst magnitude would be 
limited by thermal shock to the fuel element, a 
result of the sudden increase in temperature ex
perience during a burst. 

Studies by NRTS and RPI. Studies of the design 
of pulsed reactor systems for thermal neutron 
sources are being conducted by the Idaho Nu
clear Corp. in collaboration with Eensselaer 
Polytechnic Institute (RPI), Troy, N.Y. For 
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time-of-fliglit neutron spectroscopy, two re
quirements exist—that the pulse width be nar
row and that the average neutron intensity be 
high. Because of these requirements, experi
ments have been performed, using the KPI elec
tron linear accelerator, to investigate the design 
of moderators for optimizing the thermal neu
tron intensity and pulse width from pulsed fis
sion neutron sources. The results show that 
pulses as narrow as 11 microseconds of 0.0510 ev. 
neutrons can be obtained from moderators with 
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peak neutron intensities comparable with any 
other system tested to date. 

Important improvements are gained by main
taining the sample at very low temperatures, as 
shown in Fig. 11-63, where a comparison is 
made of the intensity-width functions for poly
ethylene at room temperature and at —190° C. 
The improvement in pulse width is marked for 
the cold sample because the room temperature 
system yields background from one energy to 
the next. 
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Fig. 11-6$. Fission Gouple. Called a fission couple, a device has been developed at the Los Alamos Scientific 
Laboratory for measuring very fast neutron flux changes in a reactor at temperatures as high as 1,650° С 
without perturbing the flux by the device itself. Shown with a pencil point for size comparison, the fission 
couple consists of a small bead (about 0.020" diameter) of uranium carbide fissile material attached to the 
junction of a minute thermocouple. As the neutron flux changes, the fission rate in the bead and, therefore, 
the heat output of the bead changes correspondingly, causing a change in the output of the thermocouple. 
(See Fig. 11-65 also.) 

REACTOR INSTRUMENTATION. 
Instruments for neutron detection; for the determination of temperature, 
pressure, and flow rate of coolant fluids; for detecting the presence of chemical 
impurities in the coolant fluids; and for determining other parameters are 
essential to the safe and efficient operation of nuclear reactors. The AEC, there
fore, sponsors continuing investigations in the field of reactor instrumentation. 

NEUTRON DETECTORS 

Since knowledge of the intensity of neutron 
fluxes and the range of neutron energies is 
needed in the operation and control of nuclear 
reactors, adequate instrumentation for measur
ing these parameters must be developed. 

Criticality Alarm Systems 

A criticality alarm system which meets the 
most stringent requirements for neutron sensi
tivity, yet can be used in areas where there are 
high levels of gamma radiation present, has been 
developed by Pacific Northwest Laboratory. 

179 



180 FUNDAMENTAL NUCLEAR. ENERGY RESEARCH 

Fig. 11-65. Fission Couple for Use in UHTREX. The 
beads used in the fission couple array shown above are 
"smaller than the head of a pin" shown at bottom left. 
This device, for use in the Ultra High Temperature 
Reactor Experiment (UHTREX) at Los Alamos Sci
entific Laboratory, measures neutron flux changes as 
the uranium-235 beads are heated by fission. The ex
tremely small thermocouples attached to the beads give 
a fast-response to the change in temperature. Inert 
beads, placed in series with the uranium beads, elimi
nate the undesired fraction of the signal generated by 
the thermal environment and gamma heating. 

The total system contains a detector and an 
electronics package consisting of two alarm cir
cuits and an audit circuit. The detector is a 
boron trifluoride tube which is made sensitive 
to a wide range of neutron energies through 
proper moderation of incident neutrons. The 
pulses from the detector are amplified and prop
erly shaped for analysis by the alarm circuitry. 
The primary alarm circuit has an adjustable 
level so that an alarm can be activated at any 
pre-set point in the measurement range. The sec
ondary alarm circuit (backup) is not adjusta
ble and is set to alarm at iy2 times the minimum 
required level. A recorder outlet also is provided 
for measurement of the neutron levels experi
enced in case of a criticality incident. 

The audit circuitry determines that the total 
criticality alarm system is functioning properly. 
Environmental neutrons generated by cosmic 
rays are continually being counted by the de
tector. The audit circuit requires that such a 

background event be registered within a speci
fied time period to prove proper functioning of 
the criticality alarm system. If the alarm cir
cuitry does not register a pulse within the speci
fied period of time, an instrument failure signal 
is given. This signal is distinct from the critical
ity alarm signal. 

The capabilities of this instrument are partic
ularly important in fuel processing plants and 
hot cells, where there may be momentary high 
gamma radiation levels from the handling of 
fissile material which could cause a c h a i n 
reaction. 

Fission fragment damage. Pacific Northwest 
Laboratory has also developed a neutron dosim
eter using the fission fragment damage prin
ciple. The dosimeter permits neutron dose 
evaluation in mixed radiation fields, around 
reactors, accelerators, and plutonium operation 
and handling facilities. The dosimeter is small, 
can be easily attached to personnel or equip
ment, and requires no electrical or other utilities 
for operation. 

Figure 11-66 illustrates a typical multifoil 
dosimeter with four fission foils to provide both 
dose and neutron energy spectrum measurement. 
The fission fragments, which are formed when 
neutrons strike the foil of fissile material, enter 
the plastic material and cause a damage area or 
track that can be seen using a microscope after 
etching with hot caustic solution (6-normal so
dium hydroxide at 70° C.). Freedom from track 
fading, environmental influences, and insignifi
cant beta and gamma radiation sensitivity are 
major assets of this neutron dosimeter. 

Spark Counter Neutron Detector 

A neutron detector capable of operating in 
large neutron flux and at fairly high tempera
tures is being developed at the Georgia Institute 
of Technology, Atlanta. The work, which is only 
in the initial stages, is intended to provide a 
simple, mechanically rugged neutron detector 
which can be used in nuclear reactors and in 
reactor-powered space vehicles. It is based sim
ply on the counting of spark discharges in a 
series of concentric spark gaps in a compact, 
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Fig. 11-66. Prototype Neutron Dosimeter. A small, 
pocket-size, %-ineh thick dosimeter has been developed 
by Pacific Northwest Laboratory to permit neutron dose 
evaluation in mixed radiation fields. The dosimeter, 
which is 3% inches long and less than an inch wide 
is sealed in heat-shrinkable plastic tubing. The four 
foils contain small amounts of fissile material and are 
attached to the aluminum plate with epoxy resin. The 
shrinkable plastic tubing prevents any leakage from the 
foils. 

gas-filled cylindrical assembly which is de
signed for ultimate insertion into a reactor. 
Such a detector will provide a valuable means 
of monitoring neutron fluxes under conditions 
where most alternative detectors are unreliable 
or inadequate. 

Neutrons interact weakly with most gases, but 
if they impinge on a boron-containing material 
they cause the ejection of alpha particles that 
are capable of creating ions in any surrounding 
gas. The detector under development consists of 
a cylindrical tube containing a series of parallel 
spark gaps, y8- to 14-inch wide, formed between 
a row of concentric large and small metal wash
ers. Between each pair of washers are disks of 
boron nitride to convert passing neutrons into 
alpha-particle emission which will trigger the 
passage of sparks across the neighboring spark 
gap formed by the nearest pair of washers. The 

whole counting assembly is filled with an inert 
gas, such as helium or argon, with a small or
ganic additive to facilitate spark formation at 
moderate applied voltages. 

Such a system is very rugged and provides 
large output pulses which can be counted with
out further amplification; it is expected that it 
can be operated at fairly high temperatures. In 
addition, its sensitivity is low enough that it 
may be used in regions of high neutron density, 
such as inside a nuclear reactor, without suffer
ing serious overloads. 

Two types of detectors have been constructed 
and tested in a neutron flux of about 10 million 
(107) neutrons per square centimeter per second 
and an efficiency of 10"T counts per incident neu
tron has been obtained under varying experi
mental conditions. Tests of the performance 
at elevated temperatures are in progress. 

Fast Reactor Neutron Spectrometers 

Two unique neutron spectrometers for meas
uring the energy of neutrons are being developed 
at the I IT Research Institute in Chicago, 111. 
These devices are capable of measuring the en
ergy spectra of neutrons from fast reactors 
with substantially greater accuracy than other 
existing devices. In the development of fast 
reactors, much more detailed knowledge of the 
neutron spectrum is required than for the slow, 
or thermal,38 reactor. 

The first of these two neutron spectrometers 
is intended to operate over a range of neutron 
velocities from 280,000 to 2,800,000 meters per 
second (1,000 to 100,000 electron volts in en
ergy). This instrument has demonstrated an 
ability to operate in an environment in which 
the ratio of gamma rays to neutrons is 10 times 
greater than that which can be tolerated by 
other instruments. 

The second instrument operates over the 
range of neutron velocity from 2,800,000 to 

88 The operation of a thermal reactor depends on the pres
ence of neutrons whose velocity is 1,400 meters (4,593 ft.) 
per second, In contrast to the greater than 280,000 meters 
(918,624 ft.) per second velocity for the neutrons in fast 
reactors. 
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28,000,000 meters per second (from 100,000 to 
10,000,000 electron volts in energy). I t offers 
an even greater improvement—100 times bet
ter—in the ability to measure neutron spectra 
without distortion from gamma rays. 

I t is expected that these two instruments will 
play a substantial role in the accurate measure
ment of neutron spectra in fast reactors, and 
hence will contribute significantly to their de
velopment. 

Proton-recoil neutron spectrometer. An in-core 
neutron spectrometer based on observation of 
the readily detected recoil of protons (hydrogen 
nuclei) bombarded by the neutrons has also 
been under development at Argonne National 
Laboratory for some time. This instrument suc
cessfully discriminates between gamma rays 
and neutrons, arid its development has reached 
a point where it is yielding quite useful infor
mation about neutron energy spectra, such as 
shown in Figure 11-67. 

PROCESS INSTRUMENTATION 

Because of inability to withstand high tem
peratures and pressures, irradiation, and corro
sive conditions, conventional instruments can
not be used for measuring operating variables 
inside liquid metal reactors. However, acoustic 
energy can be generated by transducers outside 
the radiation shield and transmitted into hot 
areas through solid acoustic probes which are 
insensitive to the extreme conditions. Probes 
can be hermetically sealed into pressurized ves
sels by means of special mounts, while read-out 
of acoustic effects can be made at locales re
moved from the prohibitive conditions. 

Incipient Boiling Detector 

Liquid metals such as sodium and potassium, 
are prone to superheat, i.e. to become heated 
above the boiling point without release of vapor. 
Any of several circumstances can promote sud
den release of the superheat energy as an explo
sive vaporization. This can cause erratic opera
tion of the reactor, whose design assumes that 
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Mg. II-67. Proton-Recoil Neutron Spectrometer Re
sults. The number of neutrons crossing a fixed area 
in a fixed time and having a fixed (percentage-wise) 
interval of energy is shown above in terms of energy. 
Argonne National Laboratory has developed an in-core 
neutron spectrometer that successfully discriminates 
between gamma rays and neutrons. The solid line in the 
chart is a calculated result; the points are measure
ments obtained with the neutron spectrometer that op
erates on a proton-recoil principle. The resolution (full-
width at half maximum) refers to the spread in energy 
of the spectrometer. Details of the measured spectrum 
extending over an energy region that is small com
pared to 16 percent of the energy in question cannot be 
resolved. 

the core-coolant channels are always filled with 
molten metal—a much better heat-exchange 
medium than its vapor. Kesultant local over
heating can cause core burnout. 

An instrument which will indicate the prox
imity to boiling is being developed by Aero-
projects Incorporated, West Chester, Pa. This 
instrument, the incipient boiling detector, whose 
sensing probe is placed in a typical critical lo
cation in the reactor, gives a readout signal 
which combines local conditions of pressure and 
temperature. After proper calibration, the 
readout information indicates proximity to 
boiling in degrees F. The difference between this 
temperature and that shown by the usual tem
perature indicator (which does not integrate 
pressure) is a measure of the degree of super
heat. A test instrument has been calibrated in 
molten metal, and preparations for testing in 
a dynamic loop, simulating actual operating 
conditions, are in progress. 
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The operation of the instrument is based on 
the fact that when a liquid is irradiated with 
ultra-high frequency sound waves, cavitation 
will occur in the liquid. Cavitation is the rapid 
expansion and contraction of minute vapor 
bubbles in the liquid resulting from the alter
nate rarefactions and compressions produced by 
the passing ultrasonic wave. 

The collapse of these bubbles produces a white 
noise39 which may be detected by suitable 
microphone-type sensors placed at suitable re
mote positions on the acoustic system which 
transmits the ultrasonic power to the liquid. 
Since the boiling process itself consists of the 
production of vaporous bubbles, the ultrasonic 
power required to produce cavitation is theo
retically zero at the boiling point. If the power 
required to produce cavitation threshold condi
tions (as shown by zero cavitation noise) is 
measured at various temperatures, a calibration 
curve can be made, and since the threshold 
varies directly with local pressure as well as in
directly with temperature, this curve repre
sents the proximity to boiling as a function of 
two variables simultaneously. 

Flowmeter for Molten Metals and Salts 

The use of molten metals and fused salts in 
nuclear reactors has pointed up the necessity of 
development of an ultrasonic instrument for 
measuring the flow rate of molten liquid 
through conduits of these systems. Such a flow
meter is being developed by Aeroprojects, Inc., 
West Chester, Pa. Conventional instrumenta
tion is automatically precluded by design and 
safety requirements such as hermetic sealing, 
fabrication of the instrument from the metai 
used in the reactor, non-restriction of the flow 
channel, and operation at high temperatures. 

Sealed-in acoustic transmitters and receptors 
capable of withstanding the severe conditions 
can be mounted by means of side entries which 
permit unrestricted flow. The operating concept 
involves transmission of an ultrasonic signal 
from the transmitter probe through the moving 

39 Noise which covers very wide frequency bands, i.e., has 
constant power per unit band-width. 

liquid. This signal is received by two receptor 
probes placed equidistantly upstream and down
stream from the transmitter. By determining 
the time interval between reception of the signal 
by the downstream and by the upstream recep
tors, the rate of flow may be calculated. A proto
type instrument has shown the feasibility of 
flow measurement in a test loop using water as 
the simulant liquid. 

Fluidic Temperature Sensor 

The efficiency, lifetime, and, to some extent, 
safety of nuclear power sources which use gases 
and/or vapors as the working fluid, are depend
ent upon temperature control of the working 
fluid. The temperature of this fluid is a critical 
factor in the operation of the nuclear power-
plant. Conventional temperature sensors, such 
as thermocouples and resistance thermometers, 
are susceptible to radiation effects and high 
temperature environments. Thus, the recent de
velopment of a new, highly accurate and reliable 
temperature sensor capable of operating with 
high temperature fluids is of vital interest to 
theAEC. 

The Marquardt Corp., Van Nuys, Calif., has 
successfully demonstrated the operation of a 
new concept in fluid temperature sensing, a 
fluidic temperature sensor. This sensor was 
specifically designed for operation in a high 
radiation environment and with high tempera
ture gases and/or vapors. This highly reliable 
temperature sensor has no moving parts 
(fluidics) and employs no electronics. I t senses 
the temperature of the fluid and generates an 
output pressure signal proportional to the fluid 
temperature (see Figs. 11-68 and 69). The 
fluidic elements are similar to electronic ele
ments except that the temperature sensing func
tions are accomplished by the flow of gas or 
vapor in small passages rather than by electrons 
in electrical conductors. 

The fluidic temperature sensor consists of an 
oscillator, a beat frequency detector, a fre
quency converter, and a power stage with an. 
integrator. All of these functions are performed 
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by gas or vapor flowing in fluidic elements. The 
oscillator is a sophisticated type of whistle 
based on acoustic resonance principles, and is 
used as the temperature sensitive element to 
generate a frequency which is a function of the 
fluid temperature (gases and/or vapors). The 
beat frequency detector compares the oscillator 
output frequency to a reference frequency to 
generate a frequency difference signal. The out
put of the beat frequency detector is filtered to 
eliminate noise and is then converted to an 
analog output pressure signal in the frequency 
converter. The operation of this sensor concept 
was demonstrated with air as the working fluid 
and exhibited an error of less than ± % percent. 

Carbon Meter for Liquid Metals 

United Nuclear Corp., Elmsford, N.Y., has 
developed a meter to provide a continuous 
measure of carbon activity in flowing sodium. 
Changes in the carbon activity of the sodium are 
reflected in the rate of carbon delivery by the 
probe within less than 1 minute. The meter is 
expected to be used in liquid metal-cooled fast 
breeder reactors and also in laboratory studies 
of carbon transfer by liquid metals. The sub
ject is of practical importance because sodium 
can change the carbon content of the structural 
materials it contacts sufficiently enough to im
pair their mechanical properties, particularly 
the ductility. The work has progressed far 
enough to show that the meter responds quickly 
and positively to small increases in carbon ac
tivity at a level low enough to give a sodium sys
tem operator ample warning before significant 
carburization of stainless steel components can 
occur. 

Figs. 11-68 and 69. fluidic Temperature Sensor. The fluidic temperature sensor developed by The Marquardt 
Corp., Van Nuys, Calif., is designed for installation inside a high temperature nuclear gas or vapor line. The 
sensor can be used in high nuclear radiation environments. A sample of the fluid whose temperature is to be 
measured is extracted by the inlet port (opening at the left) of the sensor shown in left photo. The fluid sample 
flows through the temperature sensor and back to return (larger tube on the right). As the sample flows through 
the sensor, a pressure signal is generated by the temperature sensor which is proportional to the fluid tempera
ture. This pressure signal is supplied by the readout tube (smaller tube). No other source of power except the 
energy in the fluid itself is being1 used in the operation of this device. The internal construction of the sensor, 
as shown above right, is analogous to a solid state electronic circuit. The sensor consists of four layers (levels) 
of active fluidic elements and three interconnection manifolds (not shown). The heart of the sensor is an 
acoustic oscillator or whistle whose resonance frequency changes with fluid temperature. The fluidic elements 
operate on gas flow to various functions such as frequency generating, beat frequency detection, integration, etc.. 
necessary to generate the output pressure signal. 
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Fig. 11-70. Carbon Meter Probe. Shown is the sensing 
element of a meter, developed by the United Nuclear 
Corp. at Elmstford, N.Y., which continuously measures 
the carbon activity (carburizing potential) of a sodium 
stream. Decarburizing gas maintains a very low carbon 
activity at inner surface of the iron wall. Carbon from 
the sodium diffuses through the wall, reacts with the 
gas, and is carried to a remote gas analyzer. The carbon 
content of the gas stream is proportional to the carbon 
activity in the sodium. 

The meter sensing element, shown in Figure 
11-70, is a thin-walled iron tube, no larger than 
a cigarette. Carbon from the sodium diffuses 
through the wall at 1,400° F. (760° C.) and 
reacts with a decarburizing gas (argon +%% 
water vapor + 5% hydrogen) inside the tube. 
The carbon content thus produced in the gas 
stream is first converted to methane; it is then 
continuously measured with a flame ionization 
detector and related to the carbon activity in the 
sodium. 

The detector is stable and extremely sensi
tive. It can readily measure carbon arriving in 
the gas at the rate of eight billionths (8X10"9) 
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of a gram per minute. A typical carbon meter 
probe immersed in clean sodium circulating in 
a stainless steel loop delivers carbon to the de
tector at the-rate of 70X10"9 (70 billionths) 
gram per minute. If this rate is increased to 2.4 
micrograms (2.4 millionths of a gram) per min
ute by bleeding a little carbon activity into the 
sodium, type 304 stainless steel adjacent to the 
probe carburizes at the rate of 55 micrograms 
per square centimeter in 2.5 hours. This amount 
of carburization is not detectable with a micro
scope and does not significantly impair the 
structural integrity of the steel. In high carbon 
sodium, the rate of carbon delivery by the probe 
is in excess of 30 micrograms (30 millionths of 
a gram) per minute. Stainless steel surfaces 
exposed to such sodium are heavily carburized 
and completely embrittled in a few hours. One 
probe has been operated at 1,400° F. (760° 0.) 
in high carbon sodium for 2 months, during 
which it passed more than two carbon atoms for 
each iron atom in the probe wall. 

Digital Computer for the UHTREX 

An important step toward reducing the prob
ability of human error in reactor systems has 
been taken at the Los Alamos Scientific Labora
tory by incorporating a digital computer in the 
Ultra High Temperature Reactor Experiment 
(UHTREX) system, a gas-cooled graphite re
actor operating at 2,400° F. (1,300° C ) . The 
computer has been programmed to automati
cally perform a variety of recordings, checking, 
calculating, and operating functions. It records 
some 80 system temperatures and pressures each 
hour and makes other special logs on demand 
from the operator, as well as checking over 600 
system temperatures and pressures every 15 sec
onds. If any one of these temperatures or pres
sures is too high, a complete record of the event 
is typed and an alarm is sounded. The computer 
checks the position of all valves in the system 
each second. It types a record of all valve posi
tion changes and will sound an alarm if a valve 
position changes in such a way as to endanger 
any part of the system. The computer is also in 
charge of the fuel loading process. I t opens and 
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closes valves in a prescribed sequence to load 
fuel when requested to do so by the operator, 
and keeps a complete fuel history. Provision has 
been made for computer control of reactor cool
ant flow rates, temperatures, and power. Thus 

far, the computer has been quite reliable; it is 
felt that the system will contribute significantly 
toward the recording of better data from the 
reactor experiment and will help to operate the 
reactor system smoothly, efficiently, and safely. 
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Figs. 11-71 and 72. Photon Aotivatton Analysis for Oxygen ana, Carbon in Sodium. At the Los Alamos Scientific 
Laboratory, techniques have been developed for detecting oxygen (O) and carbon (O) impurities in sodium 
(used as a coolant in some nuclear reactors) down to one part per million by photon activation analysis. The O16 

(у, n) O15 reaction is induced in the sample shown in the apparatus at left. Radiation emitted by O15 is detected 
to measure the amount of О present in the sodium (Na) sample. Immediately after the termination of the 
5-minute irradiation, the sample is sheared out of the sealed tube and extruded into an unactivated plastic 
capsule, and counting is started within 40 seconds. The charts above show the results of a photon activation 
analysis of impurities in sodium by measuring the decay products of radioactive O16 and Cu produced by irradiat
ing the sample with gamma-ray photons. The gamma-ray spectrum of an activated sodium sample is shown at A. 
Unfolded decay curves for peaks B, C, and D are given in the corresponding charts. Peak В results from O15 and 
Ou, although Na22 and potassium (K38) also contribute to it. Peak С results from NaK, and peak D results from 
K38. The intercept of each line at zero time (the end of the irradiation) is proportional to the amount of that 
isotope present in the sample. 
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Fig. 11-78. Liquid Metal Bearing Test Results. These Mechanical Technology, Inc., photos show the motion of a 
liquid metal (sodium-potassium) bearing-rotor as measured by a pair of orthogonally mounted capacitance 
probes. The probe signals are amplified, linearized and transmitted to the x and у axes of a dual beam oscillo
scope. The three top panels show the very small motions of the rotor center at different speeds, when the rotor 
is fully balanced. The three bottom panels show the orbit of the rotor center at various speeds under the 
indicated mechanical unbalance. At the top speed of 26,000 r.p.m., the rotor unbalance used in this case (0.29 oz. 
inches) is equivalent to a rotating force of approximately 174 lbs. on each 2-in. diameter X 2-in. long bearing, 
i.e., to a unit load of 43 p.s.i. Under this load 'and speed, the rotor whirls in the bearing, with an orbit whose 
major diameter is approximately 0.0016 inch (1.6 mils). These tests were conducted in sodium-potassium 
(NaK) with a bearing diametral clearance of 4 mils (see p. 196). 

HEAT TRANSFER AND FLUID DYNAMICS. 
Intimate knowledge of the laws governing heat transfer and fluid dynamics 
is essential to the design and construction of nuclear power reactors. Hence, 
the AEC has a continuing interest in research in these important fields. 

HEAT TRANSFER STUDIES 
Since nuclear power reactors basically are 

heat engines intended to convert heat from fis
sioning atomic nuclear energy into electric 
power by means of turbines, investigations are 
being conducted to add to the body of knowl
edge on transfer of heat in fluids and solids. 

Nonuniform Hear Generation Program 

Because nuclear reactors are such a compact 
source of power, more knowledge about the lim
itations on the rates of heat transfer from chan
nel Avails to flowing liquids is necessary for 
efficient design. This limitation is called critical 
heat flux, and its predictability is based upon 
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experience rather than theory. The Babcock and 
Wilcox Co., Lynchburg, Va., has contributed to 
this experience by operating electrically heated, 
water-cooled channels at sufficiently high rates 
of heat transfer to determine the limitations for 
several pressures, flow rates, and water tempera
tures. The principal interest in this particular 
work was the distribution of the heat transfer 
rate along the length of the channel, which was 
varied so as to be similar to that found in nu
clear reactors. In addition to a uniform distribu
tion of heat transfer rate (tested for reference), 
three other distributions were tested with maxi
mum heat transfer rates: («) near the middle 
of the channel, (b) near the entrance of the 
channel, and (<?) near the exit of the channel. 
It was found that the heat transfer perform
ance of the channel was lowest when the maxi
mum rate was near the exit of the channel. The 
relative performance of the other distributions 
depended upon the various combinations of 
pressure, flow rate, and water temperature. 

The channels with the various heat-transfer 
rate distributions previously described were 
tubes with an inside diameter of 0.446 inch 
and a length of 6 feet. Following these, there 
were experimental annular channels of the same 
length, constructed so that the annular flow 
channel had an inside diameter of 0.QO17 inch 
and an outside diameter of 1.053 inches. The 
heat rate distributions here were uniform on 
the inside diameter, and either uniform or dis
tributed with the maximum near the middle of 
the length on the outside diameter. The fluid 
conditions in all these tests covered the power 
reactor ranges from the BWR (boiling water 
reactor) to higher pressure PWE (pressurized 
water reactor) types. The pressures were 1,000, 
1,500, and 2,000 pounds per square inch abso
lute ; the flow rates, expressed as mass velocity, 
were 0.5, 1.5, and 2.5 millions of pounds per 
hour per square foot; and the water tempera
tures at the channel inlet ranged from 200° С 
to 325° С. 

Two-Phase Flow in Multirod Geometries 
An investigation of two-phase flow (flowing 

mixture of vapor, and liquid) in complex cool

ant channels is being conducted by the General 
Electric Co., San Jose, Calif.40 One result of the 
investigation is the revealing of patterns of re
distribution of the liquid phase during boiling. 

The coolant channels used in this investi
gation are characteristic of many current nu
clear reactors. The nuclear fuel is in the form 
of square arrays of rods, arranged in parallel 
assemblies and held apart from one another by 
means of "spacers." The coolant flow is parallel 
to these rod assemblies in the spaces between 
the rods, and is bounded on the outside of the 
assemblies by channel walls. In the process of 
cooling, boiling of the coolant takes place and 
the coolant becomes a mixture of liquid and 
vapor. 

One important question to which an answer 
is being sought is: how does the liquid phase 
redistribute itself during the boiling process? 
The results of tests run with steam-water at 
1,000 p.s.i.a. in a 9-rod channel show that when 
the quality, i.e., the ratio of steam mass rate to 
total mass rate, is less than about 20 percent, 
then the local quality in the corner of the chan
nel is less than the channel average. For ex
ample, if the average channel quality is 15 
percent, the local quality in the channel corner 
is about 5 to 10 percent. On the other hand, if 
the channel's average quality is greater than 
30 percent, the local quality in the corner is 
greater than the average; e.g., at an average 
quality of 31 percent, the local corner quality is 
35 to 40 percent. These results are particularly 
significant since, in the case of square arrays of 
uniformly heated rods being tested for critical 
heat flux,41 the critical heat flux is known to 
occur first in the corner of the channel. 

Heat Transfer Through Rod Bundles 

In conventional liquid-metal, shell-and-tube 
heat exchangers, there are regions on the shell 
side where the liquid metal flows at various 
angles across the tube bundle (see Fig. 11-76). 
Years ago, heat transfer measurements were 

40 See pp. 289-290, "Fundamental Nuclear Energy Ke-
search—1966." 

41 Limit of heat transfer under boiling conditions. 
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made for 90° cross-flow of liquid metals, where 
only the test element was heated. However, it 
has been a controversial point among design 
engineers as to whether the results were repre
sentative of a commercial exchanger where all 
tubes are heated or cooled equally. A study was 
recently completed at Brookhaven National 
Laboratory, from which it was concluded that, 
in general, the results can indeed be applied to a 
commercial exchanger where heating or cooling 
is equal for all tubes. The investigation was 
carried out in the low-flow range, where any 
differences would be magnified. The test section 
consisted of a bundle of i/^-inch o.d. (outside 
diameter) electrically heated rods enclosed in 
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a rectangular shell. The rods were arranged 
vertically in an equilateral triangular pattern 
and NaK (sodium-potassium alloy) flowed 
through them in the horizontal direction. 

Figure 11-74 shows the experimental results 
when only the test rod was heated, while Figure 
11-75 shows them when all the rods were heated. 
In the figures, the Nusselt numberi2 is propor
tional to the heat transfer coefficient and the 
Peclet number42 is proportional to the flow 
rate. The spread in the curves in each figure 
is normal and shows the effect of rod location on 
the heat transfer coefficient. A comparison of the 
two sets of curves shows that, at the higher flow 
rates, the heat transfer coefficient is not depend
ent on whether all the rods are transferring heat 
to the flowing JSTaK. On the other hand, at the 

42 Nusselt and Peclet numbers are dlmensionless groupings 
of system parameters in heat transfer and fluid dynamics 
used for correlation and characterization purposes. 
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Figs. 11-74, 75, and 76. Heat Transfer to NaE Flowing Through Boa Bundles. Ohart, above left shows the 
heat transfer characteristics of sodium-potassium (NaK) for a flow 90° across a staggered rod bundle with 
only the test element heated. Ohart above right shows same information for the condition of equal heat rates 
on all rods. Test element locations for the Brookhaven National Laboratory experiment are also shown in left 
figure. Oomparision of these two figures shows that as the flow rate is increased, heat transfer coefficients 
obtained under condition where only the test rod is heated approach those obtained under condition where all 
the rods are heated until, at a sufficient flow rate they are both the same. This means that experimental data 
obtained under the first condition can often be used to design commercial heat exchangers. The schematic 
diagram at left is a conventional liquid-metal shell-and-tube heat exchanger; the dotted line shows the shell-side 
flow path. 
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lower flow rates, the coefficients are significantly-
higher when all the rods are heated. However, 
for the flow rates normally encountered in 
liquid-metal heat exchangers, it may be con
cluded that experimental results, obtained where 
only the test rod is heated, are directly appli
cable to commercial exchangers, where all tubes 
in the bundle are transferring heat. 

In a related study, it was found that when the 
liquid metal flows through the rod bundle at 45° 
rather than 90° the heat transfer coefficients are 
reduced by about 25 percent. 

Boiling-Inception Superheats 

In the operation of fast breeder reactors 
which use alkali metals as coolants, it is of 
prime importance to know the conditions under 
which the coolant might inadvertently boil, 
should there be a flow stoppage or sudden in
sertion of reactivity. Preliminary tests with pool 
boilers and small loops have shown that alkali 
metals sometimes attain very high superheats 
(above saturation temperature) before incep
tion of boiling. The subsequent vaporization 
then tends to occur "explosively" with sudden 
generation of large amounts of vapor, accom
panied by large oscillations in fluid temperature 
and pressure. Brookhaven National Laboratory 
is currently studying this phenomenon of incep
tion superheat. 

A large-scale pumped loop has been used to 
measure boiling-inception superheats in potas
sium. The test section used for these first experi
ments was a 12-inch-long nickel tube, 0.300-inch 
i.d. (inside diameter). Fluid temperatures were 
measured at inlet, within the test section, and at 
the exit. Absolute pressures were measured at 
inlet and exit. Eesults showed that substantial 
superheats (of the order of 17° to 90° C.) were 
indeed required to initiate boiling. There ap
peared to be a slight but noticeable time (or 
history) effect. In a series of sequential runs 
under the same condition, boiling initiation su
perheats appeared to increase with time. In a 
series of runs with decreasing pressures between 
runs, the measured superheat increased as pres-
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Fig. 11-77. Boiling Inception Superheats. Chart shows 
Brookhaven National Laboratory's experimental meas
urements of boiling-inception superheats for f oreed-con-
vection flow of potassium. The experiments were per
formed in a Haynes-25, pumped loop. Inception points 
were obtained at pre-set flow rates, pressures, and inlet 
subcoolings by incremental increases in heat flux in 
test section. The results agree with theoretical predic
tions that boiling can be initiated more easily (with 
lower superheat) at higher operating pressures. 

sure decreased. This is in agreement with theo
retical predictions. These data are shown in Fig
ure 11-77. No effect of inlet subcooling could be 
detected. The measured superheat stayed essen
tially constant (within experimental accuracy) 
while inlet subcooling increased from 1° to 55° 
С 

Superheat research at ORNL. Experimental 
studies on the characteristics of boiling alkali 
metals are also continuing at the Oak Eidge Na
tional Laboratory (ORNL) with emphasis on 
the superheat (temperature in excess of the boil
ing temperature) required to initiate bubble for
mation with potassium on various surfaces (see 
Fig. 11-78). Knowledge of the superheat is per
tinent to the prediction of design performance 
and safety of alkali-metal-cooled nuclear reac
tors for space-power systems or for fast breed-
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Fig. 11-18. Superheat Boiling Initiation Experiment. A natural-circiilation loop in which the test fluid is boiled 
in one vertical leg and condensed in the opposed vertical leg has been used at the Oak Ridge National Laboratory 
to determine the superheat (excess of the wall temperature over the boiling temperature) required to initiate 
boiling with sodium and potassium. This apparatus is so arranged that the surfaces labeled A, B, and С can 
be independently studied. Thus, the characteristics of Section A (a porous surface, with an average pore size 
of 0.002 in., shown at 200X in the left inset) can be examined by heating this region while cooling the opposite 
leg. In turn, the performance of Section В containing surface cavities (0.006-in. diameter cylindrical holes, of 
shapes shown in the right inset, arranged at 1-inch separation in two diametrically opposed rows of four holes) 
can be determined by reversing the situation—i.e., by heating Section В while cooling Section A. Section С 
(a smooth, as-received tube) 'can. be tested by rotating the loop 90 degrees so that this leg now assumes a 
vertical orientation. Heat fluxes up to 20,000 B.tu. per hour per square foot can be achieved. 

ing. Earlier results on smooth surfaces showed 
superheats to be so high (130° to 240° C.) as to 
cause explosion-like release of the stored energy 
when a bubble finally forms, with attendant 
severe oscillations in tube wall temperatures and 
boiler pressures. This, in turn, may lead to the 
introduction of voids through coolant expulsion 
from the channel and cause severe thermal and/ 
or nuclear transients with subsequent core dam
age. Modification of the surface (either with a 
thin, porous coating or with „discrete, small-
diameter holes) results in 10- to 40-fold reduc
tions in the superheat (see Fig. 11-79) and also 
significantly diminishes the magnitude of the 
wall temperature oscillations (see Fig. 11-80). 
Some instability in the performance of the por
ous surface suggests that the use of discrete 
holes in the surface is preferable to the use of a 
porous surface. 

Boiling-Sodium Heat-Transfer Facility 

Fluid flow and heat transfer characteristics 
of boiling-sodium coolants are being investi
gated in a new 2,100° F. (1,150° C.) experi
mental facility designed at Argonne National 
Laboratory. Test data acquired with the metal 
liquid-vapor mixtures in this loop are essential 
for designing efficient and safe cooling systems 
for central station fast-reactor power plants, as 
well as for Bankine-cjcle43 systems for gen
erating power for use in space. Except for nu
clear radiation, the new test facility simulates 
the conditions (pressures, temperatures, and 
heat flows) that eventually will be attained in a 
single fuel channel in such advanced reactors. 

«In the Bankme cycle, the liquid metal Is converted to 
vapor by heating and the vapor used to turn a turbogenerator 
to produce electricity. 
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Figs. 11-79 and 80. Superheat Boiling Initiation Meas
urements. The superheats required for boiling initia
tion with liquid potassium in natural circulation on 
treated surfaces (porous .or 0.006-inch-diameter holes) 
are compared in the above Oak Ridge National Labora
tory chart with earlier data for smooth surfaces (solid 
dots on chart). While the porous surface (triangles) 
was less effective than the surface with discrete 
holes (open circles), both surfaces cause substantial 
reductions in the superheat. Over the temperature 
range of these experiments, the superheat data cor
relate reasonably well with predictions (solid lines) 
based on a model involving a spherical vapor bubble 
(of radius equal to the pore size of the test surface) 
in thermal equilibrium within a liquid pool of uniform 
temperature. The charts below compare the tempera
ture patterns observed at the outside surface of the 
treated tube sections A and В with results previously 
obtained for a smooth surface; the saturation tempera
ture (boiling temperature at the existing system pres
sure) was in all three cases about 1,460° F. (790° C ) . 
The amplitude of the temperature oscillations, which 
was about 150° F. (66° C.) on the smooth surface, was 
significantly reduced when either a porous coating or 
small-diameter holes were present on the inside surface. 
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The new test loop, made of niobium-zirconium 
alloy for high strength at the high operating 
temperatures of interest to researchers, is 
housed entirely in a vacuum chamber to protect 
the refractory alloy from oxidation by air (see 
Fig. 11-81). The vacuum chamber is approxi
mately 10 feet high and 4 feet in diameter. In 
the loop, a pump circulates 5 gallons per minute 
of liquid sodium through a preheated section, 
then into the heated boiler and test section, and 
then to a condenser where the vapor is cooled 
back to liquid form. The condenser, which radi
ates heat to the chamber walls, consists of a coil 
of niobium-zirconium tubing having a % inch 
diameter and a 0.035-inch thick wall. Of the 150 
feet of tubing in the loop, 120 feet are in the 
condenser coil itself. The pump, of a type called 
helical induction, circulates the molten sodium 
by electromagnetic force rather than by means 
of moving mechanical parts. Loop construction 
has been completed and, during the numerous 
shakedown and instrument calibration test runs, 
sodium temperatures, circulation, and pressures 
have been as high as 1,000° F. (540° C ) , 25 
ft./sec, and 200 p.s.i.a., respectively. 

FLUID DYNAMICS STUDIES 

The AEC is also supporting studies in fluid 
dynamics. Eecent advancements include de
velopment of techniques for turbine-erosion and 
liquid-bearing studies. 

Turbine Blade Erosion Studies 

The Aeronutronic Division of Philco-Ford, 
Newport Beach, Calif., has: (a) proven the 
feasibility of a novel technique for measuring 
the size of condensate droplets formed by expan
sion of a saturated vapor through a supersonic 
nozzle, and (Ъ) obtained turbine blade erosion 
data by running a supersonic turbine for 96 
continuous hours in wet potassium vapor. These 
investigations are related to the development 
of reliable, long-duration Rarikine cycle space 
powerplants using liquid metal working fluids 
and nuclear reactor heat sources. 
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Fig. 11-81. Boiling-Sodium Beat-Transfer Facility. A 
new niobium-zirconium test loop is being used at 
Argonne National Laboratory for studying the flow and 
heat-transfer performance of boiling-sodium liquid-
vapor mixtures at temperatures and pressures as high 
as 2,100° F. (1,150° C.) and eight atmospheres. The 
thermal-radiation heater is at the left foreground; 
the shutter-controlled coil condenser is on the right 
side of the loop {center of photo). The upper half of the 
vacuum chamber (in background at right) is sealed 
over the loop before a test is run. 

Since many of the two-phase flow phenom
ena responsible for turbine erosion are not yet 
understood, even in a common fluid such as 
steam, it is necessary to determine such basic 
parameters as condensate droplet size and tur
bine blade erosion due to impingement of these 
droplets in order to acquire basic design data. 

The unique droplet-size measuring technique 
developed by Aeronutronic uses a supersonic 
nozzle with a wedge placed immediately down
stream of the nozzle exit plane. The shock at 
the leading edge of the wedge turns the vapor 
flow parallel to the wedge surface. However, the 
condensate droplets formed in expanding 

through the nozzle pass through the shock and, 
depending on droplet size and interaction with 
the vapor, may or may not impinge on the 
wedge. By using appropriate wedge materials, 
the erosion length resulting from droplet im
pingement becomes a sensitive measure of par
ticle size. 

The turbine blade erosion test was run with 
a supersonic turbine in wet potassium vapor 
having average nozzle inlet temperature of 
675° C, inlet pressure of 5.6 p.s.i.a., and exhaust 
pressure of 0.81 p.s.i.a. The average rotational 
speed was 17,800 r.p.m. over the 96-hour test 
period. The turbine wheel was constructed of 
TZM44 material, was 5.0 inches in tip diameter, 

ы 0.6 percent titanium, 0.1 percent zirconium, and the bal
ance molybdenum. 

Figs. 11-82 and 83. Erosion of Turbine Blades. Photo 
above shows typical appearance of turbine blades be
fore testing at Aeronutronic Division, Newport Beach, 
Calif., and photo below shows the appearance of tur
bine blades after endurance test, 25° blade angle. The 
turbine blade erosion test was run with a supersonic 
turbine in wet potassium vapor having average nozzle 
inlet temperature of 675° C, inlet pressure of 5.6 p.s.i.a., 
and exhaust pressure of 0.81 p.s.i.a. The average rota
tional speed was 17,800 r.p.m. over the 96-hour test 
period conducted as a part of the study on turbine blade 
erosion from impingement of potassium droplets. 
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Fig. П-84. Liquid Metal Bearings Test. The sodium-potassium (NaK) circulation assembly for the liquid metal 
bearing test at Mechanical Technology, Inc., Latham, N.Y., is shown at the left. I t contains a 40 p.s.i. electro
magnetic pump and flowmeters, cover gas purifier (not shown), cold-trap, sump-tank, and cooler, as well as 
pressure, temperature, flow controls. There are two separate flow circuits, one of which provides the lubricant 
to the test rig bearings, while the second is a closed loop bearing coolant circuit. The test rig is mounted in 
the container vessel shown at the right of the figure. (The connecting piping between the circulation assembly 
and the vessel are omitted.) A bank of 12 amplifiers is panel mounted at the rear. Each amplifier linearizes 
and amplifies the signal from one of the capacitance probes mounted in the test rig to measure the small motions 
of the rotor within the bearing clearance. The amplified signals are then transmitted to oscilloscopes for 
monitoring and recording. 

and had 0.29 inch high-impulse type blades. The 
wheel was divided into eight sections having 
blades of four different geometries. Figures 
11-82 and 83 are close-up pictures of the before 
and after test appearance of a blade section hav
ing 25° blade angles. It was noted that: (a) 
some erosion and corrosion of the test tur
bine blades does occur; (&) damage was not of 
sufficient magnitude, however, to cause more 
than minor performance degradation of the 
turbine; (c) all blades had the same definite 
damage pattern; and (d) variation of the tur

bine blade angle had no effect on the blade 
erosion pattern or on the amount of material 
removed from the blades. 

Liquid Metal Bearings 

Frequently in nuclear applications the level 
of radioactivity, high temperatures, and the in
tolerance of some nuclear components to con
tamination preclude the use of conventional oil 
bearings, making it necessary to lubricate 
machinery bearings with the process fluids. 
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Jfijrs. 71-85 a«d 86. Liquid Metal Bearings. Photo above 
shows one of the Mechanical Technology, Inc., liquid 
metal bearings test rigs partially disassembled. Tilting 
pad bearings are used in the test program because of 
their inherent stability and self alignment capability. 
Bach bearing has four pads which are individually sup
ported on spherical-seat pivots. Photo above shows the 
rotor supported in the two liquid metal bearings. One 
of the two pairs of capacitance probes used at each 
bearing is shown at the left hand side. One of the capac
itance type probes and its lead wire is shown at the 
right hand side. These probes measure the shaft mo
tions that occur within the bearing clearance as func
tions of load and speed. Photo at left shows the fully 
assembled test rig. The vertical cylinder contains a 
pneumatic load cylinder and spring bank which apply 
the static load to the rotor through a floating, hydro
static gas bearing. Dynamic loads are imposed by 
inserting known unbalance weights in the rotor. 
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Under a technology program in progress45 at 
Mechanical Technology, Inc., Latham, N.Y., in 
which bearing design data and procedures are 
being evolved for use in development of nuclear 
turbomachinery where the cycle (process) fluid 
lubricant is a liquid metal, it has been found 
that consideration of fluid inertia cannot be 
overlooked in lubrication studies. One important 
example where this technology is needed is in 
the development of sodium circulation pumps 
for the liquid metal fast breeder reactor, now 
considered necessary to conserve the nuclear 
fuel resources in an expanding nuclear 
economy. In these large pumps, at least the 
journal bearings immediately adjacent to the 
impellers must be lubricated by liquid sodium. 
The bearing size (20" diameter or larger), as 
well as the low viscosity of sodium at about 
1,000° F . (540° C ) , result in highly turbulent 
bearing films, exceeding previous lubrication 
experience. 

The theory of turbulent lubrication was de
rived analytically and verified experimentally 
using a low viscosity fluid to achieve high bear
ing film turbulence. Bearing performance 
charts were calculated from the theory, and 

their accuracy is currently being checked in 
bearing tests using the sodium-potassium eutee-
tic alloy, or alloy with the lowest melting point 
("NaK 78") as the lubricant. This eutectic alloy, 
being liquid at room temperature, permits ex
tensive bearing data to be obtained directly in a 
liquid metal. The NaK circulation assembly and 
the test rig container vessel used in the program 
are shown in Figure 11-84. Some of the early 
test data is shown in Figure 11-73 on page 187, 
and the test data is shown in Figures 11-85 and 
86. 

I n the current series of tests, a 57-pound rotor 
supported on 2-inch diameter bearings has been 
operated through and above its 24,000 r.p.m. 
design speed. The fluid film Reynolds4e number 
is 11,000 and the bearings are subjected to static 
and dynamic loading, each up to 75 lbs. per 
square inch. A significant result to date has been 
an indication that fluid inertia, normally neg
lected in lubrication, appears to be important 
in liquid metal bearings, particularly at surface 
discontinuities. 

413 See pp. 282-2S3, "Fundamental Nuclear Energy Re
search—1966." 

46 Reynolds number—A dimensionless unit used to describe 
fluid flow. 



Fig. 11-81. Sol-gel JEketrusion. This photo shows sol-gel thoria being extruded in the form of a ^-inch-diameter 
fuel rod; note the rigidity and straightness of the "green" extruded piece. After drying and calcination at 
1,200° 0., the densified fuel rod is ready for easy insertion into long tubes or for preparing pellets. This method, 
alternatively using sol-gel-derived UOs-PuOs fuel material from the fuel reprocessing cycle, also appears promis
ing for use in fast reactor fuel refabrication. Oak Ridge National Laboratory is investigating the processing 
of spent fuels as a. part of the AEC's fast breeder reactor development (see p. 199). 

FUEL PROCESSING DEVELOPMENT 
Investigations have been continuing " on the processing of spent nuclear reactor 
fuels. The goal of this work is to develop improved, methods of salvaging the 
remaining fissionable and fertile material48 for use in fabricating new fuel 
elements, preparing the hazardous radioactive wastes for safe storage and long-
term disposal, and recovering useful fission products and other byproduct 
radioisotopes for applications in research and technology. 

solvent that contains TBP (tributyl phos
phate), or by the ion exchange method. Al-

*' See pp. 48-56, "Fundamental Nuclear Energy Research— 
1965." 

48 The fissionable, or fissile, materials, uranium-2,33, ura-
nium-235, ana plutonium-239, undergo nuclear fission upon 
absorbing thermal neutrons. The fertile materials thorlum-232 
and uranium-238, undergo conversion to fissionable materials 
when their atomic nuclei capture neutrons; e.g., thorium-232 
to uranium-233 by addition of a neutron to each thorium-232 
nucleus, uranium-238 to plutonium-239 by addition of a neu
tron to each uranium-238 nucleus. 

197 

AQUEOUS PROCESS DEVELOPMENT 

At present, recovery of the fissionable and 
fertile materials that remain in spent nuclear 
reactor fuels is accomplished by their chemical 
removal from aqueous solutions obtained 
through dissolving the fuel elements in strong-
acids. The removal is accomplished either by 
the solvent extraction method, using an organic 
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though these aqueous processes are currently in 
use on a plant scale, research and development 
studies are 'being continued in order to improve 
their effectiveness and increase their versatility. 

Centrifugal Extractor 

Centrifugal extractors of a new design are 
now separating plutonium and uranium from 
radioactive fission products at the Savannah 
River Plant. The new extractors have replaced 
conventional mixer-settlers, in which the two 
phases are separated by gravity. Because the 
centrifugal separation is so much faster, the 
holdup time of the process solutions in the ex
traction equipment is 50 times shorter than 
before. This significantly shorter holdup time 
has decreased radiolytic degradation of the sol
vent. The use of smaller equipment for the same 
throughput has also improved nuclear safety by 
making it more difficult to accumulate a critical 
mass of fissionable material. The extractors, 
originally developed by the Savannah River 
Laboratory, are fabricated of stainless steel, are 
10 inches in diameter, have a flow capacity of 
over 60 gallons per minute (g.p.m.), have a 
speed of 1,750 revolutions per minute (r.p.m.), 
and develop a centrifugal field of about 300 
times the force of gravity. 

In the new extractors, the steps of pumping, 
mixing, separating, and decanting are all per
formed in a single device having a single rotat
ing shaft. The extractor is a cylinder having 
three chambers, as shown in Figure 11-88. In 
the bottom chamber an impeller on the end of 
the drive shaft serves as a pump and mixer. In 
the central chamber, vanes attached to the shaft 
force the liquid to rotate as a body so that the 
chamber serves as a liquid-liquid centrifuge 
(similar to a dairy cream separator). In the 
chamber on the upper end, a combination of 
circular weirs serves as a continuous decanter. 

A particular feature of the new extractor 
is the application of air pressure in the weir, 
chamber to remotely regulate the interface posi
tion in the centrifuge. By this means com
pensation can be made for changes in the rela
tive density of the feed streams. By maintaining 

Fig. 11-88. Centrifugal Extractor. Diagram shows the 
major components of the centrifugal extractor devel
oped at Savannah River for separating radioactive 
materials. The extractor (shown in cross section) is 
an integral unit having a pump mixer (at the bottom), 
centrifugal separator (above the pump), and motor 
drive (at the top), all mounted on one vertical shaft. 
An assembly of 18 such units is separating plutxmium 
and uranium from fission products by continuous 
counter-current solvent extraction. Radiolytic degrada
tion of the solvent is minimized by short contact times. 

the interface radius at a midpoint between the 
outlet weirs, clean separation of phases can be 
obtained at maximum flow rates. 

Ion Exchange Method 

The Savannah River Laboratory and the 
University of South Carolina, Columbia, are 
jointly studying the design processing equip
ment to demonstrate the use of ion exchange 
membranes to continuously concentrate and 
purify aqueous solutions of metal ions. The 
process uses a difference in acid concentration 
to force the metal ions out of a dilute solution 
through the ion exchange membrane (cation 
type), and into a more concentrated solution. 
It may also be used with a different type of 
membrane (anion type) to remove acid from a 
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solution. No electric or pressure potentials are 
used. Specifically, the first design is one for the 
concentration of uranium solutions from spent 
reactor fuel elements or from uranium ores. 
Several small concentrating units have been 
built and successfully tested to determine de
sign data. 

Use of ion exchange membranes provides 
some distinct advantages over other methods of 
separation and concentration. Because the mem
branes do not require regeneration, they can be 
used continuously for long periods of time. A 
wide range of flow rates and concentrations can 
be processed. Also, operation of membrane sys
tems can be made rather simple, and applica
tion to many chemical separations appear to be 
possible. 

Fast Breeder Process Development 

The limited lifetime of the stainless steel clad 
fuel elements used in fast breeder reactors may 
be expected to have a significant effect on the 
rate of discharging and the methods for reproc
essing the spent fuel. Currently, the goal for 
such fuels is 70,000-100,000 megawatt-days per 
ton (MWD/T). Investigations are underway at 
Oak Ridge National Laboratory (OENL) to 
determine if existing plants, using well estab
lished solvent extraction methods, can be modi
fied for processing the spent fuels; also, if the 
sol-gel process for fuel refabrication can be 
readily adapted to remote operation. 

Eecycle buildup of neutron-active isotopes of 
plutonium may require remote reconstitution or 
refabrication of the fast reactor fuels, and it 
appears that the sol-gel process can be readily 
adapted to perform this remote reconstitution. 
Uranium and plutonium sols can be separately 
formed from their nitrate solutions and then 
blended in desired proportions. The mixed gel 
can then be converted into oxides and formed 
into rods (see Fig. 11-87) or pellets, micro
spheres (see Fig. I I - l ) , or ceramic shards by 
drying and crushing. Calcining at the relatively 
low temperature of about 1,150° C. provides 
mixed urania and plutonia in the form of a 
homogeneous refractory ceramic of almost 
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Fig. 11-89. Bromine Pentafluoride Process. The proc
essing steps employed in recovering uranium and Pluto
nium, from nuclear reactor fuel materials using the 
bromine pentafluoride (BrF5) fluid-bed volatility tech
niques are illustrated in the Argonme National Labora
tory sketch. All operations involving chemical separa
tion of uranium and plutonium from fission products 
and cladding materials are carried out in a fluid-bed 
reactor. The principle of fluidization involves the pas
sage of a gas upward through a bed of solid particles 
at a speed sufficient to allow the particles to move with 
an apparent random motion and acquire certain char
acteristics of a liquid. Since the solids mix within the 
bed and transfer heat rapidly to walls of the reactor, 
it is possible to carry out the highly exothermic (heat 
emitting) reactions in the volatility process under 
nearly constant temperature conditions. 

theoretical density (density of pure materials 
with no voids) that can be loaded into fuel 
tubes. 

FLUORIDE VOLATILITY PROCESS 

Extensive programs aimed at developing 
methods for the recovery of uranium and pluto
nium from partially spent reactor fuels by 
fluoride volatility techniques are being carried 
out at several laboratories. These methods are 
based on the ability of certain fluorinating 
agents to convert uranium and plutonium to 
volatile hexafluorides (UF6 and PuF6) which 
are readily separated from associated less-vola
tile fuel materials, such as cladding and radio
active fission products. The primary objective 
of the fluoride volatility program is to develop 
the technical data for the design of a commer
cial reprocessing plant for power-reactor fuels. 
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Fig. 11-90. Plutonium Hexafluoride Recovery. Draw
ing is of an engineering-scale facility being operated 
at Argonne National Laboratory to demonstrate the 
various steps in the fluid-bed fluoride volatility process. 
The large glovebox contains equipment used for proc
essing unirradiated plutonium-containing fuel mate
rial. In the fluorinator, uranium dioxide-plutonium 
dioxide fuel is reacted with bromine pentafluoride to 
form uranium hexafluoride (UFe) and then with fluo
rine to produce plutonium hexafluoride (PuFe), which 
is collected in refrigerated traps. The conversion of 
PuFe to plutonium tetrafluoride by thermal decomposi
tion of PuFe has been demonstrated in the converter 
reactor. In this operation, PuFe is introduced at the 
bottom of the reactor and passed upward through a 
fluidized bed heated to 300° С Under these conditions, 
PuFe decomposes to solid PuF,,, which deposits on the 
bed particles. Purification of UFe from small quantities 
of volatile fisstem-product fluorides will be studied in 
the distillation pilot plant located adjacent to the con
verter reactor. 

Bromine Pentafluoride Process 

Argonne National Laboratory has discovered 
that uranium can be separated from plutonium 
by the use of bromine pentafluoride (BrF5) as 
a fluorinating agent (see Fig. 11-89). In this 
process, the fuel material is first converted to a 
powdered oxide by reaction with oxygen. The 
powdered oxide is then reacted with BrF5 gas 
to convert uranium oxide to gaseous UF6, while 
plutonium oxide is converted to solid plutonium 
tetraliuoride (PuF4). Plutonium is then recov
ered separately as gaseous hexafluoride (PuF6) 
in a subsequent step using fluorine at high tem
peratures (300° to 550° C.) as the fluorinating 

agent. This process (see Fig. 11-90) offers a 
distinct advantage over the earlier fluoride vola
tility process based on the production of UF6 
and PuF6 together by the direct reaction of the 
fuel material with fluorine. 

Plutonium hexafluoride is a rather unstable 
compound, readily undergoing decomposition to 
PuF4 and fluorine. Therefore, special steps are 
required to recover the decomposed plutonium 
from process equipment in which PuFe has been 
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Fig. 11-91. Semiworks Reactor System. The semiworks 
reactor system at the Oak Ridge Gaseous Diffusion 
Plant is being used to solve operational and engineer
ing problems in applying fluid-bed fluoride volatility 
techniques developed in the laboratory to a full-scale 
processing plant recovering fissionable materials. The 
schematic drawing indicates how tests on the oxi
dation of the uranium dioxide (UO2) pellet fuel to 
convert it to powdered urano-uranic oxide (U3Os) are 
conducted. The reactor is charged with %-inch diam
eter alumina (АЬОз) balls, powdered alumina (АЬОз), 
48 to 100 mesh, and the reactor grade uranium dioxide 
(UO2) pellets. The alumina (АЬОз) balls position the 
pellet bed above the oxygen (02) entry point at the 
bottom of the reactor for optimized gas distribution. 
Satisfactory operation has been obtained when the 
reaction takes place only at the top of the pellet bed 
so that the urano-uranic oxide (U3Os) powder is read
ily carried up into the fluidized alumina (AI2O3) in the 
upper 10-inch diameter reactor section, and the rela
tively high superficial velocity of 3 ft/sec. is main
tained in the smaller ö-inch diameter section of the 
reactor to aid in conveying the powder. The reactor 
system will soon also be used for decladding and fluo-
rination experiments. The two major components of 
the system are shown in Fig. 11-92. 
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handled. The principle advantages of the new 
process employing BrF5 are: (a) that a sep
arate step is not required for the separation of 
UF6 from PuF6, and (5) the number of proc
essing steps involving PuF6 are reduced to a 
minimum. Thus, the handling of the delicately 
stable PuF6 is simplified. 

Process Feasibility Studies 

Technical and economic feasibility studies are 
being conducted at the Oak Ridge Gaseous Dif
fusion Plant (ORGDP) 49, Oak Ridge, Tenn., 
on the fluid-bed50 fluoride volatility process. 
The purpose of the studies is to translate the re

sults of basic research and development, con
ducted primarily at Argonne, Oak Ridge, and 
Brookhaven National Laboratories,51 into con
ceptual plant designs necessary for components 
development and plant scale-up work. 

«.The ORGDP is an AEC production facility at Oak Ridge, 
Tenn., operated by Union Carbide Corp. 

50 A fluid-bed (synonymous with "fluidized-bed") is composed 
of small, solid particles of an inert substance, such as alumina 
(Al2Os). A gas stream is passed through the bed, thereby agi
tating the inert particles and imparting the characteristics of 
a fluid to the particles. The fluid-bed serves as a heat transfer 
medium which provides good control of temperature during a 
reaction. 

51 See pp. 305-307, "Fundamental Nuclear Energy Re
search—1962" also pp. 355-359 "Fundamental Nuclear 
Energy Research—1963"; pp. 133-134, "Fundamental Nu
clear Energy Research—196,4" ; and pp. 50-51, "Fundamental 
Nuclear Energy Research—1965." 

REACTOR FILTER COOLER 

Fig. 11-92. Semitoorks System Components. The Oak Ridge Gaseous Diffusion Plant semiworks fluid-bed reactor 
has a 10-inch-diameter upper section and a 5-inch-diameter lower portion. I t is constructed of low carbon nickel 
because the operating temperature may be as high as 600" O. For increased corrosion resistance, special pro
cedures, employing low carbon nickel wire, were used to weld the low carbon nickel to itself and to the Dura-
nickel flanges. Cooling coils are welded to the walls, and the vessel is provided with gas inlet nozzles at several 
elevations. The filter cooler was fabricated in a similar manner, using so-called commercially pure nickel and 
standard weld material. The enlarged upper section is designed for the installation of tubular-type filters. A 
diagram of the system is shown in Mg. II-91. 

275-845 О—68 15 
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Fig. 11-98. Peripheral Compressor. Recycle of reactant gases is required to reduce reactant usage and, conse
quently, to lower overall reprocessing costs of a fluid-bed volatility process. The novel two-stage peripheral 
compressor shown above, developed at the Oak Ridge Gaseous Diffusion Plant was adapted to meet the volatility 
process requirements. The compressor operates at a speed of 11,000 r.p.m. and is capable of delivering over 
75 c.f.m. of fluorine (F2) and 150 c.f.m. of hydrogen chloride (HOI) at a discharge pressure of 14.7 p.s.i.g. 
with atmospheric suction. As shown in the lower pictures, the inside nickel surfaces of the compressor were 
unaffected after 2,000 hours of operation on mixtures of 20 to 75 percent fluorine (F2) in nitrogen (N2). The 
minute scratches and pits on the parts are machine marks made during fabrication and balancing. 

Special equipment and components for the 
fluid-bed fluoride volatility process are being 
developed. Operation of the semiworks fluid-
bed reactor,52 designed to provide scale-up data 
for a larger, plant-size system, and completion 
of a 2,000-hour test in fluorine (F2) service of 
the ORGDP-designed peripheral compressor 
have been accomplished. 

The semiworks reactor (see Fig. 11-91) has 
been employed in pellet oxidation studies with 
35 and 65 kilogram (kg.) charges of uranium 
dioxide (U02). By way of comparison, a plant-

scale reactor is expected to have a maximum 
diameter of about 2y2 feet and to contain a batch 
charge of about 1,500 kg. of uranium dioxide 
(U02). The 65 kg. charge is, however, about 
15 times as big as previously used in smaller 
scale flow sheet tests. 

A plant-size peripheral compressor, designed 
at ORGDP using experience gained in a basic 
compressor research program (see Fig. 11-93), 
has now been tested. After 2,000 hours in fluo-

B In this case, not a nuclear reactor but a vessel containing 
the chemical reaction. 
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Fig. 11-94. Fluid-Bed Volatility Pilot Plant (FBVPP). The above is a partial flowsheet for the hot pilot plant 
that is being installed at Oak Ridge National Laboratory to demonstrate the recovery of uranium and plutonium 
from spent oxide power-reactor fuels. Fuel is introduced into the primary (chemical) reactor that contains an 
inert fluidizing medium, alumina (АШ3). The zirconium cladding is removed by converting the metal to volatile 
zirconium tetrachloride (Zr01<). The oxide fuel pellets (U02) are contacted with air to form uranium oxide 
(TJsOs) powder, then bromine pentafluoride (BrF5) is used to form volatile uranium hexafluoride (UFe). The 
volatilized UFe is trapped and finally separated from BrF5 and volatile fission product fluorides by a batch 
distillation system and use of a hot sodium fluoride (NaF) trap and a magnesium fluorine (MgF2) bed. The 
Plutonium remaining in the bed in the primary reactor is reacted with fluorine to produce volatile plutonium 
hexafluoride (PuFe) that is swept from the reactor and collected in a cold trap prior to further purification 
and conversion to plutonium tetrafluoride (PuF4). 

rine service, operating at about 10,000 r.p.m., 
and compressing about 50 cubic feet per minute 
(c.f.m.) of gas from 1 to 2 atmospheres, the unit 
was removed and disassembled for inspection. 
All metal surfaces were in excellent condition. 

Molten Salt Breeder Reactor Processing 

Continuing studies and tests revolving around 
the successful operation of the Molten Salt Re
actor at Oak Bidge National Laboratory are 
expected to lead to the development of an effi
cient thermal breeder reactor.53 Such a reactor 
would burn fuels contained in circulating 

molten fluoride salts and would be capable of 
converting thorium into enough fissionable 
uranium-233 to supply its own fuel needs, as 
well as enough extra uranium-233 to equal its 
fuel inventory, or capacity, every 10 to 20 years. 
To achieve the neutron economy needed for a 
molten salt breeder reactor requires that the fis
sion product poisons 54 be continuously removed 
from the fuel; therefore, separation processes 
are being developed at ORNL to accomplish 
such a purpose. 

63 See footnote 10 for definition. 
51 These poisons, resulting from the nuclear fissioning of the 

reactor fuel, act as neutron absorbers and reduce the efficiency 
of the breeder, or the extent of the "breeding gain." 
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One class of poisons includes certain isotopes 
of the noble gases, which can be easily separated 
from the circulating molten fuel salts by using 
a gas separator. 

Another important class includes nuclides of 
the rare earth elements, the fluorides of which 
exhibit solubility in the molten salts, as well as 
relatively low volatilities. Processes ПОЛУ being 
studied will provide for the more difficult sepa
ration of this class of poisons from the fission
able uranium-233 and from the valuable carrier 
salt by use of a well-established flouride volatil
ity method, followed by a low-pressure distilla
tion method. In the first step, the uranium can 
be separated from the fuel salt by contacting 
the salt with elemental fluorine (F2) to convert 
the uranium tetrafluoride salt (UF4) to the vol
atile hexafluoride (UF6), then collecting and 
purifying the UF6 gas. In the second step, the 
remaining carrier salt, which is principally a 
mixture of lithium-7 and beryllium fluorides, 
can be separated from the rare earth fluorides, 
as well as several other fission-product fluo
rides, by low pressure (1 mm. of mercury) dis
tillation (1,000° C.) of the more volatile lithium 
and beryllium salts. The purified carrier salt 
and the uranium are then used to reconstitute 
fuel for return to the reactor. 

PYROCHEMICAL PROCESS 

High-temperature pyrochemical processes are 
being developed for the recovery and purifica
tion of high-plutonium-content ceramic and 
metal fuels from fast breeder reactors. Lower 
fuel-reprocessing costs are expected to result 
from pyrochemical methods because they are 
simple, compact, and capable of handling fuel 
shortly after discharge from the reactor. This 
capability of handling fuel after only a short 
cooling period makes possible a reduction in the 
quantity of fuel awaiting processing and a rapid 
reuse of fuel, largely because inorganic reagents 
are employed which are stable under irradia
tion. Other economic advantages of pyrochemi
cal processes are small process volumes, which 
require, a minimum of shielded space, and the 

direct production of solid wastes. These charac
teristics make pyrochemical processes highly 
suitable for a fuel-reprocessing plant designed 
to serve one or several reactors. 

Salt Transport Process 

Laboratory and engineering investigations at 
Argonne National Laboratory have been di
rected toward the development of a new pyro
chemical procedure known as the salt-transport 
process. Good results have been obtained in the 
recovery of uranium nearly free from fission-
product elements. In this process, uranium or 
plutonium is purified and recovered by selec
tively transferring it from one liquid-metal sol
vent (donor solution) to another liquid-metal 
solvent (acceptor solution) by passing a molten 
salt back and forth between the two metal sol
vents. From a process standpoint, this method 
of separation has the advantage that only small 
solution volumes are required, since not all the 
uranium or plutonium need be in solution at one 
time. 

Chemical studies have been conducted to pro
vide basic data for the development of the salt-
transport process. In these studies, binary 
alloys of magnesium with zinc, cadmium, or 
copper, and salts consisting of magnesium 
chloride (MgCl2) alone or in combination with 
other chlorides (alkali and alkaline-earth 
chlorides), were investigated to determine their 
relative effectiveness as solvents in salt-trans
port separations. Liquid copper-magnesium 
alloys were found to be suitable donor solvents 
and liquid magnesium-zinc alloys were found to 
be suitable acceptor solvents. A furnace used in 
these studies is shown in Figure 11-95. 

Engineering studies have been carried out to 
develop the technology required for plant-scale 
applications of pyrochemical processes. The 
feasibility of the salt-transport separations was 
successfully demonstrated in pilot-plant tests 
with unirradiated uranium to which fission-
product elements had been added. In this work, 
high uranium recovery (99%) and excellent 
separation of uranium from the fission-product 
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elements (ranging from 99.9% for zirconium 
to 99.999% for niobium) were achieved. Plans 
are in progress to conduct similar experiments 
with plutonium. Installation of equipment to 
carry out these experiments has been completed. 

Fuel Cycle Facility 

Continued operation of the Fuel Cycle Fa
cility55 (FCF) by Argonne National Labora
tory in conjunction with the Experimental 
Breeder Reactor (EBR-II) at the National Ee-
actor Testing Station (NETS), Idaho, has 
confirmed feasibility of the completely remote 
processing and refabrication of the fast reactor 
fissium alloy fuel currently being used. All of 
the fuel in the reactor has been recycled at least 
once, with some in its third cycle. In other 
words, it has been removed from the reactor 
after irradiation, melt refined,56 and reenriched 
in uranium-235 in the FCF, recast into fuel 
pins, and then refabricated into fuel subassem
blies which are returned for reuse in the reactor. 

Significant information relating to the sus
tained operability and to the maintainability 
of pyrochemical fuel processing and remote 
fabrication equipment in an inert atmosphere 
(pure argon) and high radiation fields (10,000 
to 100,000 roentgens57 per hour) has been 
gained from FCF operations. Further, it is in
dicated that this type of processing will be 
feasible for other types of fast reactor fuels. 
Little difficulty has been encountered which 
could be attributed to gamma irradiation effects 
on the equipment designed for this purpose. 

ASSOCIATED RESEARCH 
The AEC also sponsors chemical research in 

other areas. Two important such areas deal with 
K See pp. 82-85, "Fundamental Nuclear Energy Research— 

1965." 
M I n melt refining, the fuel material is melted at about 

1,400° C. in a zirconia crucible; then, certain fission-product 
impurities are removed by volatilization, while others are re
moved by selective oxidation reactions with the- crucible 
material. 

ет Roentgens—An exposure dose of X- or gamma-radiation 
such that the associated corpuscular emission per cubic centi
meter of air at standard conditions produces ions carrying one 
electrostatic unit of charge of either sign. 

Fig. 11-95. Tilt-pour Furnace used in Pyrochemical 
Processing. In the high-temperature pyrochemical 
processes being investigated at Argonne National Lab
oratory for the reprocessing of fuels from fast breeder 
reactors, liquid metals and molten salts are used as 
reagents. Experimental studies of process reactions 
involving these reagents are being conducted in an 
induction-heated tilt-pour furnace, which has general 
versatility for pyrochemieal work. The furnace shown 
in the photo is in the "pour" position. The material is 
first heated in the section having the induction heater 
coiled on the outside {left of photo). This section is kept 
in an upright position during heating and then tilted for 
pouring the contents into a crucible contained in the 
other section (bottom of photo). Here the material is 
allowed to solidify and is later removed for study. The 
furnace allows heating under a vacuum or an inert 
atmosphere. 

fuel burnup analysis and with chemonuclear 
development. 

Thermal Fuel Burnup Analysis 

More accurate methods for measuring the 
percentage of uranium and plutonium which 
has fissioned in a spent nuclear fuel element are 
being developed by the Nucleonics Laboratory 
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of the General Electric Co. at Pleasanton, Calif. 
I t has been demonstrated that this burnup value 
can be determined most accurately by measuring 
the amount of a fission product produced within 
the fuel. While the number of possible fission 
products is large, few satisfy all the require
ments for the ideal burnup indicator, which are: 
(a) the fission product should be non-volatile, 
so that it is not lost from the fuel by distillation; 
(&) it should have a low cross section, so that 
it is not destroyed by neutron absorption; (c) it 
should be subject to simple accurate analysis; 
and (d) its fission yield should be well known 
and should be constant for all fissioning species. 
The fission product neodymium-148 (Nd148) has 
been found to meet all these requirements. 

The basic method of measurement of this 
burnup indicator (see Fig. 11-96) requires the 
dissolution of fuel and, after chemical separa
tion, the measurement of the relative concentra
tions of neodymium isotopes to those of the 
heavy elements. The anion exchange chemical 
procedure developed for the separation of neo
dymium is highly specific and integrates well 
with the methods previously developed for the 
separation of uranium and plutonium. The mass 
spectrometric data obtained are processed by a 
computer code, developed in conjunction with 
this program which yields the nuclear fuel 
burnup as well as the uranium and plutonium 
isotopic compositions. 

The development of this mass spectrometric 
method increases the accuracy of the burnup 
measurement by a factor of seven over the 
cesium-137 radiochemical measurement former
ly employed by industry. Furthermore, the 
largest remaining source of error in the meas
urement of burnup, i.e., uncertainty in the fis
sion yields, has been reduced by measurement of 
these nuclear constants. The new method has 
been proposed as a standard method for adop
tion by the American Society for Testing and 
Materials. 

Chemonuclear Development 

Eensselaer Polytechnic I n s t i t u t e (EPI) , 
Troy, N.Y., in studying the peaceful uses of 
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Fig. 11-96. Thermal Fuel Burnup Analysis. More ac
curate methods for measuring the percentage of urani
um and plutonium which has fissioned in a spent 
nuclear fuel element are being developed by the 
Nucleonics Laboratory of the General Electric Co. at 
Pleasanton, Calif. It has been demonstrated that this 
burnup value can be determined most accurately by 
measuring the amount of a fission product produced 
within the fuel. The diagram shows the analysis scheme. 

nuclear energy, has helped to pioneer in chemo
nuclear developmentя where nuclear energy is 
used directly for chemical synthesis. The energy 
of the fission fragments (83% of the approxi
mately 200 Mev. available) of the fissioning of 
uranium-235 can be absorbed in a surrounding 
gas media producing chemically reactive species 
which, on interaction, can produce commercially 
valuable chemicals. A particularly interesting 
development in the basic studies of the irradia
tion of carbon monoxide has been the isotopic 
enrichment of the isotope carbon-13 in carbon 
monoxide by the use of a very sharp ultraviolet 
light emitted from excited iodine. Isotopic en
richment and separation by the use of photo
chemical methods, in this manner, had never 
been accomplished before. 

53 See pp. 54-56, "Fundamental Nuclear Energy Research— 
1965," for description of previous work by RPI, Brookhaven 
National Laboratory, and others. 



Fig. 11-97. Plasma Magnetohydrodynamics. Several approaches are being studied for the direct production of 
electricity by passing an electrically conductive working fluid between the poles of a magnet. At Brookhaven 
National Laboratory, the concept of such a magnetohydrodynamic (MHD) power generator involves the use 
of a gas (plasma) seeded with vaporized metal to make it electrically conductive. Unexpectedly, the studies 
have led to the production of plasmas, having the characteristics of natural ball lightning phenomena. These 
plasma balls have a relatively long lifetime, % to 1 second, after production in a radiofrequency (BF) dis
charge. They range in diameter from 6 to 12 inches and can be produced in air, oxygen, and nitrogen at one 
atmosphere (see p. 213). 

DIRECT ENERGY CONVERSION 
The direct conversion of nuclear energy to electrical energy without following 
the steam turbogenerator cycle is the subject of a vigorous research and develop
ment program sponsored by the AEC Much of this program is directed toward 
the development of compact generators for use in space power systems. 

THERMIONIC SYSTEMS o r converter. Basically, this consists of two 
electrodes contained within an evacuated en-

The basis for thermionic systems of direct closure. One electrode, the "emitter," is heated, 
energy conversion is the thermionic generator, whereupon electrons "boil off" from the surface. 
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Some of these electrons impinge on the other 
electrode, the "collector," which is maintained 
at a temperature lower than that of the emitter. 
If an external circuit is then connected between 
the electrodes, the excess electrons deposited on 
the collector can flow through this external cir
cuit, producing electrical power. If the converter 
is so constructed that the emitter electrode is 
also the cladding for a quantity of nuclear fuel 
and is placed into a nuclear reactor, the emitter 
can be heated by the fissioning of the fuel. If a 
sufficient number of such converters are then 
assembled into a compact array, the converter 
fuel can form a critical mass and serve as the 
core of a thermionic reactor. In this case, the 
emitter and collector electrodes of the individ
ual converters would be electrically connected 
in a series-parallel arrangement to produce a 
higher voltage and current. 

Thermionic Reactor Development 

The General Electric Co.'s Nuclear Therm
ionic Power Operation, near Pleasanton, Calif., 
is carrying out research and development in 
nuclear thermionic reactor technology for ulti
mate application to supply electric power for 
use in space and remote terrestrial locations.59 

Major emphasis is continuing on the develop
ment of essential fuel, cladding, and insulator 
materials, and on proof test irradiations of 
thermionic converters. The results of further 
high temperature testing of fuel and cladding 
in the laboratory, in combination with earlier 
results from 10,000-hour furnace tests, have 
demonstrated the basic compatibility of urani
um dioxide fuel with tungsten clad under antic
ipated thermionic fuel element conditions. Ten 
thermionic converters have been irradiated in 
test reactors, including prototype multi-cell 
thermionic fuel elements. 

In addition to these basic investigations of 
the thermionic fuel element, attention has also 
been given to the entire thermionic reactor. A 
mathematical model has been developed which 
describes the operating electrical characteristics 
of the thermionic converter in good agreement 
with laboratory experimental data. This model 

has been incorporated in a comprehensive com
puter calculational program, so that for the 
first time it has been possible to examine in de
tail the performance of a thermionic reactor 
made up of hundreds of thermionic fuel ele
ments, with thousands of individual thermionic 
cells comprising the fuel elements. 

Fuel Element Development 

The experimental program in nuclear thermi-
onics at Gulf General Atomic, San Diego, Calif, 
(see footnote 37), is directed toward the devel
opment of in-core thermionic reactors. Work on 
the development of a unit cell thermionic fuel 
element has progressed to the point where stable 
performance at suitable power levels for reactor 
operation has been achieved in both in-pile and 
out-of-pile converters. Lifetimes for both tests 
are in a range consistent with anticipated space 
applications. As part of the fuel element devel
opment, technology programs are in progress 
on fuel fabrication development, tungsten clad
ding development, high temperature fuel-clad
ding interactions, high temperature insulator 
seals, sheath insulators, and integral cesium 
reservoirs. Integration of fuel elements into a 
reactor concept is underway to determine the 
effects of liquid metal cooling and inter-connec
tion of fuel elements. 

Cesium Plasma Studies 

Successful thermionic converters, whose use
fulness as long-lived, reliable power supplies 
for space or remote terrestrial applications has 
been proven by years of exhaustive and rigorous 
testing, depend upon the use of a cesium plasma 
(a gaseous mixture of electrons, cesium ions, 
and neutral atoms) between the converter elec
trodes. Because of the important role the plasma 
plays in converter operations, the physical prop
erties of cesium plasmas have been under study 
at the Los Alamos Scientific Laboratory eo and 
experimental spectre-graphic techniques for 

59 See pp. 268-269, "Fundamental Nuclear Energy Re
search—1966." 

60 See p. 27Ö, "Fundamental Nuclear Energy Research— 
1966." 
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Fig. 11-98. Cesium Plasma Studies. Because of their importance to the operation of practical thermionic con
verters (which use the electrons boiled off from a hot metal surface to convert heat energy directly to electrical 
energy), cesium plasmas have been studied extensively at the Los Alamos Scientific Laboratory where spectro
graph^ techniques for their analysis have been developed. Using these techniques, the light given off by the 
plasma can be analyzed to show how the electron temperature and ion density vary as a function of the 
distance from the emitter (the electrode from which the electrons are boiled off) in the interelectrode gap of 
an operating thermionic converter. For the data shown, the converter had an emitter temperature of 1,637° 0. 
and a cesium pressure of 1.9 torr (mm of mercury). The current output of the device was 7.0 amp/square em. 
of emitter surface, and the spacing between the electrodes was 1.0 millimeter. 

thermionic plasma analysis have been devel
oped. Accurate spectrographs determination of 
some of the fundamental radiative properties 
of the cesium system have been made recently in 
special ovens under known, carefully controlled 
plasma conditions. The properties (for ex
ample, radiative recombination cross sections, 
which are a measure of the probability that an 
electron and an ion will recombine) have been 
used to determine the values of the electron tem
perature and ion density in operating thermi
onic converters where plasma characteristics are 
unknown. The data have been used by many in
vestigators to create theoretical models which 
aid in understanding converter operation. When 
analyzed, the light given off by the cesium 
plasma is seen to consist of spectral lines and 

bands. Both spectral lines and bands can be 
used to yield electron temperatures and ion 
densities, quantities important in the theoretical 
analysis of converter operation. The experi
mental technique permits the determination of 
these quantities at particular points in the inter
electrode gap, yielding a temperature and 
density profile. A typical profile with pertinent 
information is given in Figure 11-98. An im
portant feature of the data is that the tempera
ture and density are not constant across the gap. 

Several independent methods exist for the de
termination of the temperature and density. 
Comparisons of the electron temperatures as
certained by various methods indicate that a 
state of equilibrium (local thermodynamic 
equilibrium) exists in the main body of the 
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plasma. When the ion. densities, as determined 
by the different methods are compared, it is con
cluded that the atomic ion is the dominant 
species rather than the heretofore-speculated 
molecular ion. 

Development of an Adsorption Cesium Reservoir 

An adsorption cesium reservoir,61 developed 
by the Radio Corporation of America (RCA), 
Lancaster, Pa., marks a significant advance in 
thermionic energy converters used to generate 
electricity from nuclear fission and radioisotope 
heat sources. The development makes possible 
the generation of electric power without the 
necessity of any external control systems for 
the converter. 

The thermionic converter employs cesium 
plasma to increase the conversion efficiency. In 
the past, cesium, an active alkali metal, was re
tained in a liquid reservoir externally attached 
to the converter. This type of reservoir requires 
precise control and must be held at a lower tem
perature level than the rest of the converter. 
These requirements impose severe control and 
cooling complications for outer space applica
tions of thermionic converters. 

RCA has developed a high-temperature 
reservoir that can be included within the thermi
onic converter. In the new reservoir, designed 
to employ the principle of adsorption, atoms of 
cesium "stick" to metal surfaces. Because it con
sists of a multiplicity of small elements that 
provide a large "sticking" area, the reservoir 
contains a relatively large amount of cesium 
in a small volume. 

An important characteristic of the adsorp
tion reservoir is its ability to supply cesium to 
the converter in just the right quantities for all 
operating conditions. The reservoir is thermally 
coupled to internal structures in the converter 
so that, for any change in heat input to the con
verter, the reservoir change is in the correct di
rection to maintain the cesium pressure at the 
optimum value for full power output of the 
converter. 

The resulting self control of cesium pressure 
has increased versatility of the thermionic con

verter, making it a more practical device for 
converting heat to electricity for both space and 
terrestrial power systems. 

Curium-244 Heat Sources 

Regardless of whether the power system be
ing developed is a thermionic system or a ther
moelectric ez system, a heat source is required 
to activate it. One possible source of heat is 
from the radioactive decay of certain heavy-
element isotopes. At the Savannah River Plant, 
curium-244 (Cm244) is being produced for 
evaluation as such an isotopic heat source. The 
isotope generates 2.6 watts of heat per gram 
largely by emission of alpha particles. Recent 
studies indicate it can be a prime candidate for 
use in either thermionic or thermoelectric power 
systems for space applications. 

Heavy elements are produced in Savannah 
River reactors by irradiation of targets initially 
containing plutonium-239. The plutonium is 
converted to heavier elements by successive neu
tron captures. In a program to produce 4.5 
kilograms of curium-244, target elements were 
irradiated for about 2 years at high neutron 
flux and are now cooling by radioactive decay. 
The chemical process for separating the curium-
244 from the target assemblies has been suc
cessfully demonstrated on a laboratory scale. 
Larger scale processing facilities for recovery 
of the 4.5 kg. of curium are currently under 
construction. 

Curium sesquioxide as heat source. A form of 
curium has been found at the Savannah River 
Laboratory (SRL) that appears to be suitable 
for heat sources. Monoclinic curium sesquioxide 
(Cm203) is stable both in chemical composition 
and in crystal structure when exposed to heat 
and to self-radiation. The Cm203 also exists in 
two, or possibly three, other crystallographic 
forms. The monoclinic structure is formed when 
the oxide is heated in the temperature range of 

61 See pp. 269-270, "Fundamental Nuclear Energy Re
search—1966." 

02 In the thermoelectric method of energy conversion, two 
conductors are joined together at both ends so that an electric 
current will flow when there is a difference in temperature 
between the two junctions; see pp. 149, 155, "Fundamental 
Nuclear Energy Research—1964." 
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about 1,000°-1,600° C. The structure is retained 
even on cooling to room temperature, and is not 
altered appreciably by radioactive decay of the 
curram-244 (see Fig. 11-99). 

1 mm 

- ' - ' - 1 * . • * 

Etched Fission -fragment Tracks 
2 J at High Magnification 

Pink zone 
750 t racks/cm sec 

Red zone 
3600 tracks /cm sec 

Blue zone 
160 t r a c k s / c m 2 sec 

Autoradiograph on Glass Etched wi th:HF 

Fig. 11-99. Curium Sesquioaide as Heat Source. At 
Savannah River Laboratory (SRL), studies are being 
made on the potential use of curium as heat sources 
for direct energy conversion, as well as other uses. The 
work has produced the above fission fragment auto
radiograph of curium-244 (Cm2*1) in an alumina plate. 
The distribution of Cm2" in cermet pellets and the 
penetration of Cm2" into refractory container materials 
is conveniently determined by a new technique devel
oped at SRL. A glass slide exposed to a specimen con
taining curium and then etched in hydrofluoric acid 
(HF) reveals an image of the specimen consisting of 
etch pits in the glass at the sites of individual fission 
tracks. The top photo shows an alumina (АЬОз) plate 
that had been heated to 1,600° C. in contact with a 
pellet of curium sesquioxide (СМ2Оз), forming com
plex oxide compounds that appeared in red, pink, and 
blue fluorescent zones. The center photo is an enlarge
ment of a portion of the autoradiograph showing the 
individual etch pits in the glass slide. The bottom photo 
is an autoradiograph of the alumina plate showing 
different concentrations of Cm241 in the various fluores
cent zones. 

Metallurgical examinations at SRL of 
pressed-and-sintered compacts have established 
the excellent compatibility of tungsten with the 
Cm244

203 fuel as a potential container metal. 
No interaction was observed between the oxide 
and tungsten at temperatures up to 1,850° C. 
for about 6 hours, or for shorter periods of time 
up to the melting point of the oxide, 1,960° C. 

MAGNETOHYDRODYNAMICS 
A magnetohydrodynamic (MHD) power 

generator is a device for the direct production 
of electricity by passing an electrically conduc
tive fluid between the poles of a magnet. In 
liquid-metal MHD, the working fluid is a mol
ten alkali metal; in plasma MHD, the working 
fluid is a gas seeded with a vaporized metal to 
make it electrically conductive. 

Liquid-Metal Magnetohydrodynamics 

An experimental and analytical study of 
liquid-metal magnetohydrodynamics is being 
conducted at Argonne National Laboratory to 
explore the relative merits and potential of the 
concept as an advanced power-conversion sys
tem,63 particularly for generating electricity for 
use in space vehicles. Recent analytical studies 
show that the two-component (lithium-cesium) 
two-phase generator cycle originally proposed 
by ANL has a realizable over-all efficiency of 
10 percent, which makes this cycle superior to 
other liquid-metal MHD power cycles proposed 
for space power (see Fig. 11-100). However, 
to achieve this efficiency, generator electrical 
end-losses must be reduced by at least 80 percent. 

Performance of the condensing injector, a 
key component of an alternate MHD power 
cycle, has been studied experimentally. Pres
sures were measured at the outlet as vapor-
liquid conditions were varied to conform to 
actual cycle parameters. The inlet vapor flow 
was supersonic in the condensing-injector MHD 
cycle, the condensing injector converting the 
thermal energy from the reactor into kinetic 
energy. The accelerated stream then passes 

«aSee pp. 271-272, 
search—1966." 

"Fundamental Nuclear Energy Re-
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Fig. 11-100. Liquid'Metal Magnetohydro&ynamics. Analytical studies at Argonne National Laboratory, where the 
liquid-metal magnetohydrodynamic (MHD) concept for direct power generation is being studied, have shown 
that a two-component (lithium-cesium) two-phase generator cycle holds good promise. Photo shows a two-phase 
liquid metal MHD generator being installed between the poles of an electromagnet. 

through a magnetic field within the generator 
to produce electricity. 

As experiments with MHD components lead 
to a better understanding of actual perform
ance, analytical studies will be able to realis
tically define the technical and economic poten
tial of MHD power systems. 

Plasma Magnetohydrodynamics 

Studies have continued at Brookhaven Na
tional Laboratory64 on a new system of non-

equilibrium ionization in which metastable elec
tronic states of nitrogen, excited by fission frag
ments in a gas-cooled nuclear reactor, keep the 
gas ionized as it flows through a magnetohy
drodynamic (MHD) generator. Spectrographs 
show that excitation and ionization of such 
atoms as copper, calcium, sodium, aluminum, 
and others is maintained for approximately 200 
milliseconds after the metastable electronic 
state is initially formed. Only about 10 milli-

«*See pp. 273-275, 
search—1966." 

"Fundamental Nuclear Energy Ke-
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seconds is needed for the MHD generator. Un
expectedly, the studies have led to the produc
tion of plasmas having the characteristics of ball 
lightning phenomena (see Fig. 11-97). 

Nitrogen gas containing a large concentra
tion of metastable electronic states was produced 
by a 75 MHz EF 65 discharge. The E F was then 
shut off, and the gas allowed to mix with a 
sodium-argon mixture. There was a much 
brighter glow as the gases mixed, indicating a 
rapid transfer from the metastable electronic 
nitrogen states to electronically excited sodium 
atoms. 

№ MHz BF—Megahertz radiofrequency ; one megahertz is 
the equivalent of 1 million cycles per second. 

Ionized gas measurements. Methods of meas
uring the conductivity of ionized gases at rela
tively high pressures (several atmospheres) 
have been developed so that measurements of 
significance in MHD work could be made. In 
one method, use is made of the fact that any 
ionization present in a resonant microwave 
cavity will tend to shift the resonant frequency 
of that cavity in a manner such that the con
ductivity due to that ionization can be readily 
determined. The microwave cavity is basically 
in the form of a hollow metal cylinder. The 
ionization in the cavity is induced by an elec
tron beam from a Van de Graaff accelerator 
passing along the axis through whatever gas it 

Fig. 11-101. Plasma Magnetohyuraiyna/mio Studies. Plasma conductivities must be measured to efficiently design 
magnetohydrodynamic nuclear reactor power systems. In the experiment shown here, the electrical conductivity 
at an uranium iodide-neon gas plasma (the lighted area within glass tubes) is being measured at Brookhaven 
National Laboratory, Other experiments have measured conductivities of plasma excited by metastable states 
of nitrogen. The measurements are made at relatively high pressures (several times that of normal atmosphere). 
Figure 11-97 is another photo of the Brookhaven studies. 
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Fig. 11-102. MHD Studies of Vortex Flow. These photographs of dye traces taken through the transparent end-
wall of a vortex tube fed by an electrically conducting liquid strikingly reveal the stabilizing influence of an 
applied magnetic field parallel to the axis of the tube. The unstable flow with no magnetic field, as seen in the 
frame at the upper left, is characterized by large amplitude fluctuations in the dye trace. The effect of increasing 
the magnetic field in 15,000-gauss increments to a maximum, of 75,000 gauss is seen in subsequent frames from 
left to right. At 75,000 gauss, the flow is completely stable, as made evident by the spiral dye rings which the 
lower right-hand, frame reveals. Whereas, under the conditions of this experiment the magnetic field extended 
the range of stable operation by about tenfold, a greater increase might be expected for the case of a plasma-core 
nuclear reactor to which these studies are applicable. 

is desired to study. The shift in resonant fre
quency of the cavity is then studied as a func
tion of time after the electron beam is turned 
off. In this manner, the conductivity, and also 
the time it takes for the ionization to decay, can 
be studied in gases at pressures many times 
higher than heretofore possible (see Fig. II-
101). 

Ball lightning studies. An unexpected result 
of plasma MHD studies at Brookhaven Na
tional Laboratory has been the first experimen
tal production of plasmas approaching the re
ported characteristics of natural ball lightning. 

These are floating glowing balls 6 to 12 inches 
in diameter, lasting on the average about 3 to 
5 seconds. They usually appear after a conven
tional lightning stroke, near the point of im
pact. Until the present, there has been no satis
factory explanation of these phenomena. The 
plasmas produced by the 75 MHz discharge 
last about a half to one second after the EF 
has been cutoff, and can be produced in nitrogen, 
oxygen, or mixtures thereof, e.g., air with and 
without water vapor. I t has been definitely 
established that they are caused by metastable 
electronic states in both oxygen and nitrogen. 
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In addition, if these balls are produced inside a 
large (8 ft. cube) cavity resonator fed by a 
75-MHz oscillator they last for 10 or more sec
onds before finally hitting the wall. An analysis 
shows that DC fields of the same magnitude 
(about 1,000 volts per centimeter) as the RF 
field in the cavity exist after lightning strokes, 
and that current flow is sufficient to maintain the 
ball for several seconds instead of the approxi
mate 1 second it would last if there were no 
electric field (see Fig. 11-97). 

Magnetohydrodynamic Studies of Vortex Flow 

The exploratory study of confined flows of 
a vortex (tornado-like) nature for possible ap
plication to advanced energy conversion systems 
is continuing at the Oak Ridge National Lab
oratory. One such system would use an ultra-
high-temperature reactor in which the nuclear 
fuel is permitted to vaporize and then ionize so 
as to become an electrically conducting gas 
(plasma). Rotation of this plasma as a vortex 
results in a centrifugal (outward) force on the 

heavy fuel atoms which causes them to be con
centrated near the wall of the containing tube, 
thereby effecting holdup of the fuel within the 
vortex tube. A strong magnetic field parallel to 
the axis of the vortex might be used to stabilize 
this flow in order to reduce turbulent frictional 
losses and mixing. That such magnetohydro
dynamic stabilization is possible was predicted 
analytically and verified experimentally in what 
is believed to be the first quantitative investiga
tion into the stability of confined, jet-driven 
vortex flows (see Fig. 11-102). 

The possibility of developing a unique means 
for generating electrical power using a magnet
ically stabilized, vortex plasma-core reactor is 
suggested by the fact that there will be voltage 
developed radially across the tube as a con
sequence of rotation of the plasma in the mag
netic field. If this voltage can be fed through 
appropriate electrodes to an external load, an 
electric current will flow. Preliminary analysis 
of this concept suggests that it may be of inter
est for future space missions having very large 
power requirements. 





Part Three-

BIOLOGICAL, MEDICAL, 
AND ENVIRONMENTAL 
RESEARCH PROGRAMS. 

Fig. III-l. New Magnification Technique. At Lawrence Radiation Laboratory, Berkeley, a relatively new 
scanning electron microscope is being used for systematic studies of biological materials. The above is a living 
flour beetle, magnified about 260 X, as seen in the scanning electron microscope. This is one of the first pictures 
of a living specimen taken with an, electron microscope. See page 230 for details. 
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BIOMEDICAL AND 
ENVIRONMENTAL RESEARCH 

The goal of the AEC's biological, medical, and environmental research program 
is to develop the scientific knowledge needed for full comprehension of possible 
short- and long-term consequences of the interaction of radiation with biological 
systems. Special emphasis is given to overcoming the attendant hazards of 
nuclear energy and developing the useful potentialities of radiation in the life 
sciences. 

The AEC, through the fostering of biomed
ical research, has set forth the following 
objectives of the biomedical research program: 

1. In areas of basic research— 

(a) to formulate concepts of principles, mech
anisms, and implications of the interactions 
of radiations with biological systems; 

(b) to solve selected problems of importance in 
the life sciences that may be subject to reso
lution through the use of radiations and by
product materials; and 

(e) to provide data to extend and refine existing 
scientific guidance for the control of expo
sure to radiation. 

2. In areas of specialized problems of health 
and safety— 

(a) to devise procedures for ways to apply new 
data toward the evaluation of biological 
consequences for man of all nuclear energy 
programs and devices; and 

(5) to develop means for improving health and 
safety in nuclear operations. 
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3. In areas of beneficial applications— 

(a) to discover and promote beneficial uses of 
special nuclear and radioactive materials 
and accelerator radiations in the treatment 
of cancer and other diseases; and 

(5) to discover and promote unique uses of 
these nuclear materials and radiation for 
beneficial purposes in practical medical, 
biological, agricultural, and food process
ing applications. 

The following pages summarize some of the 
current findings emanating from these efforts. 
The subject matter is arranged in sections that 
take in broad areas of the biomedical research 
program. 

This year's report also describes in some depth 
two areas of specialized study: Atmospheric 
Sciences, and Semiconductor Detector Applica
tions. These follow the sections devoted to other 
aspects of the basic research program, including 
highlights of outstanding progress and achieve
ments in the AEC's program of biological, med
ical, and environmental research. 



Fig. III-2. Localization of Teohnetiunv-99m. Argonne Cancer Research Hospital radioautograph from techne
tium-^1" in rabbit kidney (S millimeter slice) showing localization of radioactivity in the cortex 45 minutes 
after intravenous injection of the technetium-iron complex. See page 222 for expanding uses of the technetium-99m 

radioisotope in diagnostic studies of diseases. 

SELECTED BENEFICIAL APPLICATIONS 
AEC-sponsored projects are currently underway to foster and encourage new 
and unique applications of radiations and radioisotopes in medicine, as in the 
diagnosis and characterization, treatment, and control of diseases other than 
cancer (which is summarized in another area of biomedical research) and in 
basic studies of organs and organ systems in health and disease. Projects are 
also in progress in agriculture to control and eliminate insects, weeds, and 
diseases, and to improve farm-animal productivity and increase knowledge of 
animal diseases. 

MEDICAL RESEARCH 

The medical research program of the AEC 
consists of studies on applications of radioiso
topes and special radiation sources in diagnosis 
and therapy and includes such projects as: (a) 
treatment and control of diseases other than 

cancer; (5) diagnosis and characterization of 
disease states such as those of the circulatory 
and endocrine systems; (e) basic biological 
studies on metabolism and synthesis as related to 
disease and better understanding of the trans
portation of metabolites across intracellular 
spaces, cells, organs, and organ systems m 

219 
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Fig. HIS. Synthesis of Ешмт Insulin. Medicine was given an invaluable research tool in the fctudy of diabetes 
when, a Brookhaven National Laboratory Medical Department research team synthesized human insulin for the 
first time. The vial (left of center) contains the first human protein ever made in a laboratory. In the United 
States, 2 percent of the population suffers from diabetes and is kept alive only by periodic shots of the hormone 
insulin which keeps their blood sugar from rising to lethal levels. These regular injections of insulin, obtained 
from the glands of cattle and pigs, substitute for the natural human insulin that is lacking in the diabetic due 
to some malfunction of body activity. At present, diabetes cannot be cured; only controlled. The perfection of the 
techniques to construct human insulin is an important event in the efforts to understand the body processes and 
opens whole new avenues for research on diabetes. I t is now within the limits of possibility that insulin could be 
manufactured commercially. This human insulin would not cause the toxic rejection in the body that animal 
insulin does. The synthesized insulin can be altered into analogs—altered forms of the insulin molecule—with 
the possibility of producing an artificial insulin that would have natural insulin's assets without its liabilities. 
Insulin molecules can be built with radioactive tracers included in the structure and perhaps provide answers 
to the questions of how the insulin stimulates the oxidation of blood sugar, and what biochemical reactions are 
involved. 

health and disease; and (d) development and 
use of whole body counting facilities and scan
ning devices for study of metabolic processes 
having diagnostic potential. A few notable 
recent advances in the treatment of diseases, 
other than cancer, using unique applications of 
radioisotopes and special radiation sources are 
described below. For studies in the cancer re
search program, see p. 235. 

Treatment of Diseases 

Lymphocytes and Organ Transplantation 

One of the more interesting and relatively 
recent developments in physiology and medicine 
is the recognition that the lymphocyte plays an 
important role in the immunological rejection 
of tissue transplants. I t has long been known 
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that the first observable effect of total-body 
irradiation of a few hundred radsx is a precipi
tous drop in the level of circulating lym
phocytes. The physiological role and cytologi-
cal properties of the lymphocyte are still far 
from being unraveled. At the University of 
California at Los Angeles (U.C.L.A.), at
tempts are being made to develop new methods 
to measure physical properties of lymphocytes 
and separate them into different types while 
maintaining their viability. I t has been shown 
that there is a similarity in their behavior 
observed after irradiation, both in vivo and in 
vitro s and after immunological stimulation. 

The lives of many human beings with incura
ble diseases could be prolonged if it were possi
ble to replace certain disease-affected organs, 
e.g.-, kidneys and liver. Unfortunately, grafts 
from individuals other than identical twins are 
often rejected because the patient's own lym
phocytes (one of the cell types present in blood 
and lymph) "recognize" the foreign graft and 
destroy it. At Brookhaven National Laboratory, 
studies on the role of the lymphocytes in caus
ing this rejection have resulted in partial success 
with skin graft implants in animals. 

Circulating blood or lymph of calves is 
shunted outside the body of the animal and is 
exposed to radiation from a gamma ray source 
consisting of radioactive cobalt or cesium. The 
irradiated blood or lymph is then returned to 
the animal (see "A" in Fig. I I I-4) . Lympho
cytes are far more sensitive to radiation than 
are other cells in the blood or lymph and it has 
been observed that in animals whose lympho
cytes are destroyed by this method, skin grafts 
implanted from unrelated donors survive longer 
than animals not so treated. 

This technique of irradiating lymph or blood 
outside the body has one distinct advantage. 
Significant and sustained reduction of circulat
ing lymphocytes is accomplished without pro
ducing any harmful effects on the rest of the 

1 Bad is an acronym for radiation absorbed dose; the basic 
unit of absorbed dose of ionizing radiation. One rad is equal 
to tne absorption of 100 ergs of radiation energy per gram of 
matter. 

sIn vivo—in the living body; in vitro—not in the living 
body. 

SKIN 
GRAFTS 

Fig. III-4. Studies to Aid Organ Transplants. The 
Brookhaven National Laboratory diagram (at top) 
shows a calf whose blood is being irradiated. Blood 
entering the bypass from a neck artery passes the radi
ation source and returns to the calf via a neck vein. 
The photo (at bottom) shows a patient whose blood 
is being irradiated. The procedure is similar to that 
of the calf except that a forearm artery and vein are 
used. 

body. When irradiation of lymph was com
bined with skin grafting at certain selected 
sites of the body, the grafts survived up to 61 
days (the maximum duration of the treatment 
so far). Skin grafts in untreated animals sur
vived from 8 to 11 days. These results suggest 
that the fraction of the lymphocytes responding 
to the presence of a graft returns via lymphatics 
and can be destroyed by radiation before the 
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lymphocytes enter the blood and can attack the 
graft. The graft survival can probably be pro
longed for as long as lymph irradiation can be 
continued. 

These observations have resulted in studies 
on human beings in collaboration with Peter 
Bent Brigham Hospital, Boston. Irradiation of 
the blood is employed to prepare patients for 
kidney transplantation and to help in the treat
ment of patients in whom transplanted kidneys 
are rejected (see "B" in Fig. III-4) . Initial re
sults indicate that irradiation is helpful in con
trolling episodes of kidney rejection. 

Diagnosis of Diseases 

Diagnostic Uses of Technetium-99m 

The search for radioisotopes that can be used 
as a scanning agent for diagnosis of diseases has 
been advanced by the finding that technetium-
99m 3 (Tc-99m), a decay product of molybdenum-
99, is a very versatile agent. I t has been used 
successfully in different forms for diagnosis of 
several conditions and is becoming increasingly 
useful in nuclear medicine because of several 
favorable physical characteristics (see Fig. 
I I I -5) . Technetium-99m is readily supplied 
through a molybdenum-99 (67-hour half-life) 
generator system (see Fig. III-6) previously 
developed at Brookhaven National Laboratory 
to overcome the lack of availability of Tc-99m 

because of its 6-hour half-life. For this reason, 
and because of the virtual absence of beta par
ticle emission, very little radiation energy is 
deposited within the patient. Its low energy 
gamma emisson of 140 kev., (thousand electron 
volts) is detected very efficiently. The chemical 
form of technetium-99m, as it is obtained from 
the generator, is the pertechnetate. 

A survey by the Stanford Research Institute, 
Menlo Park, Calif., for the National Center for 
Radiological Health (U.S. Dept. of Health, Ed
ucation, and Welfare) in 1966 indicated that 
technetium-99m was the most common agent 

3The superscript "m" stands for metastable; indicating 
that the isotope is unstable and decays without particle emis
sion to a more stable form of the element. 

used for brain scanning at diagnostic centers 
and that 48 percent of the patients were being 
examined with this agent. This percentage is 
increasing rapidly. 

Technetium-00™ in Thyroid Studies 

At Brookhaven National Laboratory (BNL) 
the evaluation of technetium-99m as a tracer to 
study thyroid gland physiology has shown that 
this isotope is as useful as iodine-131 in the diag
nosis of abnormal conditions of the thyroid 
gland. A primary advantage is that the disease 
may be studied as well as with radioactive 
iodine, but with less than one one-hundredth 
the radiation dose, as compared with iodine-131. 

Using the pertechnetate chemical form of 
technetium-99m, about 0.5-4.0 percent of the ad
ministered material was found to localize in the 
thyroid within 15 to 30 minutes after intrave
nous injection. Iodine-131 normally concentrates 
in the thyroid to the extent of 20-50 percent 
in 24 hours. The degree to which the tech
netium is localized in the thyroid is an indica
tion of the action of the "trapping mechanism" 
of the thyroid, that is, of the ability of the thy
roid to extract iodine from the blood prior to 
the formation of the thyroid hormone. In this 
case the extraction of technetium parallels the 
extraction of iodine. However, following extrac
tion from the blood, iodine is "bound" in the 
form of thyroid hormone, whereas technetium-
99ш is not bound. Suppression or stimulation of 
the thyroid trapping mechanism by administra
tion of either synthetic thyroid hormone (tri
iodothyronine) or thyroid stimulating hormone 
(TSH) has similar effects on thyroid uptake 
of technetium and iodine. 

In addition to being useful in the assessment 
of thyroid physiology, excellent scintillation 
scans which outline the thyroid anatomy can be 
obtained with technetium-99m. Because rather 
large amounts can be safely administered, the 
accuracy of the scans is improved and better 
resolution is possible because of the low energy 
of its gamma rays. 
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Figs. III-S and в. Diagnostic iOses of Тс?3т. Low energy 
gamma rays from radioactive technetium-99m, which 
was concentrated in the patient's kidney after having 
been injected intravaneously in the form of technetium-
iron ascorbate, are detected by a scintillation crystal 
(photo above) which is moved back and forth in 
a precise pattern over the patient. The signals from 
the detector are converted by the plotter, to which it 
is connected, into a "picture" of the kidney by means 
of a moving stylus activated by the pulses from the 
detector. This representation of the kidney provides 
important information for diagnostic purposes. The 
use of TcMm, developed at Brookhaven National Labor
atory and elsewhere, is an important advance in the 
field of diagnostic scanning. The gamma rays from 
Тс99"* are easily detectable outside the body; yet its 
short half-life (6 hours) and the absence of charged 
particle radiation (alpha particles or electrons) or 
high-energy gammas, means that a sufficiently large 
dose of те09111 can be administered to insure good de
tail and high contrast in the scans and at the same 
time subject the organ being scanned and the patient's 
whole body to a much lower dose of radiation than was 
possible with isotopes used earlier. The Te99m, which is 
prepared by a method (diagram at left) developed at 
BNL is an almost ideal isotope for liver, spleen, and 
kidney scanning. It has already been applied in thyroid 
studies, and is widely used in brain tumor localiza
tion. 
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Technetium Iron Complex for Diagnosis "Scatter Counting" of Radioisotopes 

At Argonne Cancer Kesearch Hospital, a 
technetram-99m iron complex has been developed 
that can be used as a kidney scanning agent. 

When an acid solution of the pertechnetate 
ion is reduced with ascorbic acid in the presence 
of ferric chloride and then neutralized, an iron 
complex is formed. A large portion of this agent 
is promptly excreted in the urine after intra
venous administration, but a significant amount 
remains fixed in the kidney. In laboratory ani
mals, radioautography shows that the nuclide 
is localized in the kidney 45 minutes after injec
tion (see Fig. I I I -2) . In humans, of the approx
imately 40 percent remaining in the body 24 
hours after administration, about half (20% 
of the original dose) is retained by the kidneys. 
Whole body counts show a two-phase elimina
tion curve with an intial half-time of about 1 
hour and a second half-time of 5.7 days. 

The retention of this material in the kidney 
makes it a good renal scanning agent. Two 
methods of diagnostic examination have been 
used: (a) one millicurie is administered intra
venously, and scintiphotography or scanning 
is started 1 hour later, 6r (h) four millicuries 
are injected and the examination is started 18 
hours later. The second method has the advan
tage of primarily showing the nuclide fixed by 
the renal parenchyma, since urinary excretion 
is essentially complete by that time. 

The radiation dose to the kidney is only 500 
millirads 4 per millicurie. A one-millicurie dose 
gives about 15,000 counts per minute on the 
gamma scintillation camera 1 hour after injec
tion. This gives excellent renal scintiphoto-
graphs in 4 minutes. The four-millicurie doses 
give about 10,000 counts per minute at 18 
hours, which permit scintiphotography in 6 
minutes. Considering that the conventional 
renal scan done with mercury-203 Neohydrin 
gives a minimum of eight and a maximum of 
20 rods to the kidney, and takes about 30 min
utes, the efficacy of this new agent is apparent. 

1А тгШгаЛ is one-thousandth of a rad. 

A technique for "scatter counting" has been 
shown at Oak Ridge Associated Universities 
(OBAU) to be highly accurate for measuring 
the total amount of a radioisotope present in a 
•human being or when unevenly distributed in a 
biological sample. This procedure is particu
larly applicable to low level whole body count
ing. 

The older, conventional, counting technique 
was to adjust the electronic instrument to record 
only the "photopeak" energies coming from the 
patient, thereby counting only those radiations 
that have not scattered or "bounced" and thus 
have not lost any of their energy. The "photo-
peak" is the major high-energy gamma emis
sion and it varies with different radioisotopes. 
Photopeak counting is of great value in the 
separate detection of mixed radioisotopes, and 
in localizing radioisotopes by scanning. Because 
of these facts, the belief has developed that it 
is always better, and more accurate to count the 
photopeak. 

The ORAU studies have shown that photo
peak counting is often very inaccurate when 
the task is to measure quantitatively the total 
amount of a single known radioisotope in a per
son. The radioisotope is practically never uni
formly distributed in the patient and the pat
tern of its distribution affects the efficiency with 
which the radioactivity is detected. Thus, if the 
radioisotope shifts from a single deep location, 
for example, in the stomach after a dose by 
mouth, to a more general distribution when it 
has entered the blood stream, the number of 
radiations measured by a photopeak instrument 
may increase, even though the total amount of 
radioactivity is the same. On the other hand, if 
the electronic settings are chosen so as not to 
record any of the high energy photopeak radia
tions, but rather to record a certain selected 
band of lower energy "scatter" radiations, the 
total number of counts recorded will be truer 
whatever the distribution of the isotope in the 
body may be. 

This new technique was tested first by meas
uring point sources of iodine-131 at many sites 
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in a water phantom which simulated a patient's 
body. Computer analysis suggested that detec
tion of scatter radiation is much less affected by 
source distribution changes than the conven
tional "photopeak energy" methods. Accord
ingly, this system of "scatter" analysis was 
tested and compared to "photopeak" analysis 
in nine patients (see Figs. I I I - 7 and 8). The 
average of the maximum errors in these pa
tients was 1.8 percent using "scatter" and 22 
percent using "photopeak" analysis. The data 
also show that the efficiency of detection in the 
"scatter" method is also independent of body 
size and shape. The "scatter" system of whole 
body counting makes it possible to measure the 
amount of iodine-131 present in a living person 
with a precision not previously available. This 
will be of value in clinical diagnosis and re
search applications as well as in health physics. 
Ear ly results of experiments with radioisotopes 

TIME (HOURS) 

other than iodine-131 indicate that the scatter 
method is applicable to nearly all, if not all, 
gamma-emitting radionuclides. 

Iron Absorption in Hemochromatosis 

Eesearch at Lawrence Radiation.Laboratory, 
Berkeley, has provided evidence that a rare dis
ease called hemochromatosis—caused by the 
body's inability to control iron absorption— 
probably exists from birth and is very likely 
hereditary. These findings have improved un
derstanding of the disease and have contributed 
to an explanation of how iron absorption occurs 
and to the treatment of anemias. 

Hemochromatosis is characterized by an ex
cessive amount of iron in the patient's body, 

I131 UNEAR SCANS 

I HOUR AFTER DOSE 3 HOURS AFTER DOSE 

-I I I I 

< 10 MINUTES 
AFTER DOSE 

2 HOURS AFTER 
DOSE 

PHOTOPEAK 
"SCATTER" 

Figs. III-7 and 8. "Scatter Counting" of Radioisotopes. 
Examples of "scatter" and "photopeak" whole-body 
counting results in two patients at the Oak Ridge 
Associated Universities medical facility are shown in 
graph left above. The patients had a constant amount 
of iodine-131 (I131) present during the period of study. 
Note the small variation during the first 3 hours after 
oral administration in the "scatter" counting data and 
the unpredictable variation in photopeak data due to 
changes in the bodily distribution of the 1ш. The above 
right shows serial linear scans of the iodine-131 dis
tribution in a patient given Vм orally. These changes 
are responsible for the increase in scattered radioactiv
ity and photopeak error. 
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Fig. III-9. Iron Absorption in Hemochromatosis. The 
stippled region in the chart represents the range of 
the relationship between oral iron absorption and the 
percent of circulating reticulocytes in normal sub
jects. The points shown are those of a series of tests 
at Lawrence Radiation Laboratory, Berkeley, on a 
typical hemochromatotic patient before, during, and 
after phlebotomy (bleeding) therapy. The numbers in
side the points are the serum iron (SI) concentration 
(SI; normal 70-170) at the time of the test; 238 be
fore therapy; 41 and 34 after therapy; 106 (normal 
SI) 1 year after therapy; and 173 2 years after 
therapy (SI above normal again.) The abnormally 
high absorption when the SI was a normal 106 im
plicates an inborn defect of control of iron absorption 
as a primary factor in the etiology of hemochromatosis. 

causing damage to organs such as the liver, 
heart, and pancreas. Untreated, it is usually 
fatal. Some researchers have contended that pa
tients with the disease have eaten high-iron diets 
all their lives; others have held that patients 
have eaten regular diets, but absorb too much of 
the iron in those diets. 

In studies at Berkeley in the past 6 years, 
techniques have been refined and tested for 
measuring iron absorption with a whole-body 
counter, using both healthy persons and pa
tients with various diseases. Radioactive iron-59 
is given to the subject by mouth; 2 weeks later, 
the amount remaining in the body, as measured 
by the whole-body counter, indicates the amount 
adsorbed (see Fig. I I I-9) . 

A group of seven patients with hemochroma
tosis was studied before and after a year's treat
ment. This treatment consisted of removal of 
50 to 100 pints of blood from each patient, thus, 
removing 12 to 25 grams of iron. The patients' 
absorption of iron was found to be within the 
normal range before treatment, while after 
treatment, when they no longer contained large 
amounts of iron, their iron-absorption rate was 
greatly increased. This increased absorption un
doubtedly existed during the patient's entire 
life and is considered, therefore, to be the basic 
cause of the disease. 

Metabolic Studies 

Trace Metals and Parkinson's Disease 

The importance of trace metals to health and 
disease'has been appreciated by investigators 
for a number of years; however, these investi
gators were handicapped by the deficiencies 
of their analytical tools, primarily analytical 
sensitivity. This has been particularly limiting 
in studies of the trace metal, manganese. Meth
ods developed at Brookhaven National Labora
tory—namely, isotopic techniques and neutron 
activation analysis of tissues—have provided 
better sensitivity and specificity at the sacrifice 
of analytical speed. The importance of manga
nese as an essential element lies in its exten
sive participation in both catalytic and non-
catalytic biochemical processes for which this 
metal is specific. Among recent investigations 
on manganese have been those involving studies 
of melanin-producing tissues. I t was found that 
melanosomes concentrate this metal actively. 
Since melanin formation is defective in the 
brains of patients with the neurological disease, 
Parkinsonism, efforts were initiated to effect 
melanogenesis and determine whether this af
fects the disease. These studies are as yet incom
plete in the sense that it is not yet known 
whether the maneuvers which have indeed im
proved the disease have done so by means of 
improving formation of melanin. 

One of the agents investigated was the 
melanin-precursor Di -hydroxy phenylalanine 
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(DOPA), but this is also a precursor of several 
biogenic amines. This material had been tried 
by several investigators and variable reports 
have accrued. At Brookhaven, the method used 
consisted of: (a) slow chronic increase of 
DOPA given to in-patients; (b) extensive docu
mentation of the neurological status; and (c) 
extensive monitoring of vital organs for toxic
ity. In about three out of four patients treated 
with as large a daily dose as was deemed toler
able, marked improvements of signs and 
symptoms was induced. Several side-effects of 
this treatment have been observed, which have 
made it mandatory to increase the vigilance 
exercised over the patients. During administra
tion of D-L DOPA a redistribution of manga
nese among the tissues was observed. During the 
present investigations with L-DOPÄ, the 
significance of this redistribution is being 
evaluated. 

PLANT RESEARCH 

Plant research in the AEC-sponsored pro
gram includes studies on: {a) means for the 
control and elimination of insects, weeds, and 
diseases of plants; (Ъ) mineral nutrition and 
metabolism in plants; (c) radiation induced 
mutations for enhancing productivity and re
sistance to diseases and environmental stresses 
in plants of economic importance; and (d) 
radiation sensitivity of plants. In this section, 
as examples of the above, the next few pages 
summarize studies on survival of seedlings and 
their growth after exposure to gamma and neu
tron irradiation. A feature section on this area 
of research was included in "Fundamental Nu
clear Energy Eesearch—1964", entitled "Radi
ation Effects in Plants and Seeds."5 

Survival and Growth After Irradiation 

Sensitivity of seeds to different types of ra
diation can be assessed by measuring different 
seedling responses. Eesponses after exposure to 

6 Reprints may be obtained by writing to the Director, 
Division of Biology and Medicine, U.S. Atomic Energy Com
mission, Washington, D.C. 20545. 
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Fig. Ш-10. Irradiated Seed Survival and Growth. 
Chart shows seedling survival and growth of okra, 
Hibiscus esculentus, following irradiation with gamma 
rays (y) and unmoderated fission neutrons (N f). 
Note that for equivalent dose (rads), the neutrons 
caused a greater reduction in seedling growth without 
affecting survival. The study was made at the Uni
versity of Tennessee-AEC Agricultural Research 
Laboratory at Oak Ridge. 

different types of radiation (gamma and neu
tron) can provide information pertinent to the 
sensitivity of the processes involved. 

In multicellular organisms, such as higher 
plants, survival and growth are two responses 
that can be studied to measure the effect of a 
treatment such as irradiation. Some processes 
may contribute to both responses, yet seedling 
survival and growth are not necessarily a cause 
and effect relationship. For example, a surviv
ing seedling might or might not show growth. 
Seedling survival and growth are affected ad
versely by exposure to different types of radia
tion. If survival and growth truly involve dif
ferent processes and the two responses do not 
necessarily show a cause and effect relationship, 
it is possible that interactions may be observed 
when different types of radiation are used. 

At the University of Tennessee-AEC Agricul
tural Research Laboratory, experiments were 
made to determine whether seedling survival 



228 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

and growth at an intermediate stage of the life 
cycle show relative differential sensitivity (in
teraction) to gamma and neutron irradiation. 
Seeds of okra, Hibiscus esculentus L. cv. "Clem-
son Spineless," were exposed to gamma rays 
from cesium-137 and unmoderated fission neu
trons. Control (non-irradiated) and irradiated 
seeds were sown in the greenhouse. Seedling sur
vival and true growth (dry weight of plant 
parts above the cotyledonary nodes) were deter
mined 1 month after planting. A range of doses 
(0-140 kilorads of gamma rays and 0-6 kilorads 
of neutrons) was used. 

Seedling growth and survival are plotted in 
Figure 111-10 as a function of gamma rays and 

neutrons. The gamma-irradiated seed showed a 
reduction in seedling survival and growth in
dicating that the processes contributing to each 
response have similar radiosensitivities. How
ever, the neutron-irradiated seeds showed a re
duction in seedling growth but no reduction in 
survival, indicating that the processes contrib
uting to each response have differential sensi
tivities to unmoderated fission neutrons. 

There is an apparent interaction between the 
two types of radiation and the relative sensitiv
ity of the processes (metabolic and/or physio
logic) that contribute to seedling survival. The 
exact nature of this interaction (differential 
sensitivity) is not known. 



Fig. III-ll. Tip of Feeler. Photo shows the tip of a palp (feeler) of a living flour beetle at about 1,160 X 
magnification. A new scanning electron microscope technique developed at Lawrence Radiation Laboratory, 
Berkeley, can be used as a microprobe to study the effects of radiation on a developing system and since the 
specimen is viewed while it is alive its response to the electron beam can be better studied. 

INSTRUMENTATION AND RADIOLOGICAL PHYSICS. 
AEC-sponsored instrumentation research and development contribute to 
advances in radiation protection techniques and biomedical research by develop
ing new and improved instruments. As new instruments and techniques are 
developed, studies in the area of radiological physics are enhanced. Detailed 
knowledge of the physical processes which precede radiobiological change is 
prerequisite to the interpretation of radiobiological effects, to the design of 
radiobiological experiments, and to the formulation of improved radiobiological 
dosimetry. 

INSTRUMENTATION 
Development of advanced instrumentation is 

based on studies that discover and develop new 
methods and techniques for improving the ob

servation and measurement of important bio
medical phenomena. Investigations are carried 
out on material, systems and special compo
nents, and special techniques. 

229 
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Fig. III-1Z. Irradiated Bram Section. The series of photos show comparison of sectioned irradiated brain tissue 
as seen in light microscope (upper left) and scanning electron microscope (lower left and on right). Note the 
three-dimensional appearance and higher magnification possible with the new scanning electron microscope. 
Technique now in use at Lawrence Radiation Laboratory, Berkeley. 

Scanning Electron Microscope 

At Lawrence Radiation Laboratory, Berke
ley, the relatively new scanning electron micro
scope—a variation of the conventional trans
mission electron microscope—has been applied 
to the systematic microscopic study of biologi
cal material. One achievement of this technique 
is a series of photographs of living flour beetles 
(see Figs. I I I - l , and I I I - l l ) . This appears to be 
one of the first times living organisms have been 
visualized by electron microscopy. 

Photographs of other specimens show the sur
faces of tissues in three dimensions at magnifica
tions 100 times greater than has been possible 
with the stereoscopic light microscope (see Fig. 
111-12). The result is a direct visualization of 
the submicroscopic surface features of tissues at 
magnifications of up to 5,000 times. Magnifica
tions of 20,000 are considered feasible. 

Image from secondary radiation. The stereo
scopic light microscope allows the scientist to 
see a tissue surface directly in three dimensions 
up to a useful magnification of only about 100; 
this barely reaches down to the cell level, leaving 
fine detail out of reach. At higher magnifica
tions—up to 1,000—the light microscope is use
ful only for looking at thin sections or slices. 
Highly magnified direct visualization of sur
faces has awaited the present application of the 
scanning electron microscope. 

The new scanning electron microscope also 
offers significant advantages over the conven
tional electron microscope. Such microscopes 
are capable of high magnifications—100,000 
being common—but they cannot "see" the sur
faces of specimens satisfactorily. Normally, the 
electron microscope directs a stream of electrons 
through a thin slice of chemically treated tissue 
and focuses the electrons on the other side, 
forming a shadow image of the specimen. 
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Figs. III-1S and Ц. Scanning Electron Microscope. 
Photos above are a comparison of standard electron 
microscope (left) and scanning electron microscope 
(right) images showing how a «teroscopic view is 
possible with scanning electron microscope. Note that 
qualities such as the stainless steel 200-mesh woven 
grid being covered with a thin layer of plastic 
(Formuar) can be perceived with the scanning elec
tron microscope. Schematic drawing on left 'shows basic 
scanning electron microscope system used in fche new 
technique employed at Lawrence Radiation Laboratory, 
Berkeley, wbich can produce high-magnification, three-
dimensional pictures. 

In the scanning electron microscope, however, 
a microbeam of electrons sweeps over the sur
face of a specimen that can remain unmodified 
by slicing or chemical preparation. The elec
trons cause secondary radiations to emerge from 
the specimen's surface; these are collected by 
a detector and translated into an image in a 
system similar to television (see Figs. 111-13 
and 14). 

Living specimens helpful. There are several 
advantages, moreover, to viewing a living 
specimen. Morphologically, sample preparation 
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is simpler and more accurate. Physiologically, 
it is an advantage to be able to observe the on
going life processes. 

At Donner Laboratory, scientists for years 
have used a flour beetle, Tribolium confusum, 
for studies in radiation biology, both with ac
celerators and in space. This insect has a shell
like covering with which it is able to seal off its 
vital organs, protecting it from the loss of wa
ter that normally occurs when living organisms 
are exposed to a vacuum; even eggs and larvae 
of the beetle usually survived the exposure and 
continued to develop. 

RADIOLOGICAL PHYSICS 

Eesearch in radiological physics seeks to 
achieve a detailed understanding of the funda
mental physical and chemical processes, where
by ionizing radiation interacts with matter, and 
to determine the underlying principles, both 
theoretical and experimental, by which the ef
fects of ionizing radiation can be quantitatively 
formulated. 

Low Energy Electron Studies in Matter 

When nuclear radiation- strikes matter, be it 
in the gaseous, solid, or liquid form, one of the 
principal results is the generation of low-energy 
electrons. These electrons diffuse through the 
irradiated material and interact very strongly 
with atoms and molecules of the material. An 
effective understanding of the details of the ab
sorption of these electrons by the irradiated 
material involves, first of all, a knowledge of 
the number and energy of the electrons so gen
erated and, secondly, an understanding of the 
particular interactions which occur. Measure
ments of the number of electrons have been 
carried out for the last several years at Oak 
Ridge National Laboratory with the "Kepler-
tron," an electron energy analyzer, together 
with very strong radioactive sources irradiated 
in the ORNL reactors. These have shown a 
large buildup of low energy electrons below 100 

electron volts (ev.) in energy in all irradiated 
media. 

Electron interactions. In order to understand 
the second step in the radiation damage process, 
namely the interaction of such electrons with 
atoms and molecules, studies are underway at 
experimental and theoretical levels of the inter
action of electrons with matter in its three 
states of condensation—the gaseous form, the 
solid form, and the liquid form. For studies in 
the gaseous state, new experimental techniques 
have been developed for the investigation of the 
interaction of low-energy electrons (below 20 
ev.) with molecules. Detailed and pioneering 
results were obtained on negative ions formed 
by low-energy electron capture. Of particular 
importance are the results on capture cross sec
tions, temporary negative ion states of aromatic 
molecules, and the measurement of temporary 
negative ion lifetimes. 

Theoretical studies have led to the finding 
that a molecule having an electric dipole mo
ment can capture an electron only when its 
moment is greater than a certain critical value. 
The critical value of a dipole moment lies, for 
example, between those of the water and am
monia molecules. This finding is important for 
the interpretation of experiments in which elec
trons interact with molecules having a perma
nent dipole moment. 

Laser employment. The development of the 
laser has opened up new possibilities for study
ing the interaction of light with matter, partic
ularly in the condensed or solid phase. Consider
ation of the laser as a probe to study collective 
excitations in solids has shown that certain non
linear interactions between photons, electrons, 
and collective modes should occur with rela
tively high probability. Experimental in
vestigation along these lines may reveal new 
characteristics of matter in the condensed phase. 

An ultraviolet laser has been employed by 
Argonne National Laboratory to provide exci
tation of sensitive photoluminescent dosimeters. 
With this system it is easy to measure quantita
tively 1 milliroentgen of cobalt-60 exposure. 
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Further improvements in this system should 
make it possible to do track visualization and 
in vivo biological microdosimetry with a spatial 
resolution oh the order of 10 microns. 

Photoelectric effects. Additional information 
on electron interactions in solids is being ob
tained through study of the photoelectric effect, 
•i.e., .the emission of electrons from the surface of 
the solid when the solid is irradiated with light. 
New details of energy losses suffered by very 
loAv-energy electrons in solids are being obtained 
from studies of the energy distribution of pho
to-electrons excited by photons in the vacuum 
ultraviolet region of the spectrum. These studies 
give evidence of selective absorption of energy 
in solids from electrons with energies as low as 
5-15 electron volts, and may help to delineate 
one phase of the complex process of transfer of 
energy from incident radiation to biological 
materials. 

Ultraviolet radiation studies. Although matter 
in its liquid state most nearly resembles human 
tissue, almost no information is available on 
electron interactions with liquids. A program, 
initiated in 1966, represents a first attempt to 
study electron interactions in liquids directly. 
Details of radiation damage to water are being 
revealed by a new technique discovered at 
O-RNL. Optical experiments with very damag
ing ultraviolet radiation have proven unex
pectedly easy and promise to give new insight 
into the exact mechanisms by which nuclear 
radiation interacts with the aqueous environ
ment. In these experiments, ultraviolet radia
tion is reflected off a water surface. The way in 
which this reflection depends on the light energy 
and angle of reflection is determined by the 
behavior of electrons within the liquid. For ex
ample, enhanced reflection at 1,000 angstroms 
(12.5 ev.), 1,700 angstroms (7.3 ev.), and 2,100 
angstroms (5.9 ev.) has tentatively been at
tributed to ionization, singlet excitation, and 
triplet excitation, respectively, while a peak at 
1,250 angstroms is unidentified. These peaks are 
similar to those found in water vapor in ab
sorption experiments and indicate that conden-
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sation of water vapor to liquid water does not 
profoundly influence the electrons in the water 
molecules. Health physics calculations based on 
these results should lead to improvements in 
estimates of radiation dose and, hence, better 
calculations of radiation safety. 

Dosimetry in Cell-Sized Volumes 

At Pacific Northwest Laboratory, experi
ments are underway to measure how radiation 
deposits energy which can directly cause injury 
in tiny volumes the size of living cells. Measure
ments in sample targets (ten-millionths of a 
centimeter thick) indicate that a maximum of 
100 to 110 thousand electron volts (ev.) of en
ergy can be deposited by energetic protons in 
a cell one ten-thousandth of a centimeter in 
diameter. This is about 20 percent more than 
previous estimates. 

The targets used for investigation of energy 
transferred from the incident protons to cell-
sized volumes, originally developed at Columbia 
University, consist of relatively large cavities 
filled with a low-pressure gas formulated to 
represent soft tissue. The large gas-filled cavity 
can be shown to accurately represent absorption 
sites of greatly reduced size. Scaling factors of 
100,000 to 1 million (105 to 10°) are obtainable. 
The energy lost in the gas by the passage of 
each proton can be inferred by measuring the 
resulting ionization of the gas. 

Such information is important not only to 
fundamental studies of the biological effects of 
radiation, but also to the health physicist con
cerned with the welfare of individuals exposed 
to radiation. Neutron radiation, which is a com
ponent of cosmic radiation in the atmosphere 
and a significant radiation in the nuclear indus
try, deposits in soft tissue about 90 pei-cent of its 
radiation dose through energetic protons. These 
protons result when uncharged neutrons collide 
with the hydrogen component of tissue. Since 
the proton is a charged radiation, it rapidly de
posits energy along tracks which are typically 
less than one one-hundredth of a centimeter. 
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At Argonne National Laboratory, experi
ments with mice are underway to measure the 
radiation exposure to mouse testes from the 
strontium-90 taken up in the pelvic region. Tiny 

photoluminescent dosimeters have been em
ployed with improved reproducibility and cali
bration accuracy to provide a quantitative meas
ure and good spatial resolution. 
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Fig. 111-15. Radioactive Chromium Wire. A new technique for cancer therapy, using small pieces of chromium-51 
wire, has been developed at Argonne Cancer Research Hospital. Photo shows an X-ray of the pelvis of a patient 
with cancer of the anus showing implanted "seeds" of radioactive chromium wire which can be left in the body 
permanently. 

CANCER RESEARCH. 
Cancer research in the atomic energy program seeks to discover, develop, and 
perfect unique means of diagnosis and therapy of cancer and to acquire addi
tional knowledge for these purposes from studies on the metabolic patterns 
of malignant diseases and the affected host. An investigation of the use of radio
active chromium wire for implant into cancerous tissue is discussed below. New 
insight into tumor formation has been obtained from the discovery of a fatty 
substance found to occur in a variety of animal and human tumors. The role 
of enzyme synthesis in the liver in transformation of normal liver into cancerous 
liver is being studied. 

CANCER THERAPY 

Radioactive isotopes have been used exten
sively as sources of internal radiation in treating 
cancer. 

Radioactive Chromium Wire 

New radioactive sources are constantly being 
evaluated for their potential applicability for 
treating cancer patients. Recently, radiothera-

235 
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pists at Argonne Cancer Research Hospital 
(ACRH) have become interested in the use of 
high-purity chromium wire for this purpose. 
This wire was first produced at the Bureau of 
Mines Research Center, Albany, Oreg., about 10 
years ago, but at that time the AEC's regula
tions restricted the use of radioactive chromium 
in cancer therapy. However, recent changes in 
these restrictions have led to renewed interest in 
the technique. 

Other radioactive metals have been used as 
cancer therapy implants, but chromium wire is 
unique among these because it may be left per

manently in the body. Radiochromium has a 
convenient half-life (the time needed for the 
radiation level to fall by half) of 27 days. Such 
a half-life is sufficient to ensure an effective dose 
of radiation, but not so long that the metal 
would have to be removed to prevent an 
overdose. 

At the ACRH, the wire is cut into %6-inch 
long pieces and then irradiated in an Argonne 
National Laboratory reactor to convert some 
of the chromium atoms into the isotope form, 
chromium-51. These small pieces or "seeds" are 
introduced into the body using a special radio-
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Fig. 111-16. Calif ornium-%52 for Cancer Therapy. Ten needles containing oalifornium-252 (Of252) are being 
prepared at the Savannahi River Laboratory for use in radiation experiments at Brookhaven National Labora
tory. Californium-252 emits neutrons that may be more specific against oxygen-deficient cancer cells1 than X-rays 
and gamma rays. Dose measurements in tissue equivalent material and animal studies will precede any future 
treatment of human patients with the needle. Only about a microgram of californium-252 is needed to give a 
radiation dose equivalent to a conventional radium needle. A needle (center of photo) is shown prior to being 
loaded with the radioisotope. The inset photo (lower right) was made by laying a Of202 loaded needle on a 
photographic film; the dark area shows the exposure of the film by radiation from the californium-252. The 
outline of the needle was obtained by exposing the film and needle to X-rays. The possible use of an internal 
isotopic neutron source in cancer therapy would be a major advancement since, heretofore, neutrons have been 
applied in cancer therapy only from external sources such as nuclear reactors and cyclotrons. Neutrons from 
external sources have had limited use because of the damage done to healthy tissue surrounding the tumor. 
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isotope implantation gun. The seeds are placed 
in an array or distribution within the tumor. 
Under some situations the implantation is done 
through the skin and in other situations the 
implantation is done at the time of major sur
gery. Because of the relatively long half-life of 
this material, the radioactive sources are con
stantly available and ready for use by the 
radiotherapist. These sources have proved to 
be highly flexible and useful for a number of 
situations. Figure 111-15 shows an X-ray of 
a chromium implant done deep in the pelvis for 
cancer of the anus. 

Irradiation in Chronic Granulocytic Leukemia 

At the Medical Division of Oak Eidge Asso
ciated Universities,8 a study has shown how 
irradiation of the spleen may be of benefit in 
treating chronic granulocytic leukemia, a dis
ease of middle-aged and elderly people. It has 
long been known that irradiation of the spleen 
improves the patient, but with little understand
ing of how or why the improvement comes about 
or the best use of the treatment. As a first step in 
this study, a careful comparison was made be
tween spleen irradiation and radiation directed 
to the liver. Observation showed that the treat
ment of the spleen produced a highly predict
able improvement in the condition of the 
patient's blood, while treatment of the liver 
produced variable results ranging from almost 
no effect to one similar to that produced by 
irradiation of the spleen. No explanation has 
been found for the variation in results of liver 
irradiation, although several hypotheses are 
being considered. Extension of this work will 
relate the dose, timing of treatments, and size of 
spleen to the effect produced. 

Irradiation of the liver was not expected to 
be an advance in the treatment of the disease. 
Rather, the liver was used as an organ that could 
be compared to the spleen to see whether the 
spleen plays a unique role in chronic granulo
cytic leukemia. If the role of the spleen could be 
fully shown it would improve understanding of 
the disease and its treatment. The effects of 
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irradiation of the spleen are also being com
pared with those of total-body irradiation in 
this disease. 

New Total-Body Irradiation Facility 

The Oak Ridge Associated Universities has 
constructed and equipped a facility that will 
allow prolonged total-body irradiation treat
ment of patients at low dose rates (see Figs. 
111-17 and 18). The new facility will make 
possible a reevaluation of the effectiveness of 
chronic total-body exposure to cobalt-60 gamma 
radiation in patients having chronic leukemias 
and other blood diseases characterized by over
production of cells. This type of treatment has 
been found to be of some value in these diseases, 
but its administration has been complicated by 
lack of equipment designed especially for the 
purpose. 

In some medical centers, exposure of such a 
patient to five roentgens (В) 7 per week from 
a conventional X-ray machine or cobalt-60 tele
therapy source in one dose each week has pro
duced remissions or amelioration of symptoms 
said to have lasted 5 to 15 years. These suc
cesses carry the implication that man can live 
for long periods of time in radiation fields 
of five to 10 В per week—above the occupa
tional exposures considered permissible for nor
mal persons. 

The first patient to be treated in the new low-
exposure rate total-body irradiation facility re
ceived a dose of approximately 100 rods, while 
he was exposed almost constantly in a 1.5 B/hr 
cobalt-60 gamma ray field for 100 hours during 

0 Previously known as the "Oak Ridge Institute of Nuclear 
Studies" (ORINS) the corporate name was changed to "Oak 
Ridge Associated Universities" (ORAU) in January 1966. 
The old ORINS—embracing the Medical Division, Information 
and Exhibits Division, and the Special Training Division— 
continues as a major operating unit of ORAU to serve as the 
avenue through which the sponsoring institutions (see appen
dix) of the Association participate in and support the nation's 
nuclear energy programs. Mention of Oak Ridge Associated 
Universities, or ORAU, in this part of the report refers to 
work done, or being done, by the Medical Division of ORAU. 

^ Roentgen (Й), a unit of exposure dose of ionizing radia
tion ; it is not a measure of the amount of energy actually 
absorbed. В has been recently adopted as the symbol for 
roentgen replacing the г previously used. 
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Figs. 111-11 and 18. New Total-Body Irradiation Facility. The cut-away diagram above shows the inner irradia
tion chamber contained in the new low-exposure-rate total-body irradiation facility at Oak Ridge Associated 
Universities. The facility consists of a large (35X35X1S ft.) chamber, heavily shielded and made of cement, 
in which a 16X16x8 ft. parlor-bedroom is centered in, the radiation field produced by 10 retractable cobalt-60 
sources in the corners of the larger chamber. The exposure field in the inner room can be made to approximate 
one roentgen per hour or a selected lower dose rate and has a sufficiently uniform three-dimensional isodose 
pattern to permit the patient to move freely about the room even when being exposed. Automatically operated 
devices protect the patient from being excessively exposed during any pre-determined time period and allow 
nursing personnel to enter the room routinely or as needed. Surveillance by "intercom" and closed circuit TV 
is provided to detect unexpected trouble during exposure. The photo below is an exterior view of the facility. 
The irradiation room is in building at right of photo. 
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5 consecutive days. He averaged 20 hours of ex
posure out of each 24 hours (30 A/day ; aver
age whole-body dose was about 20rads in 1 day). 
He experienced no ill effects and slept and ate 
well during his entire stay in the facility. At 
intervals his cardiac and pulmonary functions 
were monitored remotely by electronic devices 
to detect any signs of physiologic disturbances. 
None were found. Since termination of the 
radiation exposure, his blood platelets, which 
were about four times too abundant (idiopathic 
thrombocythemia), have declined gradually to 
about normal levels (from 1.6 to 0.4 million/ 
cubic millimeter). His other cellular blood com
ponents have shown no clinically significant 
depression. 

A retrospective study of past clinical expe
rience with irradiated workers has redefined the 
chances of bodily damage from single doses of 
much larger amounts of radiation, but it has not 
been possible to predict how these probabilities 
of injury might be changed when the same 
doses are given over long periods. 

The new radiation facility not only will be 
useful in studying therapy of chronic leukemia, 
but also will provide opportunity to test if low 
radiation doses at such slow delivery rates have 
any direct effect upon digestive, circulatory and 
neural physiology. 

DIAGNOSIS 

I t is known that radioisotopes are taken up 
by malignancies in a concentration that is dif
ferent from the concentration in the surround
ing normal tissue, and this feature is used in 
detecting cancers. 

Respiratory Distortion Problem in Diagnosis 

To detect cancers, a patient is given a radio
isotope in a suitable form and is then "scanned" 
with a radiation detector which measures the 
amount of radioactive material over each point, 
the heaviest concentrations being in the diseased 
organs. I n modern scanners, each detected 
gamma ray produces a small dot on a film and 

the whole scan provides a picture of the dis
tribution of radiation in the organ and, hence, 
of the location of lesions. Studies at the Argonne 
Cancer Kesearch Hospital (ACRH) are lead
ing toward solution of a major problem in 
scanning techniques—that of obtaining distor
tion-free pictures. Suitable radioisotopes and 
detectors for diagnostic scanning are being 
developed to accomplish this. 

A recent study at A C R H considered the best 
way to obtain satisfactory scans of organs such 
as the liver and spleens, which are usually dis
torted by respiratory movements. In prelimi
nary work, three types of scanners were used 
to make scans of a moving phantom and to 
assess the loss of resolution in each. The detec
tors were: a variable speed research scanner 
designed at A C R H ; a conventional rectilinear 
scanner; and a gamma scintillation camera. 
The final resolution with motion was found to 
be best with the gamma scintillation camera; 
intermediate with the variable-speed research 
scanner; and the poorest with the conventional 
rectilinear scanner. 

The problem of respiratory distortion was 
then attacked by using the scintillation camera 
in conjunction with technetium sulfur colloid, 
a preparation of technetium-99m that is routine
ly used for liver, spleen, and bone marrow scan
ning at ACRH. The dose of sulfur colloid for 
liver scanning is two to three millicuries. 

The scintillation camera takes less than 1 
minute to record a satisfactory scan, during 
which 400,000 disintegrations can be recorded. 
A cooperative patient can hold his breath for 
this interval, thus completely preventing mo
tion. When a patient cannot cooperate for so 
long, an alternative method is used. The patient 
is asked to hold his breath in full expiration and 
the exposure is started immediately. W i e n the 
patient desires to breathe again, he signifies this 
by a hand signal and the exposure is stopped. 
When the patient is comfortable, he again holds 
his breath and the exposure is continued. This 
procedure is repeated until the desired number 
of dots has been accumulated on the scintiphoto-
graph. The method can be used with all but ex-
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tremely ill patients. Since it takes 30 to 45 
minutes to obtain a single view of the liver with 
a conventional scanner using the radioactive 
tracers previously available, and since control 
of respiratory motion is impossible for this 
length of time, the method represents a signifi
cant advance. More views of the liver can be 
taken, and less cooperation from the patient is 
required—a very important consideration in 
dealing with the critically ill patient. In addi
tion, by controlling respiration, the quality of 
the examination is improved. The alternative 
procedure for controlling respiration is to para
lyze a phrenic nerve by giving a blocking injec
tion of a local anesthetic in the back, an unde
sirable and painful operation. 

A program of fast section scanning, directed 
toward the accurate determination of the posi
tional coordinates of brain tumors, is being 
pursued at. the University of California at Los 
Angeles (UCLA). 

CARCINOGENESIS 

Investigations are being made in an attempt 
to more closely define the conditions under 
which irradiation of tissues gives rise to cancer, 
by using different conditions of exposure and 
by studying the early processes that occur be
fore tumors are seen. 

Fatty Substance in Malignant Tumors 

Investigations at the Oak Ridge Associated 
Universities have led to a significant discovery 
that substantial quantities of a previously un
identified lipid (fatty substance) occur in a 
wide variety of animal and human tumors but 
not in normal tissues. This lipid has now been 
found to be a glyceryl 1-ether diester (GEDE). 
The determination of its nature has been pos
sible by means of modern technical procedures 
including thin layer chromatography, gas liquid 
chromatography, identification of chemical de
rivatives, infrared spectra and nuclear magnetic 
resonance spectra. The data so far demonstrate 
that: (a) the quantities of GEDE found in 

normal tissues are minute compared to those 
found in tumors, and (b) a critical part of the 
chemical structure (the ether bond) can be 
formed in the tumor cell. The relatively high 
concentrations of this material in the many 
tumors examined suggest, that it is closely asso
ciated with the cancer process. 

In vivo and in vitro studies with experimental 
mouse tumor cells (Ehrlich ascites tumor) on 
the incorporation of precursor materials (ace
tate, glycerol, glucose, fatty acids, fatty alcohols 
and triglycerides) into this substance have dem
onstrated that the fatty acids, fatty alcohols and 
triglycerides can be incorporated into the ether 
hydrocarbon chain. Investigation of the intra
cellular distribution of this lipid in moiisc 
tumor cells studied has shown that a large pro
portion of the ether-containing lipid is in the 
mitochondria. Mitochondria are structures in 
the cell cytoplasm that function in energy pro
duction. Experiments with the cells grown in 
tissue culture have shown that tumor cells can 
produce the substance in the tissue culture me
dium. These data indicate that tumor cells do 
not simply concentrate the substance from die
tary sources but are capable of synthesizing the 
lipid ether bond in the absence of other tissues. 

Metabolic Control and Carcinogenesis 

Recently, at Argonne National Laboratory, it 
was discovered that liver tumors could be pro
duced in rats which are quite similar to normal 
liver except that the control of adaptive enzyme 
synthesis in the tumors is defective. These find
ings suggest that a careful analysis of changes 
in the control of adaptive enzyme synthesis in 
the liver during the experimental production of 
liver cancer may reveal key events associated 
with the transformation of normal liver into 
cancerous liver. A study is underway at Ar
gonne to correlate structural (morphological) 
changes with changes in the capacity for enzyme 
adaptation in the liver cell during exposure to 
tumor-producing agents (carcinogens). 

Rats are fed small amounts of carcinogens in 
the diet. Other rats are fed these carcinogens 
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Fig. III-19. Metabolic Control and, Carcinogenesis. The above is a light photomicrograph of a liver specimen from 
a rat given a carcinogen, dlethylnitrosamine, at Argonne National Laboratory. The lower-right quadrant of the 
picture shows normal liver parenchymal cells. In a stained specimen, the glycogen has a reddish appearance 
and the nuclei appear blue. The upper-left quadrant contains tumor cells which have arisen from liver parenchy
mal cells. Glycogen is absent and the cells have a disorganized appearance. In the upper-right quadrant, a tumor 
can be seen that consists mainly of abnormal bile ducts. These abnormal bile ducts appear as large spaces lined 
by small cells. 

in combination with selected agents such as 
phenobarbitaJ, which are known to affect liver 
metabolism and morphology but which do not 
produce tumors. Still other rats are given both 
types of agents in addition to low doses of 
ionizing (gamma) radiation (which also af
fects the structure and function of the liver 
without producing tumors). Specimens of the 
liver from rats on each treatment are examined 
by means of light microscopy, (see Fig. I I I -
19) and electron microscopy for structural 

changes in the cells. Adaptive enzymes are 
analyzed to detect possible changes in the func
tional capacity (metabolism) of the liver. 
Changes in structure are correlated with 
changes in metabolism, if possible, and this in
formation is related to the time of occurrence, 
frequency of occurrence and properties (both 
structural and metabolic) of tumors which arise 
in the different groups. 

In a current experiment, a carcinogen (di-
ethylnitrosamine) is fed in conjunction with 
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phenobarbital, a commonly used sedative which 
causes marked proliferation of intracellular 
membranes (endoplasmic reticulum) as well as 
the stimulation of drug metabolizing enzymes 
in the liver cell. Eesults obtained to date show 
that effects of the combined administration of 
diethylnitrosamine and phenobarbital on the 
synthesis of adaptive enzymes are substantially 
greater than those observed when either agent 
is administered alone. These effects do not ap
pear to be altered when the rats are exposed to 
low doses of radiation. The combined treatment 

also produces more pronounced morphological 
changes than either agent alone, and these ef
fects are exaggerated when the rats are exposed 
to radiation. Although the study is only in its 
initial stages, it appears that important insights 
into the mechanism of liver carcinogenesis may 
be gained through this experimental approach. 
A further extension of this study involves the 
feeding of the carcinogen N-2-fluorenylaceta-
mide, with and without phenobarbital, and a 
comparison of the responses obtained with those 
using diethylnitrosamine. 
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J?ifir. Ш-20. Rearing Germ-Free Mice. At Oak Kidge National Laboratory, flexible plastic "glove box" isolators 
are used in rearing germ-free mice for studies1 on aging and the late somatic effects of radiation. Such careful 
control of environmental conditions has resulted in the development of several strains of germ-free mice. Air 
for the mice is provided through the circular filter (top center of photo) and the airtight gloves (.bottom) are 
used for human operations inside the isolator. 

SOMATIC EFFECTS OF RADIATION. 
Research into the somatic effects of radiation seeks to identify and explain 
those biological mechanisms which give rise to both early and late radiation 
effects. Pathological, physiological, and cytological responses to irradiation of 
the individual organ systems, their relative radiosensitivity and their contribu
tion to the response of the whole organism are all of interest. A special feature 
chapter on late somatic effects in mammalian species was included in the 1966 
edition of this report.8 

LATE EFFECTS OF RADIATION 
Many studies continue to help understand 

better the late or delayed effects of large doses of 
radiation received in a relatively short period of 
time, where, in general, the survivors of single 
exposures have shown good clinical recovery 

from early effects. The irradiated human popu
lation groups in Japan and Kongelap Island, 
and certain experimental animal colonies are 

8 "Fundamental Nuclear Energy Research—1966." Eeprints 
of the feature chapter may be obtained by writing to the 
Director, Division of Biology and Medicine, . U.S. Atomic 
Energy Commission, Washington, D.C. 20545. 
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examples. Investigations are also carried out on 
somatic effects which result from continuous ex
posures of organisms to low dose rates over pro
longed periods. Such studies encompass epi
demiological work as well as change in inci
dence of tumors and leukemia, changed sus
ceptibility to infectious diseases, change in time 
of onset of degenerative diseases, change in life
span, and altered capabilities of living systems. 

Aging in Germ-Free Mice 

Several strains of germ-free mice have been 
developed at Oak Ridge National Laboratory 
(ORNL) for use in studies concerned with 
microbial influence on long-term changes in ir
radiated and nonirradiated subjects. In corol
lary tests with twTo such strains of mice (ICR 
and RFM), investigators have found that the 
absence of detectable micro-organisms does not 
increase the maximum length of life but does 
increase the number of mice reaching "old age." 
This suggests that aging cannot be prevented 
by exclusion of micro-organisms from the en
vironment. 

Germ-free colonies originate from mice 
aseptically removed from the sterile uterus of 
their dams at full-term fetal stage and then 
carefully reared in a sterile environment that is 
continuously monitored for contamination (see 
Fig. III-30). Although development of a few 
diseases is affected in such mice by the absence 
of micro-organisms (glomerulosclerosis, mye
loid leukemia, and all infectious diseases), most 
other diseases (for example, lymphoid leukemia, 
solid tumors, and amyloidosis) occur with the 
same incidence and at the same relative time 
during the lifespan in germ-free mice as they 
do in mice raised conventionally. 

The incidence of tumors does not seem to be 
different in germ-free and normal mice, except 
for radiation-induced myeloid leukemia, which 
is common in irradiated conventional mice of the 
RFM strain, but has not been seen in germ-free 
mice of the same strain. 

Degenerative diseases, which have been 
thought to occur as a result of repeated infec

tions, have been studied in germ-free mice where 
such infections do not occur. Many of the de
generative diseases (glomerulosclerosis, arteri
osclerosis, polyarteritis, and amyloidosis) have 
now been observed in germ-free as well as con
ventionally raised mice, suggesting that infec
tions are not required for the development of 
degenerative diseases. These results are con
sistent with an autoimmune mechanism also 
currently under investigation at ORNL. 

Biosatellite Experiment 

The National Aeronautics and Space Admin
istration (NASA) has begun a series of in-flight 
experiments with unmanned satellites designed 
to test the effects of weightlessness and the space 
environment on biological systems. The first 
Biosatellite-A was lost in space in December 
1966.9 A second biosatellite was successfully 
launched on September 7, 1967, and recovered 
on September 9. A number of biological experi
ments on the biosatellite were funded by NASA 
and carried out by the AEC's Lawrence Radia
tion Laboratory, Berkeley, and the Brookhaven 
and Oak Ridge National Laboratories. 

Analysis of data from the radiation experi
ments is underway. There are preliminary in
dications of significant differences between 
Triboliwn confusum (flour beetle) irradiated 
during the flight and the ground controls. It is 
too early in analyses of the data from the ex
periments carried out by Brookhaven and Oak 
Ridge National Laboratories to determine 
whether or not there are any significant differ
ences between samples, such as Neurospora 
(bread mold), Habrobraoon (wasps), and 
Tradescantia (spiderwort—a wild flower) ir
radiated during the flight and the ground 
controls. 

Since 1961, the AEC and its contractors have 
been cooperating with NASA in developing 
radiobiological information required for space 

0 See pages 26-28, "Fundamental Nuclear Energy Research. 
1966." Reprints of a feature chapter, "Space Radiation 
Biology,*' are available from the Director, Division of Biology 
and Medicine, ü. S. Atomic Energy Commission, Washington, 
D.C., 20545. 
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Fig. III-Z1. Neuropathological Effects of Heavy Ions. Electron micrograph (10,000 X) of rabbit brain (sensory 
cortex) taken at Donner Laboratory 61 days after local alpha-particle beam irradiation with a single dose of 
7,000 rads. Thickened capillary basement membrane passes transversely across the field. Areas of increased 
electron density can be seen where glial fibrils meet the plasma membrane adjacent to the basement membrane 
(arrow). At this point, the basement membrane is split and thickened to nearly one micron, whereas, normally, 
it is not over 0.1 micron in control areas of unirradiated brain. An endothelial cell is at the lower left, and 
phagocytic cell cytoplasm is in the center of the field. 

mission planning. The studies, funded by 
NASA and conducted at the uniquely equipped 
AEC facilities, are, for the most part, exten
sions of investigations supported by the AEC. 

Central Nervous Systems 

Neuropathological Effects of Heavy Ions 

Studies at the Donner Laboratory of Law
rence Radiation Laboratory, Berkeley, of de
layed effects of radiation on brain tissues, both 
in humans and animals, and the influence of 
such factors as immunity indicate no relation
ship between late necrosis and immunization. 

In one experiment, coagulation necrosis (kill
ing of cells) was observed in the brain of a 
monkey 87 months after the monkey had re

ceived 5,000 rads in a single radiation dose to 
the pituitary. Such necrosis may appear years 
after irradiation with doses greater than 2,500 
rads spread over a period of several days. 

The electron microscope has shown the for
mation of vacuoles (spaces) in the brain's 
capillary endothelial cells 2 weeks after alpha-
particle irradiation. Some similar changes were 
observed in certain capillary cells (pericytes). 
Later, the cytoplasmic vacuolation was less 
marked, but basement-membrane thickening of 
capillaries was noted 4 weeks after irradiation 
(see Fig. III-21). 

A proton beam was used to irradiate two 
groups of six rabbits each; the objective was to 
determine if immunity may be a factor in de
layed radiation necrosis of the brain. One to 
three days earlier, half of the animals had re-
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ceived a subcutaneous injection of rabbit spinal 
cord and an adjuvant.10 Two to three weeks fol
lowing irradiation, the animals' brains were ex
amined for lesions. No relationship could be 
found between the presence of delayed radio-
necrosis and immunization experience. Round-
cell infiltration within the lesions of the 
immunized rabbits was less than in the nonim-
munized. These findings indicated that delayed 
radionecrosis is unaffected by the subject's im
munological status. However, experiments 
should be done in which immunization follows 
irradiation rather than preceding it. 

Effects in Central Nervous System 

A novel method has been used at the Donner 
Laboratory to measure dynamic impedance in 
monitoring radiation effects in neural tissue 
not detectable by conventional brain wave anal
ysis. Conventional neurophysiological meth
ods have stressed voltage measurements of neu
ronal activity with little regard for the 
contribution of other tissue elements such as 
glia. However, it has been shown that changes 
in cerebral impedance occur in response to a 
variety of environmental stresses or during 
different physiologic states. Suggestions have 
been made that impedance reflects changes 
occurring primarily in glial or extracellular 
components. This method uses extremely low 
signal levels (20 microvolts at 1,000 cycles/sec
ond) to measure continuing changes in resistive 
and reactive vectors of tissue impedance. 

Following brain irradiation with 910-Mev. 
alpha particles, there is a sharp increase in im
pedance from baseline values of 20 kilo-ohms to 
peak levels of 60-80 kilo-ohms during the first 
3 weeks after exposure (see Fig. III-22). 
Threshold doses are in the range of 10,000 to 
15,000 rads. Studies performed elsewhere have 
shown that increases in impedance reflect local 
shifts in fluid from glial and extracellular com
partments into the neuronal compartment. 

A complimentary approach to the study of 
radiation-induced fluid shifts involves special 

10 A substance which aids another, such as an auxiliary 
remedy. 

10 — gjo Mev alpha particles ~ ' 
120.000 rads) 

nl I I I I I T I I I I I I I I I Uo 
- 5 - 3 - 1 0 2 4 6 8 10 

Days before irradiation Days after irradiation 

Fig. 111-2%. Effects in Central Nervous System. Donner 
Laboratory chart shows the relative changes detected 
in neural tissue following 20,000 rads of alpha irradia
tion to the brain. Resistance is measured in kilo-ohms 
(Kfi) and capacitance in kilo-pico-farads (kpF). These 
changes are thought to reflect local fluid and electrols'te 
disturbances between neurons, glial cells, and extra
cellular spaces. 

electron-microscopy techniques. Two methods 
are being used, both of which are designed to 
insure adequate preservation of extracellular 
spaces, which are generally difficult to render 
visible. One method involves glutaraldehyde-
osmium tetroxide fixation perfusion: the other 
ultra-rapid freeze substitution fixation. Studies 
using these methods should help to clarify un
derstanding of radiobiological mechanisms in 
the central nervous system's response to heavy 
particle irradiation. 

As a part of studies on the radiation effects in 
central nervous system, resistive and capacitive 
components of cerebral impedance have been 
measured at the site of focal brain irradiation 
with 910-Mev. alpha particles. The changes are 
thought to reflect pathology in fluid and electro
lyte distribution between neurons, glial cells, 
and extracellular spaces. 

HEMATOPOIETIC SYSTEM 

Studies of the hematopoietic (blood forming) 
system are directed toward determining the ef
fects of partial or whole body irradiation, either 
acute or chronic, on the system, and toward de
termining the relationship of radiation modifi-
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cation of the system to the health of the indi
vidual. Many tasks are undertaken in this 
category that are gradually adding to the fund 
of information about blood cell formation, 
different cell series, stem cell differentiation and 
proliferation, and kinetics of blood cell popula
tions. 

One of the first and most serious effects on the 
body of overexposure to radiation is the de
struction or injury of the blood and blood-
forming tissues. 

Erythropoietin Studies 

Argonne Cancer Research Hospital (ACRH) 
has several continuing programs devoted to 
studies on the blood. Recent advancements have 
included: (a) the further purification of ery
thropoietin—the hormone that stimulates red 
cell formation; and (b) a determination of some 
of the factors governing urinary concentration 
of erythropoietin in anemic patients. Additional 
information has been developed on: (a) the 
effects of male sex hormones on erythropoietin 
production; (b) increased uptake of iron by 
bone marrow cells exposed to erythropoietin; 
(o) the effect of erythropoietin on polycythemia 
vera through in vitro studies of the human bone 
marrow disease; and (d) changes in chromo
some pattern after therapy in a case of a human 
blood disease. 

Purification of Sheep Plasma 

During the recent past, further progress has 
been made in purification of sheep plasma ery
thropoietin. This project was initiated in 1957 
when the U.S. Public Health Service entered 
into collaboration with the University of Chi
cago and Armour and Co. on a joint project for 
the extraction, purification, and characteriza
tion of the hormone erythropoietin from the 
blood plasma of sheep rendered anemic by treat
ment with Phenylhydrazine. By 1962, A C R H 
biochemists had obtained fractions of plasma 
with a potency of about 450 units per milligram 
of protein. This represented an enrichment fac

tor of about 63,000 over the original starting 
anemic-sheep plasma. Unfortunately, quantities 
of the best fraction obtained in this range, i.e. 
450 units per milligram of protein, were insuffi
cient to carry the process any further. I n part, 
this was because of extensive losses of activity 
in a particular step in the purification process. 
More recently, methods for coping with the dif
ficulty have been developed and it is ПОЛУ pos
sible to produce purified fractions of anemic 
sheep plasma with potencies of about 6,500 units 
per milligram of protein. This represents an 
enrichment factor of about 930,000. 

The table belowT summarizes the various 
stages in the process of purification. I t will be 
noticed that as the potency (units/mg) and 
purification factors are increased, the percent 
recovery from the plasma is reduced. 

Percent Purification 
Fraction Units/mg recovery factor 

Anemic plasma 0.007 100 
Step I I I 2 . 7 35 388 
Step IV 19 20 2 ,700 
SES-5 » 133 10 .4 19,000 
C a P - 2 B ь. 6 ,500 2 . 2 930,000 

» The SES-5 fraction is derived from Step IV by ion-exchange column 
chromotography. 

ь The CaP-2B fraction is derived from SES-5 by calcium phosphate 
gel adsorption. 

When a pure sample of the hormone has been 
produced, it will be possible to make a detailed 
analysis of its chemical composition. This, in 
turn, may lead to synthetic production of the 
hormone, to be used, perhaps, in treatment of 
those blood diseases that are caused by insuffi
cient amounts of erythropoietin in the blood. 
At the present state of technology, it has been 
estimated that plasma would be needed from a 
flock of 325 sheep to produce 10 milligrams of 
material with a potency of 6,500. 

Erythropoietin in Anemic Patients 

The low yield of the most pure fractions of 
erythropoietin that can be obtained from the 
blood plasma of anemic sheep has contributed 
to the long delay in final purification and char
acterization of this hormone, and it has become 
increasingly important to find an alternative 
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source of starting material. I t appears that 
urine from anemic patients (which is known to 
contain erythropoietin) may prove to be the 
only feasible large-scale source. 

The amount of urine that would be required 
would represent daily collection for about 3 
years from a single patient, or one month's col
lection from 36 patients, which does not seem 
to be an impossible goal. As a result, there has 
been increased interest in the factors governing 
the amount of erythropoietin in the urine. 

I t has been noted at Argonne Cancer Research 
Hospital, as well as at other institutions, that al
though the urinary concentration of erythro
poietin is usually several times smaller than the 
plasma concentration, there is great variability 
in the ratio of these concentrations and the 
amount in the urine does not appear to be in 
direct proportion to the severity of the anemia. 

I n a recent attempt to clarify one of the 
factors which may govern the amount of 
erythropoietin in the urine, a series of studies 
was carried out on anemic patients to determine 
the effect, if any, of increasing body alkalinity 
on the concentration of erythropoietin in the 
urine. The patients were given either ammonium 
chloride [NH4C1 (3 grams 3 times a day) ] , or 
sodium bicarbonate [NaHC0 3 (6 grams 3 times 
a day ) ] . Administration of sodium bicarbonate 
increases the alkalinity of body fluids and of the 
urine; ammonium chloride has an opposite effect. 

The concentrations of erythropoietin in the 
plasma and the urine were then estimated in 
the usual manner by injecting one milliliter of 
either urine of plasma into test animals. 

The amounts of erythropoietin in the blood 
plasma varied only slightly in either case. 

Administration of sodium bicarbonate in
creased the concentration of erythropoietin in 
the urine about 17 times in a patient with myelo 
fibrosis and about three and one-half times in a 
patient with hypoplastic anemia. Other pos
sibilities having been excluded, it appears that, 
at least in these patients, more erythropoietin 
is excreted into alkaline urine. The exact renal 
mechanism by which this was accomplished is, 
as yet, unclear. 

Effects of Male Sex Hormones 

The stimulating effects of the male sex hor
mone, testosterone, on the production of 
erythropoietin as determined at ACRH 1 1 have 
suggested that testosterone stimulates red cell 
formation in mice by altering the kidney so that 
it can produce more erythropoietin in answer to 
an additional stimulus. Further experiments 
with anemic mice, having the genetic formula 
WWv, have indicated that increasing the 
amount of erythropoietin in the blood by giving 
injections of testosterone may lead to a way of 
treating some of the human anemias. The 
plasma of these mice contains high concentra
tions of erythropoietin, yet the number of red 
cells in their blood remains below normal, and 
they do not respond to injections of erythropoie
tin unless it is given in repeated large doses. 
When WWV mice were injected with 2.5 milli
grams of testosterone every other day for 2 
weeks, the volume percent of red cells in the 
blood rose from 40 percent to 52 percent, which 
indicated a significant reduction in the degree 
of anemia. 

For the experiments, the erythropoietin con
centration in the plasma of three different kinds 
of mice was compared by injecting 0.4 cubic cen
timeters of their plasma into assay mice and 
estimating the increase in red cell production 
(and, hence, the amount of erythropoietin 
present) by measuring the amount of radioiron 
present in a sample of the blood. The three dif
ferent kinds of mice were: (a) normal mice of 
the CFX strain, (b) untreated anemic mice of 
the WW,- strain, and (<?) anemic mice of the 
WWV strain injected with 2.5 milligrams of tes
tosterone on 2 successive days (see Fig. I I I -23 ) . 

The plasma of the normal C F t mice produced 
no increase in uptake of radioiron; the plasma 
of untreated WWV mice produced an increase 
in uptake of 13 percent; and the plasma of WW,-
mice treated with testosterone produced an up
take increase of about 25 percent. 

и "Fundamental Nuclear Energy Research—1966" pp. 
52-53. 
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These results suggest that the plasma of the 
anemic mice contains more erythropoietin than 
the plasma of normal mice and that this amount 
can be still further increased by injecting the 
anemic mice with testosterone. As a result of 
this, more red cells are formed and the anemia 
is alleviated. 

I t is possible that the same kind of situation 
may be present in some kinds of human anemia, 
i.e.. that sufficient numbers of red cells cannot 
be produced by the amount of erythropoietin 
normally present in the blood plasma (even if 
the amount is greater than is present in normal 
subjects). 

I t may be possible then to increase the pro
duction of erythropoietin to amounts that will 
be high enough to increase red cell production 
and thus relieve the anemia by giving injections 
of testosterone. 

Iron Uptake by Bone Marrow 

The hormone erythropoietin is known to reg
ulate the production of red blood cells by acting 
on the stem cells of the bone marrow to direct 
their development into the red cell line. Exactly 
how the hormone acts to produce this differen
tiation is not known in detail, but recent experi
ments, using radioactive iron-59 as a tracer, on 
rat bone marrow cell cultures at Argonne Can
cer Research Hospital have given important 
information on some of the steps in the 
processes. 

I t was shown that rat bone marrow cells in 
short-term in vitro cultures synthesize hemoglo
bin at a rate that is determined by the amount 
of erythropoietin added to the culture medium. 
For the first i to 5 hours after exposure to ery
thropoietin, little or no radioactive iron-59 is 
incorporated into the heme fraction of the he
moglobin, but there is a significant increase in 
the amount of iron taken u p by the cells. This 
erythropoietin-stimulated increase in cellular 
uptake of iron precedes the stimulated increase 
in heme synthesis, and is dependent upon the 
amount of hormone in the medium. 

The stimulated iron uptake could be inhibited 
by the addition of puromycin (in concentrations 

276-845 0—68 IS 
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CF, WWV WWV+ WWV + 

TEST. HYPOX. 
Fig. III-23. Testosterone Effect on Mouse Erythro
poietin. The chart compares ra'dioiron (PeG0) uptake 
I>roduced in test mice by: (a) plasma of дюгша1 CFi 
mice (no increase) ; (ö) plasma of untreated WWt 
mice (an increase of 13%) ; and (c) plasma of WW, 
mice injected with 2.5 milligrams of testosterone on 
two 'Successive days (an increase of 25%) at Argonne 
Cancer Research Hospital. 
of 75 micrograms per milliliter) and actinomy-
cin (in concentrations of 2.5 micrograms per 
milliliter), but not by dinitrophenol (in con
centrations of 3/100,000 molar strength). 

The data suggest that one of the early effects 
of erythropoietin in the induction of red cell 
differentiation is to facilitate entry of iron into 
marrow cells, and that this effect is dependent 
upon prior RNA synthesis and protein synthe
sis, but is independent of coupled oxidative 
phosphorylation. 

Studies of Polycythemia Vera 

The successful treatment of any disease is 
determined largely by an understanding of the 
physical and physiological factors that are its 
cause. In recent years, the study of many dis
eases has been made easier by the use of sub
stances labeled with radioactive isotopes whose 
passage through the body, or accumulation in 
tissues, can be detected by instruments that are 
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sensitive to radiation, thus giving information 
on the different ways in which normal and dis
eased subjects handle these materials. Another 
technique that has also been of great value has 
been the cell culture system, which permits the 
removal of samples of tissue and culturing them 
alive in vessels outside the body—known as in 
vitro (literally, in glass vessels) tissue culture. 
It is particularly valuable because it pinpoints 
the activities and requirements of individual 
tissues, unaltered or screened by the actions of 
other body tissues. 

Eecently, at Argonne Cancer Research Hos
pital, both of these methods have been applied 
together to the study of the behavior of red 
blood cells and particularly to the study of red 
blood cell diseases. 

A human blood cell disease that has been 
studied in this way is polycythemia vera, which 
is characterized by the overproduction of red 
cells, white cells, and platelets. The overproduc
tion of red cells was the feature under special 
study, and experiments with bone marrow from 
patients having polycythemia vera have shown 
that this marrow (which normally gives rise to 
red cells in the adult animal) does not respond 
in a normal way to the hormone erythropoietin. 
Furthermore, this abnormal response to the hor
mone is not due to any factor in the polycythe
mia vera plasma, but to a defect in the marrow 
cells themselves. 

The activity of the bone marrow was esti
mated by comparing the rate at which the cells 
took up radioactive-labeled iron (Fe59) from 
the culture medium and used it to form the 
heme fraction of the hemoglobin molecule. The 
radioactive heme was extracted from the cells 
and "counted" in a scintillation counter. The 
culture system was subjected to a number of 
variations designed to give information on dif
ferent factors. 

Comparison of the effects of erythropoietin 
upon heme synthesis in a system with normal 
marrow and a system with polycythemia vera 
marrow, shows that erythropoietin increases 
heme synthesis by fivefold in the normal sys
tem, but by a very much smaller amount in the 

polycythemia vera system; even the highest 
concentrations of erythropoietin only increase 
heme synthesis by a factor of 1.5 in patients with 
polycythemia vera. It appears then that ery
thropoietin is not responsible for the increased 
red cell production. 

It was considered whether the plasma of the 
polycythemia vera patient might contain some 
factor (or inhibitor) that served to block the 
normal effect of erythropoietin on the bone mar
row. For this purpose, a culture system was set 
up that contained normal human bone marrow 
and polycythemia vera plasma. The addition of 
erythropoietin produced the normal increase in 
heme synthesis. It appears therefore that there 
is no inhibitor in the polycythemia vera plasma. 

Other experiments have shown that the poly
cythemia vera marrow is very insensitive to 
even extremely high doses of erythropoietin, and 
that the erythropoietin in the polycythemia 
vera plasma is not of a peculiar type that acts 
only on its own cells. The disease appears to be 
caused by some defect in the marrow cells of the 
polycythemia vera patient. Further studies will 
continue from this standpoint. 

Other Hematopoietic Studies 

Chromosome Pattern After Radiation Therapy 

The association of irregularities of chromo
some number and form with malignant tumors 
was originally established in 1914. Since that 
time it has been found that about half the pa
tients with acute leukemia have variable 
chromosome abnormalities in the leukemic cells, 
although the rest of the body cells are normal. 
It is not yet known though, whether the ab
normal chromosome pattern is the cause or the 
consequence of the leukemia. The subject is one 
of interest to hematologists, since chromosome 
pattern in the bone marrow of a patient not 
suffering from overt leukemia might indicate 
that leukemia would eventually develop. In con
sequence, a close watch is kept on these "pre-
leukemic" syndromes when they are detected in 
the hope of learning something more about the 
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cause of cancer. It has been observed that leu
kemia tends to appear in radiologists after the 
age of 40, whereas for U.S. male whites over 25 
the proportion of deaths attributed to leukemia 
is highest before the age of 40. Whether this 
pattern can be linked to the occupational expo
sure of radiologists to X-rays is a matter for 
some speculation. 

In a case recently studied at the Argonne 
Cancer Research Hospital, the patient was a 60-
year-old woman with thrombocythemia (an ab
normality characterized by overproduction of 
blood platelets). Samples of her bone marrow 
showed that most of the marrow cells (75%) 

. had normal chromosome patterns, while the re
mainder (25%) had 48 chromosomes (that is, 
two more than normal). The two extra chromo
somes belonged to the medium-size С type. She 
was treated with drugs and radioactive phos-
phorus-32 and in 3 months' time, all the abnor
mal patterns had'disappeared. Marrow examina
tions have been continued at approximately 4-
month intervals, and, after about 1 year, the 
abnormal patterns have begun to reappear. In 
the most recent sample, six percent of the cells 
had 47 chromosomes and 12 percent had 48 
chromosomes, including the two extra С 
chromosomes. Although the abnormal cells are 
increasing in number, the platelet count has 
remained within normal limits. The case is in
teresting in its resemblance to those leukemias of 
childhood that respond temporarily to anti
leukemic drugs, the period of remission being 
characterized by a disappearance of the abnor
malities of chromosomes. 

Whether the emergence of some cells with ab
normal chromosome patterns will be coupled 
with a rise in platelet count remains to be seen. 

Recovery of Bone Marrow After Irradiation 

The efficiency of high-dose irradiation for 
inducing long-term remissions, or even cure, in 
patients with localized HodgMrts disease has 
generated great enthusiasm in the care of these 
patients. One of the major factors limiting ex

tensive wide-field irradiation therapy for dis
seminated Hodghiri*s disease is the possibility 
that the blood-producing tissues will be unable 
to recover from radiation directed to cancerous 
lymphatic tissue occupying the same region. 
Therefore, studies at the ACRH have attempted 
to clarify the kinetics of bone marrow repopula-
tion in mice and in patients after partial-body 
irradiation. 

Results of these studies indicate that primi
tive undifferentiated bone marrow cells emi
grate from shielded leg marrow to repopulate 
distant marrow sites and the spleen in mice that 
have received a supralethal dose of X-rays. 
Radiobiological methods, morphological studies 
and experiments measuring the splenic uptake 
of iododeoxyuridine labeled with iodine-131 
demonstrate a rapid proliferation of undiffer
entiated cells during the first 5 days after irra
diation. During this proliferative phase, these 
stem cells cannot be induced to differentiate into 
red blood cells either by exogenous or endoge
nous erythropoietin. After 5 days, red blood cell 
production, estimated by the uptake of radioiron 
(Fe59) in the spleen, proceeds rapidly. New red 
cells, white blood cells, and platelets appear in 
the peripheral blood during the second week 
after the irradiation. 

The recovery of red blood cell production, 
estimated with radioiron kinetics and body-
surface scanning techniques, was measured in a 
patient with recurrent Hodghiri's disease who 
had received extensive, but low-dose radiother
apy in the past. Localization of sites of active 
bone marrow permitted the rational design of 
X-ray treatment ports, and high dose radio
therapy was administered, preserving the re
maining blood-producing tissue. 

REPRODUCTIVE SYSTEM 

Work on the reproductive system of animals 
involves studies of the cells, tissues, organs, and 
their functions necessary to the production of 
viable offspring, and observes the effects of ra
diation on these parts of the system and its 
function. 
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Reproduction in a Life Study Herd 

A bovine herd is under a life-time study at 
Oak Ridge, Tenn., to observe the effects of ir
radiation on: (a) fertility; (&) growth and 
viability of the calves; (c) pathological re
sponse in the cows; and (d) performance of the 
offspring by sire groups. The herd, originally 
established in 1961 at the University of Ten
nessee-AEC Agricultural Research Laboratory, 
presently consists of 197 adult Hereford cows, 
6 and 7 years of age, that were exposed when 
18-20 months old to various doses of whole body 
irradiation in the large animal irradiation field. 
Data collected to date do not demonstrate that 
irradiation of these female cattle has an effect 
on the total reproductive performance of this 

herd. The irradiation was delivered as an acute 
single dose at 200, 300, 400, and 600 B. The 600 
R was delivered in two separate exposures at 
about 8 weeks apart. 

The cows are presently completing their 
fourth and fifth lactation. In 950 matings from 
all groups excluding the present year, there have 
been 839 pregnancies (an 88% conception rate). 
These pregnancies resulted in 831 full-term fe
tuses. This calving percentage in the irradiated 
groups (80-82%) did not differ from the con
trols (81%). 

The viability and growth of the calves up to 
200 days do not differ from the controls. The 
average daily gain from birth to weaning has 
been 1.68 pounds for the controls, as compared 
to 1.67 pounds for the irradiated groups. 
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К^. III-24- Plutonium Oxide Particle in Hamster Cells. The effect of alpha radiation from a microsphere of 
Plutonium oxide on the growth of cells has been observed at Los Alamos Scientific Laboratory by means of 
time-lapse mierophotography. The photo (1,300 X) shows Syrian hamster cells growing around a 20-micron 
diameter sphere of plutonium-239 oxide. The cells normally grow in an organized fingerprint pattern. Although 
the cells within the range of the alpha particles emitted by the plutonium (inside the dashed circle) are killed, 
outside of the range the growth pattern is not disturbed and the cells appear to grow normally. See page 257 
for details. 

TOXICITY OF RADIOELEMENTS. 
Studies of the toxicity of radioelements12 are concerned with determination 
of the quantitative aspects of uptake, distribution, retention and excretion of 
radionuclides in man and animals, the mechanisms of translocation that are 
involved and the radiobiological toxicity of these nuclides in man and animals. 
Comparisons are made through studies of several species to form a firmer basis 
for extrapolating results obtained in animals to man. 

BIOLOGICAL EFFECTS 

Research is underway to gather observations 
on the biological effects of radioisotopes which 
are administered, accidentally ingested, or in
haled, and the quantitative relationships be
tween biological effect and radiation dose. 
Acute and chronic studies of the effects of plu
tonium, uranium, radium, strontium, iodine, 
and cerium administered to a variety of lab

oratory animals form an essential part of the 
program on biological effects. Also important 
are the problems of radiation dose in vivo and 
methods for determining dose in terms of bio
logical effects. 

12 "Fundamental Nuclear Energy Research—1965" (pp. 
152-169) dealt with the toxicity of radioelements at some 
length in a feature section. Reprints of the "Toxicity of 
Radioelements" section may be obtained from the Super
intendent of Documents, U.S. Government Printing Office, 
Washington, D.C. 20402; price 20 cents. 
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Fig. Ш-25. Successful Transfer of Leukemia. Rat leu
kemia induced by exposure to strontium-90 was suc
cessfully transferred to young rats by injecting leukemic 
rat blood at the Lovelace Foundation for Medical Edu
cation and Research, Albuquerque, N. Мех. The inci
dence of successful transfer of leukemia in rats 
decreased with age when three different age groups of 
rats received leukemic rat blood. Animals that devel
oped leukemia survived longer when inoculated at 
older ages. 

Strontium and Iodine Studies 

Rat Leukemia 

At the Lovelace Foundation for Medical Ed
ucation and Research, Albuquerque, N. Мех., а 
continuing fission product inhalation program 
is investigating the biological effects of inhaled 
radioactive fission products. As a part of this 
overall program—which was started in 1960— 
rats have been exposed by inhalation to an aero
sol containing soluble strontium-90 in an effort 
to determine resultant life shortening and the 
incidence and type of neoplasms attendant to 
such exposure. A number of cases of leukemia 
developed in rats that received strontium-90, 
either 100-200 or 500-1,000 microcuries per kilo
gram of body weight. The latent period between 
exposure and induction of leukemia appeared 
to be dose dependent and was found to be 7 
months at the higher dose level and 11 months 
at the lower dose level. 

Neoplasms in Miniature Swine 

In studies on radiation induced neoplasms in 
swine, there have been some indications that 

there is possibly either a virus invasion or a loss 
of normal control over cellular proliferation in 
the damaged cells which causes these tumors. 
The biological effects of daily ingestion of vari
ous levels of strontium-90 in miniature swine 
have been under investigation at Pacific North
west Laboratory since 1958. The miniature 
pig has continued to be the experimental animal 
of choice because of its relatively long lifespan 
and its size similarities to man. 

Fifty-three cases of lymphopoietic (lymph-
forming tissue) or hematopoietic (blood-form
ing tissue) neoplasms have been observed to date 
in animals ingesting 250 to 625 microcuries of 
strontium-90 per day. Four of these swine also 
had multiple bone tumors in addition to leuke
mic manifestations (see Figs. 111-26 and 27). 
The preponderance of cases has been observed 
in animals ingesting 125 microcuries per day. 

On a regimen of 25 microcuries per, day, the 
pigs accumulate about 250 microcuries of stron
tium-90 in their bodies. This accumulation is 
more than 100 times greater than the limits set 
for workers in atomic energy industries. 

Response of Chickens to Radioiodine 

The high accumulation of iodine by thyroid 
tissue is the principal reason iodine-131 might 
be one of the most hazardous fission products to 
be considered in the event of a serious nuclear 
accident. Other investigations have shown that 
6,000 microcuries13 of iodine-131 per 100 grams 
of body weight injected into chicks destroy the 
thyroid gland. Pretreatment with a low-iodine 
diet and thiouracil (an anti-thyroid agent) re
duced this to 1,500 microcuries of iodine-131 
per 100 grams. 

Experiments at the University of Tennessee-
AEC Agricultural Research Laboratory have 
shown that 50 microcuries of iodine-131 admin
istered to the embryo or the newly hatched chick 
or, 400 microcuries (300 microcuries per 100 
grams) administered to a 2-week-old chick, 
would destroy its thyroid. The administration 

13 A mierocurie is one-millionth of a curie. 
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of 100 microcuries or more of iodine-131 to em
bryos arrested their development to that of 18th-
to 10th-day embryos (yolk sacs remained out
side their bodies) even though they lived 8 days 
after they should have hatched. However, as 
little as two microcuries of iodine-131 given to 
a 16-day embryo reduced iodine-131 uptake by 
the thyroid of the 4-week-old chick while it re
quired 50 microcuries to reduce growth rate. 
The chick thyroids receiving two microcuries 

of iodine-131, however, recovered their capacity 
to absorb iodine-131 by 6 weeks of age. The five-
microcurie iodine-131 chicks exhibited perma
nent damage to the thyroid, while those that 
received 50 microcuries exhibited no appreciable 
uptake by the thyroid even at 15 weeks of age. 
The administration of iodine-131 to the hen at 
levels of up to 5,000 microcuries produced simi
lar damage in their offspring. The effects are 
shown in Figure 111-28. 

Figs. III-B6 and 27. Neoplasms in Miniature Swine. These Pacific Northwest Laboratory radiographs of the 
skull (above) and mandible (below) of Hanford miniature swine show growth of bone tumors that developed 
in addition to leukemic manifestations in swine that have been on daily feedings of various levels of strontium-90. 
Circled area on mandible radiograph is a giant cell tumor; that on the skull is an osteosarcoma. 

efe*3 
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Fig. П1-28. Response of GMckens to Radiation. Studies 
at the University of Tennessee-ABC Agricultural Re
search Laboratory have shown that iodine-131 accumu
lating in the thyroid tissue can have a destructive 
effect and may be a hazardous fission product in event 
of a nuclear accident. The effect of radioiodine (I131) 
on the domestic fowl when given, at different stages 
in its life span is shown in the chart. 

Plutonium Studies 

Excretion of Taurine 

A study at Pacific Northwest Laboratory 
(PNL) in cooperation with the University of 
Washington School of Medicine, Seattle, has 
provided data which may help to explain the 
reduction in circulating lymphocytes—an effect 
consistently seen in dogs which have inhaled 
plutonium dioxide. (Lymphocytes are cells 
produced in lymphoid tissue and make up about 
20 to 30% of the white cells in normal human 
blood.) 

When human patients with chronic leukemia 
no longer responded to drug therapy, they were 
treated by a method of extracorporeal irradia
tion.14 In the procedure used at the University 
of Washington, the blood is circulated through 
an irradiation device outside the body (in a 
manner shown in Fig. III-6) and irradiated 
daily for 6 hours over a period of about a week. 
Following irradiation, a marked drop in the 
number of circulating lymphocytes was ob-

"See pp. 108-109, "Fundamental Nuclear Energy Re
search—1966." 

served in the blood. Urine samples from these 
patients analyzed at PNL showed that this 
lymphopenia was accompanied by a large in
crease in the level of urinary taurine, the end 
product formed from the metabolism of the es
sential sulfuramino acid, cysteine. 

Continuing studies with Beagle dogs indicate 
that chronic lymphopenia may be the result of a 
true destruction of circulating lymphocytes 
rather than an inhibition of their production. 
This tentative conclusion is drawn from the 
high correlation between the decrease in the 
number of circulating lymphocytes and the in
crease of taurine in the urine. I t was found that 
the levels of urinary taurine in dogs are elevated 
as much as six to eight times higher than the 
normal range (50-100 milligrams/24 hours) 

Irradiation Period 6 hrs/day 60-80 R/min | 
174 hrs Total "\ 

Fig. IH-29. Excretion of Taurine. Chart shows the ef
fect of extracorporeal irradiation of circulating blood in 
human leukemia patients on lymphocyte count and 
taurine excretion. It was shown at Pacific Northwest 
Laboratory that while the lymphocyte count drops 
rapidly after irradiation, the taurine excretion rises 
markedly. Continuing studies with Beagle dogs indi
cate that chronic lymphopenia may be the result of a 
true destruction of circulating lymphocytes rather than 
an inhibition of their production. 
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depending upon the quantity of plutonium-239 
dioxide deposited in the lungs and lymph nodes. 

Drugs which produce a lymphopenia also 
cause a marked increase in urinary taurine ex
cretion. Cortisone, for example, given to rats 
and Beagle dogs produces a rise in urinary 
taurine for 48 hours after administration. This 
taurine level may be as much as 10 to 20 times 
the normal values. Similarly, treatment with 
amethopterin, a metabolic antagonist of the 
В vitamin folic acid, also produces an immedi
ate rise in urinary taurine during the first 24 
hours after treatment. 

While the experiments with plutonium di
oxide and drugs are not conclusive, they do lend 
strong support to the hypothesis that elevated 
urinary taurine levels which occur following 
irradiation injury from either internal or ex
ternal sources arise from the destruction of cir
culating lympocytes (see Fig. III-2&). 

Plutonium-238 Lung Deposition 

The feasibility of using existing whole body 
counters to determine deposition of plutonium-
238 in the human lung has been studied at Pa
cific Northwest Laboratory. I t was concluded 
that the detection of a lung burden of pluton
ium-238 (0.016 nanocuries, or 16-billionths of a 
curie), could be detected with existing equip
ment and that with some equipment refinements, 
approximately one-half that amount (0.008 
nanocuries, or eight-billionths of a curie) could 
be detected. 

These values were obtained by first determin
ing the energies of the gamma rays that are 
present in the plutonium-238 radioactive decay 
scheme by using a lithium drifted germanium 
detector. The two most prominent energies were 
sought with the large sodium iodide crystal 
employed with the whole body counter. The 
significance of this program lies in the fact 
that: (a) it is possible to detect plutonium-238 
that is deposited in the human lung, and (b) 
this method can be used to verify the results of 
bioassay programs. 

Radioactive Microspheres and Growth 

At the Los Alamos Scientific Laboratory 
time-lapse motion pictures were taken (through 
the microscope) of the effect of the alpha 
radiation given off from plutonium oxide micro
spheres on the organized growth pattern of 
Syrian hamster cells growing in culture me
dium. Figure 111-24 shows the growth pattern 
of the cells around a 20-micron15 plutonium 
oxide sphere after 52 hours. The growth pat
tern is disrupted by the accumulation of dead 
cells only within the range of the alpha par
ticles (about 30 microns). These and other simi
lar observations indicate that the zone of dam
age from an intensely radioactive particle does 
not extend significantly beyond the range of 
the emitted radiation, even though the local 
radiation dose may be hundreds of thousands 
of rods. Studies of this type are carried out to 
evaluate the potential health hazards associated 
with the use of radioactive materials in the form 
of pellets or spheres (particularly the trans-
uranic elements) as energy sources for radio
isotope auxiliary power units. 

Cesium and Cerium Studies 

Toxicity of Cerium-144 in Dogs 

At Argonne National Laboratory, cerium-
144—a radioisotope produced in nuclear fis
sion—has been shown to produce two distinct 
types of disease when given to Beagle dogs. 
Cerium-144 was studied because it represents 
a "biologically insoluble" radioisotope which 
localizes in both phagocytic cells and the bones. 
Because of this biological behavior the antici
pated effects differ from the effects of "biologi
cally soluble" isotopes which localize more or 
less uniformly throughout most mammalian tis
sues and organs. 

Dogs were injected with 25-250 microcuries 
of cerium-144 per kilogram of body weight. 

15 A micron is one millionth of a meter. 
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Fig. III-SO. Toxicity of СегЫт-Ц4 in Dogs. Argonne 
National Laboratory studies have shown that higher 
closes (60-250 microcuries) of cerium-144 cause dogs 
to develop anemia and die within 100 days; those receiv
ing lower doses, develop bone cancer from 3 to 5 years 
later. Photo shows a tumor (arrow) partially occluding 
the spinal canal of a vertebra from a Beagle that had 
received cerium-144, a fission product. 

Those receiving the higher doses, 60-250 micro-
curies, died within 100 days after injection from 
anemia resulting from irradiation of the bone 
marrow by the cerium. In these animals, the 
time beUveen injection of the isotope and death 
was related to the size of the dose given; as the 
dose was decreased the time required for anemia 
to develop lengthened. 

Animals given lower doses generally did not 
develop anemia but died of bone cancer (osteo
genic sarcoma). The sarcomas developed 3 to 
5 years after injection of the cerium-144, at 
which time nearly all of the isotope had been 
eliminated from the body. Of the 11 sarcomas 
that developed, 10 were in the vertebrae (see 
Fig 111-30). This portion of the skeleton, there
fore, appears to be highly susceptible to the 
induction of tumors by cerium-144. 

Influence of Solubility 

Kecent results have shown how the solubility 
of material can influence the biological effects 
of inhaled radioactive fission products. The 
studies are being conducted at the Lovelace 
Foundation in New Mexico. For the study, the 
metabolism of inhaled cesium-137 in Beagle 
dogs was compared for the very soluble com
pound, radioactive cesium chloride, and a quite 
insoluble form, which was encapsulated in fused 
clay particles. 

Whole body retention data are shown in the 
Figure 111-31. The curve for the insoluble form 
has two distinct phases, a sharp decrease during 
the first 3 days related to clearance from the 
upper respiratory tract and a second phase with 
very slow decrease in which over 90 percent of 
the radioactivity was found in the lung. In 
contrast, when the cesium-137 was inhaled in a 
soluble form, it was readily absorbed from the 

IC6 20 tö ft 85 ioS iäo 
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Fig. III-31. Influence of Solubility. Whole body reten
tion of cesiuni-137 inhaled by Beagle dogs in either a 
soluble form, radioactive cesium chloride, or an insol
uble form, encapsulated within fused clay particles is 
under study at the Lovelace Foundation. The long-
term retention of cesium-137 in the insoluble form is 
the re,sult of a portion of the inhaled activity remaining 
in the lung. In the soluble form, the cesium-137 was 
rapidly absorbed from the lung, distributed to other 
body tissues and excreted from the body at a much 
faster rate than that seen in the insoluble form. 
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lung, distributed throughout the body tissues, 
and eliminated from the body at a much faster 
rate. For equal initial total body burdens, the 
infinite radiation dose from the insoluble form 
to the lung, the critical organ, would be ap
proximately 500 times the infinite radiation dose 
from the soluble form to the whole body which 
is in this case the critical organ. This results 
from the longer retention time for the insoluble 

form and its retention in a smaller tissue vol
ume, the lung, as contrasted to shorter retention 
time in the whole body for the soluble cesium-
137. Eesults of this nature are of great assistance 
in assessing the range of potential injuries which 
could occur in the event of a nuclear reactor 
incident where some of the fission products ac
cumulated in the nuclear fuel may be released 
to the atmosphere in several different forms. 





Fig. III-8Z. Plutonium Tracks. Plutonium alpha tracks as seen in animal tissue at high magnification (around 
8,000 x ) by the techniques of electron microscopy combined with autoradiography at Argonne National Labora
tory. Gradation in the structure of an alpha track may aid in determining the location of a submicroscopie mass 
of plutonium accidentally deposited in living tissues thus facilitating the removal of the highly toxic element. 

COMBATING RADIATION'S DETRIMENTAL EFFECTS— 
Research into effective measures for combating radiation effects seeks a better 
understanding of the biological mechanisms involved. Studies are centered 
on the action and effects of drugs known to protect against radiation effects, 
materials and methods for treating radiation sickness, and removal of radio
active elements from the body. 

PROTECTIVE AGENTS 

Research on protective agents involves a 
search for: (a) cellular and subcellular location 
of the agent during optimum protection, (b) 
chemical nature of the target molecules and 
their interaction with the protective agent, (<?) 
chemical, biological, and physical factors which 
influence the protective effects of the agent, in
cluding synergistic effects of other agents. 

Chemicals To Protect Against Head Damage 

Protection against radiation may be achieved 
by mechanical shielding with a metal such as 
lead, and it has also been found that certain 
chemicals, if injected before irradiation, can 
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confer protection. Work on some of these chem
icals is being carried out at Argonne Cancer 
Research Hospital. 

Studies summarized below were designed to 
evaluate the degree of protection conferred by 
three specific chemicals on mice given lethal 
irradiation to the head while the rest of the 
body was protected by a lead shield. The mice 
were males of the C57BL strain. The chemicals 
were mercaptoethylamine (MEA), aminoethyl-
iso-thiouronium (AET) and para-aminopro-
piophenone (PAPP), all of which are known 
to confer some protection against whole body ir
radiation. Chemicals wTere administered by 
intraperitoneal injection prior to irradiation. 
Aqueous solutions of MEA and AET were used 
at dosage levels of 225 and 400 milligrams per 
kilogram of body weight, respectively. PAPP, 
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in 50 percent propylene glycol in water, was 
given in dosages of 30 and. 60 milligrams per 
kilogram body weight. 

While all three chemicals produced appre
ciable reduction in dose factors for death after 
lethal irradiation to the head, MEA was par
ticularly effective. The extent of protection, as 
measured by the dose reduction factor, was not 
as great, however, as is achieved with the same 
chemicals against whole body irradiation. 

MEA-treated mice. In 243 mice treated with 
MEA, the amount of radiation necessary to 
produce an LD50, i.e., sufficient to kill 50 percent 
of the animals irradiated, was 2,159Ä±13i?. 
Control animals given the same dose of radia
tion, but not injected with MEA, had an LD50 of 
1,624#±5Ä. Thus, animals treated with MEA 
can survive a higher dose of radiation, and the 
dose reduction factor (DRF) for MEA is 1.33. 
In experiments in which the time between in
jection of the drug and irradiation was varied, 
it was found that the best results were obtained 
when the drug was given 5 minutes before ir
radiation and that there was a loss of protection 
when the interval exceeded 20 minutes. 

AET-treated mice. In 174 mice treated with 
AET, the LD50 was 1,902Ä±24Ä, while the 
controls for this experiment had an LD50 of 
1,626Д±19Й. The dose reduction factor for 
AET is therefore 1.16. The best effects were ob
tained when the interval between drug admin
istration and irradiation was 5 minutes. There 
was a gradual»loss of protection as this interval 
was increased to 20 minutes, after which there 
was no protection. 

PAP?-treated mice. In 159 mice given PAPP 
at dosages of 30 mg/kg the LD50 was l,880i? 
±20Ä. The LD50 for 120 mice given 60 mg/kg 
PAPP was 2,049Ä±23i?. Irradiated controls 
for these mice had an LD50 of 1,626Ä±13Ä. The 
dose reduction factor for PAPP30 was therefore 
1.16 and for PAPP60 was 1.26. PAPP30 con
veyed a maximum protective effect when the in
terval between injection and irradiation was 
15 minutes. There was a sharp decline after 20 
minutes and a loss of protection at 30 minutes. 

AIDING RECOVERY 

Studies on aiding recovery include: (a) basic 
radiation recovery mechanisms, (b) collection, 
preservation, and transfusion of platelets and 
leukocytes, (c) attempts to identify and isolate 
bone marrow stem cells, (d) mechanism of con
trol of hematopoiesis, including the physiology 
and chemistry of erythropoietin and other reg
ulator substances, (e) control of immune re
sponse to donor tissue and rejection phenomena, 
and (/) control of infection, including studies 
with germ-free animals. 

Hematopoietic Spleen Colonies in the Rat 

At the Oak Eidge Associated Universities, it 
was found possible to extend a valuable re
search technique—that of growing hematopo
ietic cells—to a new and larger species of ani
mals, the rat. This procedure, originally de
veloped in Canada for studies with mice, is used 
to measure in a specimen of bone marrow or 
other hematopoeitic tissue the number of pro
genitor cells that are capable of giving rise, 
through repeated cell division, to large num
bers of blood cells. A mouse is given a dose of 
total-body irradiation sufficiently large to de
stroy all blood forming tissue, and then is in
jected with a measured number of the cells to 
be tested for their generative capacity. After a 
few days the mouse is killed and carefully ex
amined. Small white nodules will be found in 
the spleen, each nodule representing the off
spring from one donated cell (see Fig. III-33). 

This method has been of great value in study
ing quantitatively the potential of bone mar
row cells after irradiation and other forms of 
injury. The successful extension of the tech
nique to the rat required some special adapta
tions in procedure. It is proving of value be
cause certain experiments can be done better in 
the larger animal. 
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Fig. HISS. Hematopoietic Spleen Colony in Rat. Rat 
spleen shown in photo has small white nodules which 
represent colonies of growing cells which have shown 
their capacity to generate additional new cells from a 
single implanted cell. The work at the Oak Ridge Asso
ciated Universities is aimed at growing hematopoietic 
cells in a larger species—the rat. Other studies done 
elsewhere have accomplished this in the mouse. 

Formation of Antibody and Aging 

Oak Ridge National Laboratory studies have 
shown that the secondary antibody-forming po
tential 1G of mice increases rapidly after anti
genic priming, reaches a maximum, and 
thereafter declines exponentially at a rate com
parable to that of the primary antibody-form
ing potential. In an attempt to gain better in
sight into the causes of age-related changes in 
the secondary antibody-forming potential per 
mouse and spleen, studies have been continued 
with mice of various age groups. Results thus 
far indicate that: (a) the factors responsible 

>°Primary antibody-forming potential is an animal's in
herent ability to respond to a first administration of a given 
antigen.; if the same antigen is given to the same animal at 
a later time, the second response is called secondary antibody-
forming potential. 

for decrease in the relative number of progen
itor cells with age are not different in immu
nized and nonimmunized individuals; (b) dur
ing senescence (the period from maturity 
through old age) the functional lymphoidal 
(anti-body-producing) system is aging; and 
(c) during aging the ability to produce anti
bodies gradually returns to its embryonic level 
(see Fig. 111-34). Future studies will concern 
the role of embryonic, juvenile, and adult envi
ronments on immunologically competent cells 
derived from juvenile and aged donors. 
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Fig. IIIS4. Formation of Antibody and Aging. Work 
at Oak Ridge National Laboratory has shown that the 
secondary antibody potential of mice increases rapidly 
after antigenic priming but, after reaching a maximum, 
declines rapidly. Chart shows the change with age in 
the relative immune competence of mice. Maximum 
response of 100 percent is equivalent to the highest 
observed response of one individual mouse. 





Fig. 111-35. DNA-less "Minioells". A cell division mutant of the bacterium Escherichia coli that may be useful 
in various studies has been developed at Oak Ridge National Laboratory. In addition to normal cell division, 
the organism frequently has a secondary division that produces very small cells—"minicells"—that are chemi
cally active but have no nuclei nor deoxyribonucleic acid (DNA). The electron micrograph shows bacterium 
dividing into a normal cell and a minicell. See page 268 for details. 

RADIATION GENETICS 
The research program in radiation, genetics seeks to determine the mechanisms 
by which radiation induces changes in the genetic material of cells, the sequence 
of events by which such radiation-induced changes in the germ cells express 
themselves as altered characteristics in the individuals of succeeding genera
tions, and the manner in which these genetic changes are incorporated into or 
eliminated from populations. An understanding of the fundamental physio-
chemical properties of genetic materials is prerequisite to understanding the 
way in which radiation and other mutagens act upon the genetic materials of 
humans, animals, plants and micro-organisms, and to the prediction of the 
genetic effects of radiation on individuals and populations. Studies to be de
scribed here cover the categories of cytogenetics, microbial and biochemical 
genetics and gene action, and human and mammalian genetics. 

CYTOGENETICS examination of the relationship of abnormal 
chromosomes constitutions to congenital mal-

In vivo and in vitro studies are carried out in formations, sterility and lethality; (Ъ) determi-
AEC-sponsored cytogenetics research for: (a) nation of the structure and function of chromo-

27i5-84S 0—68 10 265 
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somes under normal conditions and subsequent 
to treatment with radiation and other mutagenic 
agents; and (<?) determining mechanisms in
volved in protection and repair' of chromosome 
breaks as a result of mutagenic action. 

Chromosome Organization and Distribution 

Studies at the Laboratory of Kadiobiology of 
the San Francisco Medical Center, are aimed at 
gaining an understanding of chromosome struc
ture and how genes and chromosomes react to 
ionizing radiation. I t has been found that the 
number of aberrant chromosomes produced in 
plant cells by radiation from tritium incorpo
rated into DNA in the form of tritiated thymi
dine, rises very quickly and then reaches a 
plateau so that no more are induced with the 
addition of more of the isotope. This seeming 
independence of yield to dose of radiation in
dicates that there are very few places (sub-
microscopic) within the nucleus of the cell 
where chromosomes come close enough to one 
another to rejoin abnormally after being broken. 

The distance between chromosomes also seems 
to be important in determining the number of 
chromosome aberrations obtained after irradia
tion of cells in various stages of the mitotic 
cell cycle. Eeports that a cell can be sensitized 
to a second dose of radiation following a first 
dose, in addition to producing its individual 
damage, only slows the progress of the cell 
through the mitotic cycle. Therefore, at the time 
of the second dose, the cell may be in a stage in 
which the chromosomes are packed so they can 
rejoin more easily to form aberrations follow
ing chromosome breakage. When cells in the 
same stage of the cycle were compared, it was 
found that a first close of radiation did not affect 
the response to a second dose. 

Other studies at the San Francisco labora
tory suggest that X-rays may affect the way in 
which the units of the chromosome are reor
ganized at each cell division (see Fig. I I I -36 ) . 
Broadbean roots were used because they contain 
many actively reproducing cells with large and 
easily observed chromosomes at the time of mi-

Fig. Ш-36. X-ray Effect on Chromosome Sub-Vnits. 
Chromosome A (left) is an example of a chromosome 
from a cell labeled with tritiated thymidine and later 
irradiated by X-rays. The black grains show both 
halves (chromatids) of the chromosome labeled at the 
second cell division. The normal pattern is exemplified 
by chromosome В (right) which has grains over only 
the left-hand chromatid. 

tosis. Newly synthesized chromosomes were 
labeled with tritiated thymidine, and the cells 
were X-irradiated after the first mitosis. Upon 
reaching division for the second time, they were 
examined to determine the distribution of chro
mosome labeling. Normally, at this second divi
sion after marking of the chromosomes with tri
tiated thymidine, it is found that only one of the 
two chromatids (subunits) of the chromosome is 
marked. However, in this experiment, both were 
marked. This shows that the X-rays have al
tered the way in which the new chromosome 
subunits were formed. Experiments of this kind 
provide a means for studying the behavior of 
chromosomes at a time when they are not visible. 

Studies with Synchronized Cells 

Methods of synchronizing mammalian cells in 
culture enable responses which vary as the cell 
"ages" between one division and the next. To 

17 DNA=Deoxyribonucleic acid, the chemical substance in 
the nucleus that serves as the repository of hereditary infor: 
mation in normal cells. 
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Fig. IUSt. Radiation Response of Spermatogonia,. Comparison of the radiation sensitivity of the human testis 
with that of the mouse indicates that each has the same general response to X-rays, but that spermatogonia in 
man appear to be more sensitive. Cytogenetic studies are being made at Oak Ridge National Laboratory, on 
material obtained by the Pacific Northwest Research Foundation in Seattle, from volunteers who were given 
local X-irradiation to the testes. Biopsies (removal of living tissue for examination) were taken at several inter
vals over a period of more than a year following the irradiation. The microphotos (1,200 X) above show a 
normal human testis on left in which all cell types from spermatogonia to mature spermatids are present. On 
the right is an irradiated human testis, 195 days after a 100-roentgen dose. Only Sertoli cells and a few sperma
togonia (stem cells) are present. In general, the data indicate that human spermatogonia had a slower initial 
rate of decrease, but that cellular degeneration persisted longer and that recovery came much later than had 
been expected on the basis of data obtained from experimental animals but not on the basis of data from acci
dental human exposures. However, this comparison must be evaluated in the context of species differences in the 
time sequences of events and in that of the relative importance of differing factors involved in both initial deple
tion and subsequent recovery of the spermatogonial population. This emphasizes the importance of checking, in 
humans, certain crucial findings from animal experiments. 

the previous method of selecting cells at divi
sion, a further technique has been added to elim
inate cells actively synthesizing DNA17 and 
thus synchronize stages such as Gi and G2 (see 
definitions below) and mitosis much better. 

X-ray responses have been examined in syn
chronous Chinese hamster cells in some detail at 
the Argonne National Laboratory. It has been 
shown that most responses vary greatly depend
ing upon the stage of the cycle at which the cell 
is irradiated. 

(1) Survival of cells after an X-ray exposure is 
greatest when the cells are in the latter 
stages of DNA synthesis (S), less just be
fore DNA synthesis begins (Gx) and least 
when the cells have completed DNA syn
thesis (G2) or are in mitosis (M). 

(2) Cell division is delayed most when cells 
are in DNA synthesis at the time of X-ray 
exposure, less at other stages. 

(3) Part of the division delay produced by X-
rays is the result of a slowing down of DNA 
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synthesis which occurs most readily when 
the cells are actively in synthesis at the 
time of exposure. 

(4) Other macromolecular syntheses, e.g., 
RNA 1 8 and protein synthesis, are not af
fected by moderate X-ray doses. 

(5) Chromosome aberrations differ in type and 
frequency according to the stage of the cell 
cycle at which the cells are irradiated. Be
fore DNA synthesis, most chromosome 
aberrations are induced, whereas during 
synthesis and especially after it, (G2), 
chromatid aberrations are induced. These 
results are consistent with and reinforce 
current ideas on the separation of chroma
tid units just prior to DNA synthesis. 

(6) The radiation damage which results in re
tarded growth in colonies ("small colony 
formation") varies throughout the cell cy
cle in the same manner as does survival. 

X-radiation responses. In addition to the 
above, Argonne's studies of X-radiation re
sponses in synchronized cells in the presence of 
inhibiting drugs are being continued. The arrest 
of protein synthesis (with cyeloheximide), mes
senger RNA synthesis (with Actinomycin D ) , 
and DNA synthesis (with hydroxyurea or excess 
thymidine) in synchronous hamster cells at 
different stages of the cycle, enable the X-radia
tion response to be correlated with particular 
cellular processes. Hydroxyurea makes an excel
lent synchronizing agent for Chinese hamster 
cells. I t also enhances the sensitivity of inhibited 
cells to X-rays and may, therefore, be a useful 
practical radiosensitizing agent in addition to 
having other properties. 

Radiosensitivity and chromosome volume. At 
Brookhaven National Laboratory, studies 
showed that a direct proportionality exists be
tween the radiosensitivity of herbaceous plants 
and the volume of the chromosomes at the inter
phase stage of division in the cells of such plants. 
Continuing work, extended to other forms of 
life, ranging from viruses and bacteria to the 
higher animals, has now shown tha t : (a) similar 
relationships between chromosome volume and 
radiosensitivity exist; and (b) that these rela

tionships can be used to classify all the forms 
studied thus far in seven distinct groups. 

GENETICS AND GENE ACTION 

Work in the fields of microbial and biochemi
cal genetics and gene action encompass investi
gations of cellular and extracellular transfer of 
genetic information, mechanisms of recombina
tion, fine structure gene analysis, and the bio
chemical basis of phenotype.19 

DNA-Iess "Minicells" 

At Oak Ridge National Laboratory, a mutant 
that affects cell division of the bacterium 
Escherichia coli has been isolated that may be 
useful in a variety of studies. I n addition to 
undergoing normal cell division near the mid
point of the rod-shaped cell, cells of this orga
nism frequently undergo a second division close 
to one pole (see Fig. I I I - 3 5 ) . This misplaced 
division results in the production of a class of 
very small cells, dubbed "minicells", that have 
some unusual properties. Although they respire 
and are chemically active, minicells cannot di
vide and therefore cannot reproduce. 

These small cells may be separated from the 
bulk of the population and analyzed. They have 
normal appearing walls and membranes and 
contain reasonable amounts of vital cellular ma
terial such as ribonucleic acid and protein. How
ever, they do not have nuclei, and consequently 
have no deoxyribonucleic acid (DNA). 

Many cytoplasmic enzymes can be detected in 
these small cells, as well as in the parental popu
lation. However, the photoreactivating enzyme, 
although present in the parental cells, has not 
been detected in the minicells. 

Studies are underway to determine other 
properties of DNA-Iess E. coli cells, particularly 
concerning a possible relationship with the mu
tant's unusual radiation characteristics, i.e., it is 
resistant to X-rays but responds normally to 
ultraviolet light. 

18 RNA = Ribonucleic acid. 
19 Normal or modified appearance of the organism as a re

sult of gene action. 
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Genes for Soluble RNA 

A class of mutants exists in the yeast-, Sac-
charomyces cerevisiae, which can be suppressed 
by other genes at other genetic loci in the same 
nucleus. Such mutations are referred to as being 
"super-suppressible," while the suppressors a,re 
called "super-suppressors." Mutational and 
genetic analysis of yeast at Oak Ridge National 
Laboratory has shown that the so-called "super-
suppressor genes," unlike most genes, do not 
encode proteins, and are very likely the genes 
that act as templates for soluble ribonucleic 
acid. The soluble RNA's, vital components of 
the genetic translation system, transfer amino 
acids to the site of protein synthesis. Further 
progress in this system depends upon identify
ing which one of the 40-60 soluble RNA species 
is specified by a given super-suppressor gene. 

Genetic Control of Enzymes 

The genetic control of enzymes is being 
studied in the fruit fly, Drosophila melanogas-
ter, at Oak Ridge National Laboratory. This in
sect has been studied from a genetic point of 
view for ever 50 years. Thus, there is a large 
store of information about its genes and chromo
somes. Until recently, no biochemical method 
provided a convenient way of studying the 
genetic control of enzymes in this organism. The 
development of gel electrophoresis (the migra
tion of the enzyme through a gel in an electric 
field) provided such a, method so that now the 
genetics of enzymes in a complex organism i.« 
readily subject to analysis (see Fig. III-38). 

The enzyme on which most of the work has 
been done is alcohol dehydrogenase, a convenient 
enzyme to work with because it may be detected 
easily. Multiple forms of alcohol dehydrogenase 
are easily detected by gel electrophoresis. Single 
gene mutations affect the properties of all forms 
simultaneously. Thus, the multiple forms are 
products of one gene and not products of multi
ple independent genes. The molecular basis for 
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Fig. 111-38. Genetic Control of Enzymes. Develop
ment of gel electrophoresis—the migration of an 
enzyme through a gel in an electric field and makes it 
possible to analyze the genetics of enzymes in a com
plex organism. The above is an electrophoresis pattern 
for alcohol dehydrogenase, an easily identified enzyme 
of the fruit fly, Drosophila mclanogantcr, being studied 
at Oak Ridge National Laboratory. Columns "a" and 
"b" are the parents; "c" is the hybrid. 

the differences between the multiple forms is not 
known as yet. Most likely it reflects different 
three-dimensional configurations of the enzyme 
molecule or differential binding of other mole
cules to the enzyme. 
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Mutation Induction by Light 

The first observations of mutations induced 
by visible light (4,000-7,500 A20) and near-
visible light (3,200-4,000 A) have been reported 
at Argonne National Laboratory. These obser
vations were made on continuous cultures of two 
different strains of a bacterium (Escherichia 
coli B/r ) . The mutation involved a change from 
sensitivity to the bacterial virus (T5) to re
sistance to it. Moderate, non-lethal, intensities 
of visible and near-visible light (much less than 
the intensity of light from the noonday sun) 
produced mutation rates more than 20 times the 
spontaneous mutation rate in the dark. The 
mutagenic potential of visible and near-visible 
light, previously unsuspected, is of concern be
cause all higher plants and animals are exposed 
to light of these wavelengths. Identification of 
the chromophore (the compound in the cell that 
absorbs the light) should increase the under
standing of the role which this compound plays 
in the living process as well as improve the un
derstanding of how the genetic material (DNA) 
functions. 

Preliminary measurements show that the ef
fective wavelengths for mutagenesis lie between 
3,200 and 5,000 A (see Fig. 111-39). The effi
ciency for one strain is somewhat higher for 

20 A is the abbreviation for Angstrom unit, formerly abbre
viated as Ä; it is one hundred-millionth of a centimeter and 
is used for measurement of wavelengths of light. 
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the visible part of the spectrum than for the 
near-visible part. Direct absorption of the light 
by genetic material is not involved with visible 
light, but may play a role in the effects produced 
by near-visible light. In addition, oxygen is re
quired for mutation with visible light, but not 
necessarily with near-visible light. 
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Fig, 111-39. Mutation Induction by Light. Argonne 
National Laboratory plot of the mutation rate (from 
sensitivity to the bacterial virus T5 to resistance to it) 
in continuous cultures of the bacterium Escherichia 
coli in relation to intensity (irradiance) for both long-
wavelength ultraviolet (black light) and visible light. 
In both cases the mutation rate is proportional to light 
intensity. 
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Fig. Ill-JfO. Red Blood Cell Surface. At the Lawrence Radiation Laboratory, Berkeley, use of the electron 
microscope is producing new information on red blood cell surfaces. This is an electromicrograph (10,000 X) 
of a platinum-shadowed, thin-sectioned rat erythrocyte. At the top of the photo, in the platinum shadowed region, 
can be seen what appear to be filaments at the surface in this oblique section of the membrane. See page 276 
for other details. 

MOLECULAR AND CELLULAR LEVEL STUDIES 
Molecular and cellular level Studies seek to identify and characterize in cellular 
and subcellular systems the critical macromolecules, organelles, and biochemical 
mechanisms which are affected by the absorption of ionizing radiation; the 
nature of the primary lesions which are thereby produced; the chain of aberrant 
physicochemical events which follow, eventually resulting in observable changes 
in cellular performance; and spontaneous cellular repair processes that are 
capable of correcting radiation-induced damage and restoring normal function. 
Interactions and responses of cells to visible, ultraviolet, and other nonionizing 
radiations, and the biological production of light are also included in this 
category of study. The subcategories of work include photobiology, radiation 
biophysics, nucleic acids and proteins, cell regulatory mechanisms, develop
mental biochemistry, and cellular organelles. 
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CELL REGULATORY MECHANISMS 

Studies of cell regulatory mechanisms are 
aimed at the level of cellular processes or phe
nomena, such as the genetic control of cell 
processes, the biochemical basis of homeostasis 
and the dynamic steady state, regulation of cell 
activity by hormones and other agents, the 
molecular basis of the immune response, effects 
of radiations and other mutagenic agents on the 
replication and transcription of DNA, and the 
molecular basis of nerve function. 

Cell Growth Rate and Population Size 

The size of a population of cells in a given 
environment can be an important determinant 
of its rate of growth. This raises some intrigu
ing questions about the nature of the population 
size-growth rate relationship which have a di
rect bearing on the interpretation and applica
tion of radiation effects. In autoradiographic 
studies with a mouse ascites21 tumor conducted «. 
at the Laboratory of Radiobiology, University 
of California San Francisco Medical Center, it 
has been learned that the progressive retarda
tion of growth rate with increasing tumor mass 
is due principally to: (a) prolongation of the 
time required for synthesis of deoxyribonucleic 
acid (DNA), and (5) a decrease in the propor
tion of cells in mitosis. 

I t is of interest that a pre-DNA synthesis 
period could not be detected in the ascites tumor 
cells whether the mitotic cycle was 8 hours dur
ing rapid growth or 22 hours during slow 
growth. This suggests that such a period is not 
obligatory for the assembly of necessary pre
cursors, which apparently can take place con
comitantly with DNA synthesis itself. The 
findings of the marked prolongation of DNA 
synthesis is contrary to the frequent generaliza
tion that this period is rather constant for mam
malian cells and that a change in the duration 
of the mitotic cycle reflects mainly a change in 
the pre-DNA synthesis period. Cessation of mi-

a A tumor causing an accumulation of fluid in the peritoneal 
cavity. 

tosis in an increasing proportion of cells as the 
cell population enlarges may merely represent 
an extension of the mechanism responsible for 
prolongation of the DNA synthesis period. 
Such "out-of-cycle" cells can resume mitosis 
upon inoculation into a new host. 

These findings provide a framework for fur
ther study of growth rate-controlling factors 
as well as of relationships between growth rate, 
population heterogeneity and radiosensitivity. 
For example, the response to a single exposure 
to radiation may be altered by changes in the 
age distribution of cells as the population ex
pands. Moreover, the optimum spacing of re
peated exposures as in radiotherapy may be 
determined by the shifting growth rate as the 
population contracts as a consequence of a prior 
exposure to radiation. 

DNA Replication and Repair in Human Cells 

In studies of the synthesis of deoxyribonucleic 
acid (DNA) in cultured human cells, a new tech
nique has shown that after irradiation, synthesis 
of DNA occurs in a manner completely differ
ent from that in normal unirradiated cells. The 
technique resolves small changes in the density 
of biological molecules, by their relative posi
tion in a tube that has been centrif uged at high 
speeds for several hours. I t has been used in 
DNA replication studies at the Laboratory of 
Radiobiology at the San Francisco Medical Cen
ter. Evidence is accumulating that this post-ir
radiation synthesis is part of a process that re
pairs some of the radiation-induced damage to 
the cells' genetic material, i.e., DNA. Although 
a similar phenomenon is well-known in lower 
forms, such as bacteria, this is the first evidence 
for repair of genetic damage by human cells. 

With the same technique, it has been found 
that the DNA in each chromosome is organized 
into about 100 units, each of which doubles once 
before the cell divides. Work is in progress to 
determine the relative sizes of these units, and 
their temporal patterns of replication. Previous 
work on the effects of ionizing radiation on the 
rate of DNA synthesis suggests that the targets 
of irradiation are these individual subunits of 
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the chromosomes rather than the entire chromo
somal DNA. The concept that the chromosomal 
DNA consists of subunits may be of importance 
in considerations of differentiation and of the 
radiosensitivity of differentiated relative to un
differentiated cells. 

Plasma Membrane Synthesis and Cell Division 

At Argonne National Laboratory studies on 
the effect of irradiation on differentiating cells 
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Figs. Ill-Jfl, Iß, and 48. Plasma Membrane Synthesis 
and, Cell Division. Electron microscope observations at 
Argonne National Laboratory have shown that rela
tively low doses of irradiation (50 to 200 roentgen) 
are not lethal to the cells but do cause alteration of 
the basic biological events. Electron photomicrograph 
in upper left shows a magnification (18,500 X) of 
cleavage furrows (arrows) pinching off the nucleus 
(2V), which has failed to complete normal division in 
an X-irradiated (200Ä) grasshopper testis cell. At 
upper right the beginning (7,0OOX) of a cleavage fur
row in a normal cell is shown at the arrows. The 
furrow is predetermined by the deposition of granules 
on the plasma membrane at this site. Photo at left 
(25,000 X) is a tangential section of an advanced 
cleavage furrow showing numerous helices (H) 
polymerized from ribosome-like granules. 

have shown that relatively low doses, ranging 
from 50 to 200 B, do not kill the cells, but cause 
aberrations in morphology of the tissues so that 
basic biological events are altered. Thus, irradia
tion not only brings about morphological dis
turbances in development but also is a tool to 
study fundamental biological events. 

It is generally known that irradiation doses at 
the biological level (50 to 200 B) upset syn
chronization during cell division. Both light-
and electron-microscope techniques are able to 
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demonstrate the inhibition of nuclear mobiliza
tion and chromosome apportionment (mitosis 
or meiosis). The ability of the cell to divide into 
two bodies is not affected (see Figs. 111-41 and 
42). High resolution electron micrographs of 
grasshopper testes revealed the ribosomal mobil
ization and reorganization associated with cell 
division. 

Since the discovery of the cell, biologists and 
physicists have been puzzled by the kinetics of 
cell division. Many types of models—sols, gels, 
and surface acting chemicals—were promul
gated to explain how a cellular sphere separates 
into two. 

Electron microscope observations of the mac-
romolecular morphology of the plasma mem
brane revealed that ribosome-like granules are 
attached to the inner surface of the cell mem
brane, at the presumptive division furrow, in 
the form of a ring (see Fig. 111-42). Eibosomes 
are capable of synthesizing proteins. I t was 
demonstrated at Argonne—with autoradio
graphic techniques—that in a dividing proto
zoan, the proteins of the surfaces of the daugh
ters adjacent to the division furrow are newly 
synthesized. 

I n the division process, not only is a mechani
cal pinching necessary but also there is required 
a 26-percent increment in surface area of the 
original sphere. The ultrastructure of the ribo
somal belt at the division furrow reveals that 
ribosomal polymerization occurs. The polym
erization (see Fig. I I I -43) causes the belt of 
ribosomes to form helices (coils) and it is be
lieved the tightening of these coils causes a 
gradual diminution of ribosomal surface avail
able for plasma membrane synthesis. The dif
ferentially diminishing rate of plasma mem
brane deposition causes the pinching process of 
cell division. The division process, rather than 
being dependent upon a physical alteration of 
the furrow, is accomplished by a localized de
crease in the rate of chemical synthesis of new 
plasma membrane. 

Present efforts are aimed at determining the 
nature of the material that appears to be of ribo

somal origin by using tritiated uracil and 
thymidine as tracers. 

Biochemical Effects of Radiation 

Kecent experiments at the Los Alamos Scien
tific Laboratory have permitted the accurate 
timing of several biochemical events in the life 
cycle of animal cells grown under artificial con
ditions. Observations show that cells grown un
der these conditions are capable of spontaneous 
repair of irradiation damage. The biochemical 
events mark the completion of ribonucleic acid 
and protein synthesis necessary for cell division 
and indicate that the several essential features 
of cell division involve the synthesis of large 
molecules late in the cell's life cycle. With these 
precise timing techniques, the immediate effects 
of radiation doses on cell growth have been 
investigated. 

Cells growing under closely controlled condi
tions were exposed to small doses of X-rays, and 
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Fig. Ill-lflf. Biochemical Effects of Radiation. The im
mediate effects of irradiation on cell growth have 
been investigated at the Los Alamos Scientific Labo
ratory using techniques which allow the accurate tim
ing of biochemical events in the life cycle of animal 
cells. The cells were given small doses of X-rays and 
their progress through their life cycle was observed. 
The graph shows the delay in cell division in three 
different cell lines grown in tissue culture after X-ray 
doses ranging from 25 to 800 rads. The fact that the 
data fit straight lines indicates that: (a) the different 
cells have typical radiosensitivities; (Ъ) only a very 
few reactions are damaged (multiple injury data 
would tend to curve up or down) ; and (c) all cells 
recover, divide at least once, and may ultimately die 
of defects undetectable in the generation in which the 
damage is inflected. 
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Figs. III-J/5 and Jt6. Red Blood Cell Surface. Lawrence Radiation Laboratory, Berkeley, has been using the 
electron microscope to attain new knowledge about red blood cell surfaces. To obtain photos for study, the 
cells are fixed with osmium, freeze-dried, and shadowed with platinum. Above left is an electronmicrograph 
(25.0OOX) of a platinum-shadowed, thin sectioned rat erythrocyte (cell). This thin section, which is nearly 
perpendicular to the plane of the membrane in the region of the platinum shadowing, shows filaments both in 
the obliquely sectioned region (iipper right corner) and at the terminator between the platinum shadowed region 
and the unshadowed region (center of figure). Electronmicrograph (9.000X) on right is also a platinum-
shadowed, thin-sectioned rat erythrocyte showing the platinum deposited upon the surface which is mostly 
between two successive microtome cuts. The surface is viewed nearly normal to the plane of the membrane and 
shows a "pebbly" appearance. 

the effects on their progress through the life 
cycle were measured. Cells which had success
fully completed their final protein synthesis 
continued through the life cycle and divided on 
schedule. Younger cells in which terminal syn
thesis was not yet complete stopped as though 
injured and continued only after a delay during 
which injury was presumably repaired. Fig. 
111-44 shows that the higher the radiation dose, 
the longer the cells were delayed, although all 
susceptible cells originally stopped at the same 
time regardless of dose and regardless of the 
line of cells used for the experiments. This ob
servation suggests that the same biochemical 
feature was affected in each case. 

The similarity in stopping point noted for 
irradiated cells and cells poisoned by the revers
ible inhibitors of protein synthesis, cyclohexi-
mide (actidione), suggests that- radiation delay 
as well as spontaneous repair of radiation dam
age involves essential protein synthesis. Cells 

stopped by radiation and then poisoned for 
periods of time up to 3 hours were released from 
effects of the poison by washing and the time to 
division was measured. In each case, the time to 
division was the sum of the time required for 
recovery by irradiated cells plus the time of ex
posure to the poison. 

Thus, inhibition of protein synthesis pre
vents spontaneous repair from radiation injury, 
but does not impair the cell's capacity to recover 
once the inhibitor is removed. I t now appears 
that the 'delay induced by radiation involves a 
temporary failure in capacity of the cell to syn
thesize certain essential proteins and that repair 
involves their eventual synthesis before progress 
of the cell through division can be resumed. 
Distribution of the cells in the replication cycle 
after recovery suggests that, when specialized 
protein synthesis ceases, other essential bio
chemical processes also stop. Thus, it appears 
that young cells are radiosensitive while older 
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cells are radioresistant from the standpoint of 
essential protein synthesis. However, when divi
sion occurs each older cell becomes two young 
cells which, if truly viable must be able to un
dergo repeated division for an indefinite period, 
and failure to continue suggests that there are 
changes in the genetic material rather than in 
protein synthesis. 

Red Blood Cell Surface 

The cell membrane is almost always observed 
in thin section as a "unit membrane" having a 
thickness of about 75 angstroms. In sectioned 
tissue blocks, however, an intercellular space 
about 150 angstroms wide is usually seen. These 
observations and the appearance of the red 
blood cell surface as seen by carbon replicas are 
indications that not all the membrane material 
is revealed in conventionally stained and sec
tioned membranes. Eecent research at Lawrence 
Radiation Laboratory, Berkeley, has given new 
information on the outer surface architecture 
of the red blood cell based on electron photo
micrography (see Figs. 111-40, and 111-45 and 
46). 

Cell specimens were fixed with osmium, freeze-
or ethanol-dried, platinum-shadowed, and em
bedded in a plastic. In tangential or very oblique 
sections (relative to the membrane surface), a 
"pebbly" surface was observed, similar to that 
seen with the replica technique. In sections per
pendicular to the plane of the membrane, the 
electron micrographs showed that the deposited 
platinum was in tight contact with the portion 
stained by osmium. I t was also noted that the 
thickness of the metal is always several times 
greater than the known thickness of the de
posited metal, and its appearance is often that of 
random filaments. This Alimentary appearance 
and the unexpected greater thickness of the de
posited metal layer can be explained in terms 
of the shadowed appearance of replicas or tan
gential sections. Such an explanation, however, 
must assume that there is a portion of the mem
brane outside the "unit membrane," and that this 
material is not smoothly or homogeneously dis
tributed over the surface of the cell. 

DEVELOPMENTAL BIOCHEMISTRY 

The development of a complex organism from 
a single fertilized egg involves rapid cleavage 
into many seemingly identical cells, followed by 
the organization of the cells into diverse types 
which show increasing specialization of func
tion and morphology. This process of cell diver
gence is called "differentiation." I t appears cer
tain that the ultimate control of the process of 
differentiation resides in the genetic material 
(DNA) in the nuclei of the individual cells. 
The ultimate expression of these genetic charac
teristics is the production, in the cytoplasm, of 
functionally distinct classes of proteins. Thus, 
differentiation must be viewed as a series of 
nucleocytoplasmic interactions during the de
velopment of the organism. 

Protein Synthesis in Development 

Work in progress at Argonne National Lab
oratory is concerned with the nature and con
trol of protein synthesis in the frog embryo 
during the developmental stages prior to differ
entiation. This work has concentrated on: (a) 
the stimulus responsible for the initiation of 
protein synthesis during development, (&•) the 
rate of protein synthesis as a function of stage 
of development, and (<?) the role of the nucleus 
in the direction of this protein synthesis. 

Although a number of invertebrate species 
have been shown to initiate synthesis at fer
tilization, the current work shows that protein 
synthesis in the frog egg is initiated by the in
fluence of maternal hormones, while still in the 
ovary, and reaches its maximum rate well be
fore the maturing oocyte is capable of fertiliza
tion. The rate of protein synthesis is not affected 
by the process of fertilization; thus, it appears 
that fertilization has no immediate quantitative 
effect on protein synthesis. 

In addition, removal of the nucleus from the 
developing egg has no effect on the rate of pro
tein synthesis. Thus, it has been concluded that, 
although the nucleus must provide the ultimate 
control of growth and synthesis, the expression 
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of the genetic characteristics coded in the nu
cleus does not necessarily occur as a simple, 
timed sequence of events. Obviously, the orga
nism is capable of investing the cytoplasm with 
a programmed set of templates which allow the 
later expression of genetic characteristics with
out the direct participation of the genetic 
material. 

Enzyme Activity in Rat Liver 

Most of the cells in the liver are of one kind 
and are organized into small units called lobules, 
each with its own system of blood vessels and 
lymph and bile ducts. Differences have been seen 
between cells around the periphery of the lobule 
and cells near the center. One difference is the 
size of their mitochondria, structures concerned 
with the conversion of foodstuffs into energy 
and involved in many biosynthetic processes. 
Mitochondria in cells near the center of the 
lobule are considerably smaller than those seen 
at the periphery. At Argonne National Labora
tory, mitochondria isolated from rat liver have 
been distributed according to size in a linear 
sucrose gradient by zonal centrifugation. The 
activity of 12 enzymes has been measured. 

With the aid of mathematical techniques de
veloped at Argonne, a consistent and significant 
displacement of the midpoints of the distribu
tion of many enzyme activities (from each other 
and from the total protein) was found. These 
results suggest a relationship between the size 
of the mitochondrion and its enzyme comple
ment. If the profile of enzyme activity in rela
tion to the size of mitochondria reflects the 
profile of mitochondrial sizes across the lobule, 
these differences in enzyme complement indi
cate differences in the metabolic role of periph
eral and central cells. Since some association of 
enzymes catalyzing sequential reactions was ap
parent, metabolic specializations in different 
regions of the lobule may be recognized by this 
technique. 

The heterogeneous distribution of enzymes 
seen in this study raises the question of whether 
one or two populations of mitochondria are 

present in the liver. A computer analysis of the 
data gave the best fit for single, normally dis
tributed populations of mitochondria. Their in
dividual structural diameters may, therefore, 
be only coincidentally related to their location 
within the lobule. Their array of enzymes may 
be controlled by changes in the composition of 
the blood as it flows from the peripheral region 
to the central zone. 

Other evidence, however, has indicated the 
presence of two populations of mitochondria, 
one composed of small, round particles, the 
other consisting of larger, oblong bodies. Each 
population has a size distribution that greatly 
overlaps the other and, from the present study, 
each could have a unique enzyme complement. 
While no direct evidence was obtained to sup
port either hypothesis, assumption of the lat
ter possibility has permitted interesting spec
ulation concerning the internal organization of 
mitochondria in rat liver. 

NUCLEIC ACIDS AND PROTEINS 

Research on nucleic acids and proteins in
cludes studies on the structure, function and 
physiocochemical properties of these marcro-
molecules and on the basic mechanisms of their 
biosynthesis and degradation. 

"Helical Wheel" Models of Structure 

Proteins are large complex molecules con
structed of some 20 different amino acids. The 
structure and function of these molecules are 
determined in part by the linear arrangement 
(the sequence) of the constituent amino acids. 
The behavior of a protein molecule depends on 
its three-dimensional structure which is not 
under direct genetic control, but depends upon 
the amino acid sequence. This characteristic of 
proteins suggests that it may be possible to pre
dict the three-dimensional structures from the 
sequences. Work at Argonne National Labora
tory is leading to the development of "helical 
wheel" models of proteins to aid in predictions. 

For proteins that can be crystallized, the 
three-dimensional structure can be directly ob-
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Figs. III-47, 48, and Ifi. "Helical Wheel" Models of Structure. Using the amino acid characteristics of proteins 
as a basis, Argonne National Laboratory is developing three-dimensional models of the molecules. Photo above 
is of a three-dimensional model of one of the alpha-helices of the protein Myoglobin. The models of the indi
vidual atoms are the so-called space-filling type. At left below is an end-on view of the model. Drawing, below 
right shows use of a two-dimensional model called a helical wheel to represent the three-dimensional model. 

Asp Asp L y s 

15 
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tamed by X-ray and neutron diffraction. How
ever, for non-crystallizable proteins, such as the 
Вепсе-Jones proteins from multiple myeloma 
patients, a new approach is needed. Since the 
sequence of amino acids can be readily obtained, 
a study is underway at Argonne aimed at pre
dicting the three-dimensional structure of a pro
tein from its amino acid sequence. 

Many proteins are commonly coiled (at least 
in part) in the form known as an alpha helix. 
A three-dimensional model of an alpha helix in 
the muscle protein myoglobin is shown in Fig
ure 111-47. If the model is viewed "end-on," 
then the circular two-dimensional model looks 
like that shown in Figure 111-48. The end-on 
view of the helical backbone (the polypeptide 
chain) can be represented as a circle, and the 
side-chains emerging from the backbone as ex
ternal spokes. To simplify the model further, 
the groups of atoms making up the side-chains 
of the different amino acids are represented by 
three-letter abbreviations (Leu for leucine; Ala 
for alanine, and so forth). These models are 
called "helical wheels." In Figure 111-49, the 
sequence corresponding to the same helix as that 
shown in the other two figures is plotted on a 
wheel. 

The wheels can be used to represent structures 
of proteins and to separate sequences of proteins 
into two groups: (a) those likely to be helical in 
structure, and (b) those not likely to be helical 
in structure. This procedure markedly reduces 
the number of structural shapes that a protein 
can have. The number can be further reduced by 
using chemical and X-ray information. The 
next goal is to identify the amount of informa
tion necessary to predict a single and unambigu
ous three-dimensional structure for a given 
protein. 

Purified Viruses for Vaccines 

A technique has been developed at Oak Ridge 
National Laboratory in which newly developed 
zonal ultra-centrifuge rotors are used to obtain 
large amounts of purified viruses for use in the 

preparation of new vaccines. It has been possi
ble to separate the virus easily from virtually 
all of the extraneous material that has been 
responsible for major side effects of "flu" vac
cines, for example. 

The zonal ultracentrif uge, under development 
at the laboratory since the early 1960's, sepa
rates particles of different sizes and densities 
by rotating them at extremely high speeds. 
Virus particles are separated by passing a virus-
containing solution onto the surface of a density 
gradient in a high gravitational field. The virus 
particles settle into the gradient, and the virus-
free solution passes out of the rotor. A purified 
virus is then recovered as a zone from the 
gradient solution. 

Several common cold viruses, such as respira
tory syncytial, ECHO 28, and adenovirus, as 
well as influenza virus, Rauscher and Moloney 
leukemia viruses, herpes simplex, and bacterio
phages have been obtained in a highly purified 
state by this method. This work is jointly spon
sored by the AEC and the National Institutes 
of Health. 

PHOTOBIOLOGY 

The AEC's research in photosynthesis is 
oriented toward understanding the details of the 
energy conversion process, beginning with the 
initial absorption by a living cell of a photon 
of radiant energy and ending with the forma
tion of "energy-rich" metabolites. The process 
of photo-synthesis in plants is one of the most 
important of all biological phenomena; it pro
vides the only known biological mechanism for 
the fixation of electromagnetic energy present 
in the visible light region of solar radiation 
and, as such, serves as the ultimate energy 
source for all living things. 

"Isolated" Photosynthesis 

It has long been l'ecognized that research 
into photosynthesis could help advance agricul-
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Figs. Ш-50 and 51. "Isolated," Chloroplast. Spinach 
chloroplasts have been isolated by methods which give 
good rates of photosynthesis at the Lawrence Kadiation 
Laboratory, Berkeley. A suspension of these chloro
plasts was quick-frozen, and the frozen block was 
cleaved with a very fine knife (microtome) to give a 
rough surface. In a vacuum, some ice was allowed to 
evaporate from this surface, which was then coated 
by a condensation of a vapor of carbon and platinum 
to give a mask. The mask was then photographed with 
an electron microscope as shown above. The ehloro-
plast is approximately 2.5 by 5 microns, or 0.1 by 0.2 
mills. The quick-freezing of the suspending solution 
produced the pattern seen outside the chloroplast. The 
diagram, left, shows the chloroplast structure; A is 
the lamellae—layers of lipid and protein with chloro
phyll, other pigments, and enzymes and the site of 

light absorption and splitting of water to give oxygen and hydrogen. B, the stroma—soluble enzymes and site 
of conversion of carbon dioxide and hydrogen to sugars and other products. C, starch granule—one of the 
storage products of photosynthesis. D, is the surface of chloroplast—the double membrane split off reveals the 
surface of the inner membrane. E, the frozen solution in which chloroplast was suspended. 



BIOLOGICAL, MEDICAL, AND ENVIRONMENTAL RESEARCH 2 8 1 

ture. A chemical biodynamics group at Law
rence Radiation Laboratory, Berkeley, suc
ceeded in making chloroplasts—which had been 
isolated from spinach leaves—perform photo
synthesis at high rates. This makes possible the 
study of photosynthesis without interference 
from other chemical processes that occur in bio
chemistry of the living cell. The experiment was 
the first in which photosynthesis—the process 
in which green plants manufacture the earth's 
energy foods—has ever been conducted at high 
rates and in complete form outside the cells of 
green plants (see Figs. 111-50 and 51). Future 
refinements of knowledge of photosynthetic 
mechanisms may ultimately make it possible to 
control the plant process in such a way as to 
raise the protein and fat content of conventional 
agricultural crops or to produce food crops in 
leaf plants not now cultivated. 

Chloroplasts are membrane-enclosed subcellu
lar particles which contain all the green pig
ment, chlorophyll, together with other pigments 
and enzymes required for photosynthesis in a 
highly organized system. This system absorbs 
solar energy and uses it to transfer hydrogen 
atoms from water to carbon dioxide. Thus, 
plants liberate oxygen and at the same time con
vert carbon dioxide to organic compounds such 
as food and fiber. The basic process of photo
synthesis includes all the steps from the absorp

tion of light to the formation of simple sugar 
phosphates by a cyclic sequence of reactions— 
the carbon cycle. 

Until recently, the basic process could be 
performed by isolated chloroplasts at only a few 
percent of the rate found with intact cells. I t is 
now possible to carry out such photosynthesis, 
at two-thirds the rate found in healthy intact 
leaves and to maintain this rate for about 15 
minutes. This is long enough to permit study of 
the reactions of photosynthesis and their con
trol by light and by added natural and synthetic 
chemicals. 

Experiments with isolated chloroplasts and 
with radioisotopes have already given evidence 
for the location of two regulation points along 
the basic carbon cycle pathway. Enzymes at 
these points control the flow of carbon in the 
presence and absence of light and probably dur
ing growth and development of green leaves. 

I t appears that plants may regulate enzymic 
activity at one control point to adjust the 
amount of photosynthetic carbon used for car
bohydrate synthesis (sugar, starch, etc.) as 
compared with the amount used for the synthesis 
of fats and proteins. Application of suitable 
chemicals alters control point activity. Thus, it 
may become possible to affect quantitatively the 
products of photosynthesis in green leaves. 
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Fig. III-6Z. Deep-Sea Life. The AEO's environmental research program includes oceanographic studies associated 
with the fate and effect of radioactivity in the sea. The work provides much new "spin-off information of 
interest. For instance, through the use of a "Monster camera" developed by the Scripps Institutions of Oceanog
raphy (La Jolla, Calif.) of the University of California, pictures have revealed fish populations at least 10 times 
greater than were ever thought to exist in deep water. In this photo, taken at a depth of 1,098 fathoms (6,588 
feet), a variety of fish are seen (Grenadier, Eel Pout, Hag fish, tube worms, starfish, and crabs). The bait can 
(at bottom)', is 9.5 inches wide and 12.5 inches on the top diagonal. A companion photo to this shot, showed a 
30-foot-long "sea creature" with eyes as big as dinner plates. I t has been tentatively identified as a Greenland 
or Sleeper Shark, a type never before known in southern California waters. 

ENVIRONMENTAL RADIATION STUDIES 
The ultimate objective of environmental radiation studies is to be able to 
predict under any given set of circumstances the fate and effect of radionuclides 
in the environment. The number of environmental factor combinations and the 
huge number and kinds of organisms found within these diverse environments 
almost staggers the imagination. Fortunately, when radionuclides move through 
the environment, they leave "tracks," thus providing a means to trace the 
movement. 

TERRESTRIAL ECOLOGY unravel the movements of animal or insect pests, 
determine pesticide distribution, estimate the 

By tagging components of a particular eco- efficiency by which particular foods are used by 
logical system (ecosystem), it may be possible to wild or domesticated animals, locate sites of 
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Fig. III-5S. Cycling of Radioactive DDT in Marsh. An Ohio State University field technician is shown collecting 
samples of plants and animals from a marsh treated with chlorine-36 labeled DDT. A punt boat was used to 
prevent disturbing the bottom of the marsh by wading. Over 6,000 samples of plants and animals were taken 
from the marsh to determine the distribution and translocation of the radioactively labeled DDT. 

water or nutrient concentration, and many other 
ecological phenomena. The following AEC-
sponsored studies indicate the usefulness of such 
isotope techniques. 

Cycling of Radioactive DDT in a Marsh 

Contamination of the environment by persist
ent chlorinated pesticides is essentially univer
sal. Residues have been found in organisms 
taken from the Arctic to the Antarctic. The 
translocation and accumulation of DDT (di-
chlorodiphenyltrichloroethane) in a fresh
water marsh has been studied at Ohio State 
University using the isotope chlorine-36 as a 
tracer (see Fig. III-53). A normal mosquito 
control application at the rate of 0.2 lb. of DDT 
per acre was laid down on a 4-acre marsh by 
helicopter in July 1964. More than 6,000 sam

ples of water, soil, plants, and animals have since 
been radioassayed. Results of the assays indi
cate DDT is rapidly translocated throughout 
the marsh ecosystem and is rapidly accumulated 
by many organisms. For example, concentra
tions of DDT more than 3,000 times the amount 
applied were found in an aquatic plant 3 days 
after application. However, maximum accumu
lations in the predators, which feed on other 
animals and are in the higher levels of the food 
web, may not occur until a year or more later. 
In general, a steady state of accumulation and 
excretion occurred for most animals after about 
2 months. Great variability in the levels ob
served in the same species strongly suggests that 
large numbers of samples are necessary to prop
erly determine the accumulation of pesticides in 
natural systems. The use of isotopes to study 
pesticide translocation permits the analysis of 
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a large number of biological samples at com
paratively low cost—approximately y5 of that 
for regular chemical procedures. 

Ecology of Tick Vectors of Disease 

It is recognized that small mammal popula
tions serve as reservoirs for a number of diseases 
which plague mankind. It is equally well known 
that ticks are important vectors or transmitters 
of these diseases. However, little is known about 
the efficiency and conditions under which these 
diseases are transferred from wildlife to man. 
Much needs to be learned before reasonably 
accurate disease outbreak predictions can be 
made. Unfortunately, the feasibility of needed 
studies, particularly tick movement and popu
lation size, has been thwarted by lack of suit
able techniques. During 1966, a study was under
taken by Old Dominion College, Norfolk, Va., 
to determine the feasibility of using radioiso
topes as ecological tracers to investigate tick 
populations. The results of this study indicate 
that large numbers of tagged ticks can be raised 
with a very modest expenditure, that the ticks 
behave similarly to nontreated ones, that indi
vidual ticks are readily detectable, released ticks 
can be recaptured in large numbers on wild 
mammals, and that natural tick populations can 
be readily estimated. Carbon-14 seems best for 
this work. Other radioisotopes that have been 
tried include chromium-144, cesium-137, phos-
phorus-32, strontium-90, and tritium. Applica
tion of this promising radioisotope technique 
represents an important advance in the ability 
to investigate tick-borne diseases. 

Estimation of Energy Requirements 

At the AEC's Laboratory of Nuclear Medi
cine and Radiation Biology on the University of 
California at Los Angeles (UCLA) campus, 
investigations are being made on a method for 
evaluating the metabolic rate, and, consequently, 
the energy requirements of animals living in the 
Nevada, desert. This will enable the UCLA ecolo-
gists to determine if production of animal food 

Fig. III-54. Concentration of Radionuclides Study. As 
a part of its studies on the translocation of airborne 
radioactivity through the plant-food chain cycle, the 
ABC sponsors continuing studies on the concentration 
of radionuclides in wild-life. Photo shows how mi
nute quantities of fallout radioactivity are measured 
routinely in live deer using a whole-body counter 
at Colorado State University. Before being returned to 
their natural habitat, the radioactive body burdens 
of the deer are recorded and they are tagged for future 
identification. 

by desert plaiits is ample to support the popula
tion of small animals living there, or if these ani
mals have a thin margin of safety between ex
istence and starvation. 

The method uses the isotopes deuterium and 
oxygen-18. The body water of animals is en
riched with these isotopes and they are then 
released to live their normal lives for a, time. 
Later, the animals are recaptured and a tiny 
sample of blood is taken. The ratio of the two 
isotopes in the blood sample, when compared to 
the original concentrations, indicates the amount 
of carbon dioxide produced by metabolic proc
esses. This can be converted to terms of energy. 
It is anticipated that the method will be useful 
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.Fij/. 111-55. Behavior Study. Pboto shows the large flight-pens used at the University of Minnesota to investigate 
effects of radiation on the aggressive behavior of breeding pairs of Shoveler ducks. Two pens, each measuring 
90 ft. X 90 ft., provide breeding requirements for eight pairs. Data on hostile encounters are collected by 
observing from an elevated blind. Changes in territorial behavior resulting from irradiation can be measured 
accurately under these controlled conditions. 

in evaluating slight amounts of radiation dam
age in animals and in estimating the popula
tion "carrying capacity" of this or other land
scape regions. 

Chromium-51 in Energy Flow Studies 

Studies to determine the usefulness of radio
active chromium-51 in energy flow are being 
carried on at Michigan State University. A fast 
and convenient technique for obtaining per
tinent digestive data is being developed using 

the ring-necked pheasants and white-tailed deer 
as experimental species. 

It has been shown that chromium-51 is not 
metabolized in the body, and detection of the 
isotope in the feces of the animal enables deter
mination of the rate of passage of labeled food. 
In addition, the ratio between the concentration 
of isotope in the food and its concentration in the 
feces permits evaluation of the proportion of 
the food which is absorbed during digestion. 
This information is essential to the study of 
animal energy metabolism. Neither the value of 
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chromium-51 for this type of work nor the en
ergetics of the above species has been adequately 
investigated previously. 

On a, standard commercial diet, the average 
ring-necked pheasant tested passed the fecal 
residues of a meal beginning 1.5 hours and ex
tending for 9 hours after eating. Different 
metabolizable energy values and passage rates 
occurred with different diets and when birds 
were molting. 

In the white-tailed deer, approximately 60 
percent of a standard sheep food diet was passed 
as feces. The first and last appearance of chro
mium-51 in the deer feces for this diet occurred 

at 10 and 36 hours, respectively. The variation in 
results which occurred among single individuals 
as well as that prevailing between animals of the 
same age and sex is being analyzed. 

The chromium-51 technique has been found 
to have considerable research value. The suit
ability of the method for comparisons of the 
energy conversion capabilities of related species 
is next to be explored. Further studies also need 
to be made of the energy values of various feed-
stuffs and of procedures for relating the data of 
captive animals to those of animals living in the 
wild. 
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Fig. III-56. Plutonium-2S8 from SNAP-9A Burnup. Profiles of plutonium-238 activity in the stratosphere are 
based upon air sampling from aircraft and balloons and the above chart shows stratospheric distribution of 
plutonium-238, January through March 1966. Aircraft samples were collected along north-south pathways over 
the Western Hemisphere, and balloon samples were collected over Alaska, Texas, Panama, and Australia. Only 
very small amounts of plutonium-238 had reached the earth's surface by March 1966. The chart shows altitude 
in thousands of feet (KFT) and the concentration levels are based on plutonium-238 disintegrations per minute 
per thousand standard cubic feet (Pu233 dpm/KSOF). Summation of the radioactivity by the AEC's Health and 
Safety Laboratory, New York City, indicated a total of 15 kilocuries of plutonium-238 to be present in the 
atmosphere, accounting for essentially all of the 17 kilocuries, which had bee2i placed in the SNAP-9A satellite 
generator. See page 290 for details. 

ATMOSPHERIC RADIOACTIVITY AND FALLOUT 
The AEO's research program in atmospheric radioactivity and fallout is con
cerned with the atmospheric transport and deposition of airborne radioactive 
debris, the nature and behavior of aerosols in the atmosphere, and sampling 
and analytic procedures applicable to the study of radioactivity in air, pre
cipitation, soil, foods, and man for the purpose of predicting, as accurately as 
possible, the consequences of introducing radioactivity into the earth's atmos
phere or biosphere. (See also "Atmospheric Sciences" section, page 297.) 

ATMOSPHERIC DEPOSITION 

In general, the amounts of radioactivity from 
nuclear weapons tests have continued to 

diminish in air, precipitation, soil, food, and 
man. 

Debris, probably from the Red Chinese tests 
conducted at Lop Nor in the far northwestern 
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part of China (Lat. 40° N., Long. 90° E . ) , has 
remained largely within the Northern Hemis
phere, whereas, debris from the French tests 
conducted at Mururoa Atoll in the South Pacific 
(Lat. 22° S., Long. 139° N.) has been similarly 
restricted to the Southern Hemisphere. The 
total amounts of strontium-90 and cesium-137 on 
the ground have begun to decrease as the loss 
through radioactive decay exceeds the new depo
sition of these radionuclides. The concentration 
of strontium-90 in adult human bone and that of 
carbon-14 in contemporary biological samples is 
still increasing slightly, because of the respec
tive long biological retention time and atmos
pheric mixing time of these two radionuclides. 

Current investigations continue to focus upon 
specific radionuclides which are of interest 
either because of their long half-lives and their 
biological significance (strontium-90, cesium-
137, and iron-55) or because their unique man
ner of injection into the atmosphere (pluto-
nium-238 from the SNAP-9A burnup) may add 
significantly to the knowledge of atmospheric 
processes. 

Plutonium-238 from SNAP-9A Burnup 

Approximately 17 kilocuries of plutonium-
238 (Pu23S) were released into the upper strat
osphere of the Southern -Hemisphere in April 
1964 when a SNAP-9A generator reentered the 
atmosphere following a rocket failure of a navi
gational satellite. The reentry was at about 11° 
S., over the Indian Ocean. SNAP-9A Pu23S has 
been collected by the AEC's High Altitude Bal
loon Sampling Program and the Defense Atom
ic Support Agency's aircraft sampling program 
(Project Stardust) at all altitudes in the strato
sphere. As shown by the global distribution in 
Figure 111-56 for the period January to March 
1966, SNAP-9A debris has mixed poleward and 
downward, as predicted, with a minimum of 
material descending into the equatorial strato
sphere. 

Seasonal trends of stratospheric SNAP-9A 
Pu238 concentrations occur in the mid- and 
polar-regions of the stratosphere which sug

gest that above 80,000 feet, a downward flux of 
debris from upper altitudes occurs during the 
winter and spring followed by an apparent up
ward flux in the summer and fall. A cell of high 
concentration occurs in the 65,000- to 90,000-foot 
layer which apparently reflects an equator-ward 
mixing of debris from the polar regions at these 
altitudes. The pattern in the equatorial strato
sphere was markedly different with little pene
tration of debris to the lower altitudes. Collec
tions at Natal, Brazil (6° S.), up to 136,000 feet, 
which is close to the point of burnup, also re
vealed minimal plutonium-238 concentrations 
characteristic of the equatorial stratosphere. 
These findings are in good agreement with many 
aspects of existing stratospheric meridional cir
culation models. 

Stratospheric inventory. The stratospheric in
ventory of plutonium-238 for the period Janu
ary to March 1966 shown'in Figure 111-56 was 
derived from balloon and aircraft sampling 
measurements by the AEC's Health and Safety 
Laboratory ( H A S L ) , New York City. No 
SNAP-9A debris had been identified in the tro-
posphei'e prior to this time, and only minute 
traces were found in surface air and deposition 
samples during this inventory period. There
fore, the integrity of the stratospheric reservoir 
of SNAP-9A plutonium-238 was essentially in
tact at this time, and no adjustment for deposi
tion was required. 

Upon integrating the contours in Figure 
111-57, 12 kilocuries (or 80%) of the S N A P -
9A Pu23S was found in the southern Hemis
phere stratosphere and three kilocuries (or 
20%) in the Northern Hemisphere stratosphere. 
Therefore, during the 2-year interval after the 
burnup, the average rate of transfer from the 
Southern to the Northern Hemisphere was 
about 10 percent per year. Most of this transfer 
is believed to have occurred during the winter 
months of the Northern Hemisphere. 

The total stratospheric inventory of 15 kilo
curies accounts—within experimental uncer
tainties—for essentially all of the 17 kilocuries 
in the original source. While there has been 
strong speculative evidence earlier, this is the 
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Fig. 111-51. Stratospheric Inventory. Chart, produced 
by the AEC's Health and Safety Laboratory, shows the 
concentration of plutonium-238 in surface air as a 
function of latitude. Plutoniuoi-238 was released at 
high altitude by the burnup of the navigational satel
lite SNAP-9A in April 1964. Two years elapsed before 
measurable amounts of plutonium-238 reached the 
earth's surface. Burnup slightly south of the equator 
accounts for the higher concentrations observed in 
Southern Hemisphere. These levels are well below those 
deemed safe for human exposure. 

first direct accountability calculation which 
shows that the SNAP-9A generator completely 
vaporized into submicroscopic particles during 
reentry. 

Particle size. The actual size of the particles 
from the vaporized SNAP-9A generator has 
been investigated by Tracerlab, Eichland, 
Calif., using an autoradiographic technique by 
which particples containing plutonium-238 are 
identified, assayed, and the equivalent size of 
Pu23S dioxide spheres is calculated. Figure I I I -
58 shows the calculated distribution of Pu238 

PARTICLE DIAMETER, MILLIMICRONS 

Fig. 111-58. Particle Diameters in SNAP-9A Debris. 
The actual size of the »ubmieroscopic particles of debris 
from the burnup of the SNAP-9A generator have been 
determined by Tracerlab-West, Richmond, Calif., using 
radioautography. Sensitive photographic emulsion was 
placed in close contact with filter material known to 
contain plutonium-238 bearing particles. The film, was 
exposed for one year, and the number of alpha-tracks 
per particle was used to calculate an equivalent sphere 
of plutonium-238 oxide which would yield the same 
number of tracks during one year. The diameters range 
from 5 to 58 millimicrons (too small to be seen with 
the optical microscope) with an arithmetic mean of 
9.7 millimicrons, indicating that burnup during re
entry was quite complete. 

spheres derived from a 1 year emulsion expo
sure of a filter sample known to contain SNAP-
9A debris. The histogram represents the actual 
data, and the smoothed curve was obtained by 
graphical differentiation. A total of 1,008 par
ticles was plotted; the diameters range from 
five to 58 millimicrons (10-3 microns) with the 
arithmetic mean at 9.7 millimicrons. These par
ticle-size determinations confirmed the fact, 
derived earlier from the behavior of Pu238 con
centrations with time, that the vaporized par
ticles were submicroscopic and were not 
significantly influenced by gravity. 

Surface air concentrations. While minute 
traces of SNAP-9A plutonium-238 was de
tected sporadically in surface air in March and 
April 1966, concentrations became more ubigui-
tous beginning in May 1966. By July, a 
monthly average latitudinal distribution of 
these concentrations was developed, by the 
HASL's Surface Air Sampling Program, 
which showed peak concentrations occurring in 
the mid-latitudes of each hemisphere similar to 
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the patterns produced by nuclear weapons tests 
fallout. 

A significant difference from the strontium-
90 (Sr90) distribution is the 10 times higher 
concentrations of SNAP-9A plutonium-238 in 
the Southern Hemisphere as compared to the 
Northern Hemisphere. The season of the year 
bears upon the rate of transfer of stratospheric 
air to the troposphere, July is summer in the 
Northern Hemisphere, but winter in the South
ern Hemisphere. This discrepancy in SNAP-
DA plutonium-238 concentrations in the surface 
air of each hemisphere reflects the much larger 
burden of SNAP-9A debris in the Southern 
Hemisphere stratosphere. 

The SNAP-9A plutonium-238 concentration 
in surface air in July 1966 reached a maximum 
average value of 0.011 dpm/103 SCF2 3 at 
Portillo, Chile. This value should have in
creased by about three or four times in the 
spring months of that year (October, Novem
ber, and December 1966). The maximum ex
pected concentration in surface air is still only 
two ten-thousandths of the permissible concen
tration of the International Commission on 
Radiological Protection (ICRP) maximum for 
continuous exposure of industrial workers to 
soluble plutonium-238 aerosols and indicates an 
extremely low risk of hazard. 

Deposition. Fallout of SNAP-9A plutonium-
238 on the earth's surface was anticipated to be 
so small that special large-area collection sys
tems had to be deployed. Only two sites were 
activated, one at New York City in the North
ern Hemisphere and the other at Melbourne, 
Australia, in the Southern Hemisphere. The 
results for the first 11 months of 1966 from 
these two locations are shown in Table 2. 

At New York, a pulse of SNAP-9A debris 
seems to have arrived in February 1966 but 
consistent and significant deposition did not 
begin until May. At Melbourne, sampling ap
parently was not begun soon enough because 
measurable levels of SNAP-9A plutonium-238 
were detected in May 1966, the first sampling 

22 dpm/103 SCF—disintegrations per minute per 1,000 
standard cubic feet. 

TABLE 2.—PLUTONIUM-238 FALLOUT LEVELS 

[10-4 millicuries per square kilometer] 
Month New York Melbourne 

January 0.20 
February 2.06 
March :— 0.59 
April 0.44 
May 4.41 0.43 
June 0.98 3.0 
July 2.25 »8.23 
August 1.96 3.9 
September 1.62 4.76 
October 1.18 26.9 
November 9.91 

Total 15.69 57.13 

Estimated hemispheric /Northern..0.19 (.kilocuries) 
deposit. [Southern. .1.02 (kilocuries) 

»Estimated. 

period. Using the empirically derived relation
ship that for every millicurie deposited per 
square kilometer at New York City, 0.123 mega-
curies of deposition occurs in the Northern 
Hemisphere, the deposition of SNAP-9A plu
tonium-238 in the Northern Hemisphere 
through October 1966 was 0.19 kilocuries. Using 
an analogous ratio of 0.180 megacuries Southern 
Hemispheric deposition for every millicurie de
posited per square kilometer at Melbourne, the 
deposition from May through November 1966 in 
the Southern Hemisphere was 1.02 kilocuries. 
Consequently, the global deposit of SNAP-9A 
plutonium-238 during 1966 was between 1.3 to 
1.6 kilocuries, or about 8 to 10 percent of the 
total plutonium-238 released by the burnup. 

Strontium-90 Deposition 

A cooperative land and sea fallout sampling 
program has shown that strontium-90 deposi
tion from the atmosphere is actually heavier over 
land than over the oceans, making previous 
theories untenable. The studies have also given 
new information that shows rainfall to be less 
over the sea than over adjacent land. 

Action of sea-spray. To test the hypothesis 
that sea-spray may lead to higher fallout dep
osition over or near the ocean, the U.S. De
partment of Agriculture took soil samples on 
a transect running inland from the soil-beach 
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boundary at a small island site (Utsira, 59° N.) 
off the Norwegian coast. Another transect sam
pling was made in Iceland. In all instances, there 
was no indication of higher strontium-90 dep
osition in proximity to the ocean, nor were the 
strontium-90 levels on the islands higher than 
those observed at mainland sites experiencing 
comparable precipitation and situated at the 
same latitude. Thus, the supposition that sea-
spray, as such, leads to higher deposition of 
strontium-90 seems untenable. 

Rainfall over the ocean. Four of the U.S. 
Coast Guard vessels serving as Atlantic Ocean 
Weather Observation stations were outfitted 'by 
HASL with new and improved equipment for 
strontium-90 sampling and rain measurement. 
Operation of these devices for 1 year has shown 
lower deposition of strontium-90 over the ocean 
compared to land sites at comparable latitudes, 
and furthermore, has indicated oceanic rainfall 
to be less than on adjacent land areas. Fallout 
in the oceans, by the mechanisms which cause 
deposition on land, has, therefore, probably been 
overestimated, and additional factors must be 
considered to account for the discrepancy 'be
tween fallout rate as derived from the atmos
pheric inventory and the measured deposition. 
Such factors may include enhanced dry deposi
tion due to terrain roughness and vegetation, as 
well as regional variations in the frequency and 
character of precipitation events. 

High Altitude Sampling 

Eoutine sampling by balloon has, since 1966, 
been conducted to a maximum altitude of 
135,000 feet at all sampling sites. Sampling is 
carried out periodically at four locations: Fair
banks, Alaska, 65° N. (June); San Angelo, 
Tex., 31° N. (quarterly); Albrook Air Force 
Base, Canal Zone, 9° N. (December-April, and 
(September-October) and Mildura, Australia, 
34° S. (quarterly). Sampling altitudes are 
80,000, 90,000,105,000,120,000, and 135,000 feet. 
The Mildura station is operated by the Aus
tralian Department of Supply; the other sites 
are manned by the U.S. Air Force. 

Five ALARR (Air Launch and Air Recovery 
Rocket)23 sampling flights have been made. An 
option in sampling altitudes allows selection of 
one of three essentially equal altitude increments 
between 150,000 and 250,000 feet or an integral 
sample taken over this entire range. Sampling 
is done on the downward leg of the rocket 
trajectory, and about 10 standard cubic feet of 
air are sampled during each flight. This system 
has been designed and developed by the AEC 
and the Department of Defense and marks a 
significant increase in altitude range over that 
attainable by balloons. 

The concentrations of weapon-produced ra
dionuclides in the stratosphere have steadily de
creased since 1962. Two innovations in the 
balloon sampling equipment have been intro
duced to permit the collection of larger sam
ples, thereby increasing the precision of meas
urement of dwindling radionuclide concentra
tions. The first is the development of a much 
larger capacity sampler (50% higher) without 
a similar increase in payload weight for the 
balloon to lift. The second is the utilization of 
a hydrazine reactor instead of compressed nitro
gen gas to generate greater power for the as
pirator action of the sampler. 

Seasonal trends in the strontium-90 concen
trations at, and above 80,000 feet derived from 
the balloon program since 1963 have demon
strated a downward flux of stratospheric air at 
mid-latitudes in the winter and spring months 
followed by an upwelling in the summer and 
fall. Since strontium-90 concentrations decrease 
with increasing altitude upwards of 65,000 feet, 
such motions develop a minimum strontium-90 
concentration in the spring followed by a maxi
mum in the summer or fall. Oddly enough, this 
seasonal trend is just the reverse of that char
acteristic of fallout in surface air and deposited 
on the earth's surface. It, however, behaves the 
same as Pu238 which initially had higher concen
trations at higher altitudes. The cyclic trend 

23 See p. 92, "Fundamental Nuclear Energy Research— 
1966." 
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was broken in the mid-latitudes of the Northern 
Hemisphere when a peak strontium-90 concen
tration occurred during the spring of 1966. It 
was also about this time that the half residence 
time of strontium-90 concentrations at these 
altitudes increased sharply indicating an incur
sion of additional strontium-90 or a drastic re
duction in its removal pi*ocesses. 

Fresh debris, apparently from the Chinese 
nuclear weapon test of June 17, 1967, has been 
found in two balloon filter samples collected at 
an altitude of about 135,000 feet over San 
Angelo in July and August. Debris has also 
been observed in aircraft samples at altitudes up 
to 63,000 feet, but could not be found in balloon 
samples from 80,000 to 120,000 feet. These ob
servations may be the first direct verification of 
an upper stratospheric circulation, rising over 
the north polar region in the summer and flow
ing towards the opposite pole, which was de
duced from theoretical heat balance calcula
tions by United Kingdom scientists in 1961. 
High-altitude sampling is being intensified to 
follow up the preliminary finding. The high 
altitude horizontal current is a necessary part of 
the seasonally oscillating vertical displacements 
observed in the Sr°° and Pu238 distributions. 

HUMAN BODY UPTAKE 

The major source of radiation dose to man 
from worldwide fallout results from the inges
tion of strontium-90 (Sr00) and cesium-137 
(Cs137) in foods. To estimate this close, the 
concentrations of strontium-90 and cesium-137 
in people and in their diets are being measured 
and attempts are being made to derive relations 
between fallout rates and dietary contamination 
levels, between dietary contamination levels and 
radionuclide concentrations in humans, and be
tween radionuclide concentrations in humans 
and radiation doses. 

Strontium-90 and Cesium-137 in Human Diet 

The concentrations of both strontium-90 and 
cesium-137 have continued to drop in the human 

Fig. III-59. Strontium-90 and Cesium-137 in Human 
Diet. The amounts of strontium-90 (Sr00) in an adult 
diet and in adult bone for the above chart were deter
mined in New York City; the diet and whole-body 
measurements of cesium-137 (Cs137) were made in 
Chicago. Increasing quantities of both radionuclides 
in food are evident as the fallout levels increased dur
ing 1961-1964, followed by decreasing diet levels as 
fallout lessened. The whole-body content of cesium-
137 follows the diet closely because of its short biolo
gical retention time; however, the amount of stron-
tium-90 in bone remains fairly constant during the last 
2 or 3 years because of the long retention time of 
strontium-90 in bone. However, it is only a small frac
tion of the cumulative dose received from natural 
background. The surveys for data collection were made 
by the AEC's Health and Safety Laboratory and 
Argonne National Laboratory. 

diet as the fallout rate has diminished. Because 
of the rapid turnover rate of cesium-137 in man 
(biological half-life of approximately 100 
days24), the body-burden of this radionuclide 
has also decreased markedly in the past 2 years. 

84 The biological half-life is the time that is required for 
one half of the amount of a given radionuclide present in the 
body to be biologically eliminated, i.e., excreted. 
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In contrast, the concentration of strontium-90 
in human bone has remained essentially con
stant because of the long retention time of this 
calcium-like radionuclide in bone (biological 
half-life of approximately 18 years). Concen
trations in bone have decreased only in the very 
young who reflect the contemporary diet levels 
of strontium-90, while older children and adults 
have shown nearly constant levels of bone stron
tium-90 during the past 2 or 3 years. 

The trends of strontium-90 and cesium-137 in 
diet and man are illustrated in Figure 111-59. 
The strontium-90 data in diet and human bone 
are for New York City and were obtained from 
a sampling program conducted by HASL. The 
cesium-137 data in diet and human adults are 
for Chicago and derive from programs in prog
ress at Argonne National Laboratory. 

Milk remains an important dietary source 
(about % of the daily intake) for both stron-
tium-90 and cesium-137, with grain products 
assuming relatively greater importance with 
time (also about ys of the daily intake). Meat 
supplies most of the remaining i/з of the cesium-
137 intake, and fruits and vegetables combine 
to provide the remainder of the strontium-90 
intake. 

Bone Dose From Sfrontium-90 

Calculations have been made at the AEC's 
Health and Safety Laboratory, New York City, 
of the radiation dose to bone from strontium-90 
received by New York City residents. The re
sults are shown in Table 3. These calculations 
use the empirically derived quantitative rela
tions between fallout and diet strontium-90 con
centrations, and diet and bone concentrations, 
that are described qualitatively in the preced
ing sections. Although the data upon which 
these calculations are based were limited to the 
New York City area, similarities in fallout and 
strontium-90 intake levels elsewhere make them 
applicable to a much larger geographic region. 

I t can be seen that the maximum radiation 
dose has been received by children i years of 
age in 1967. This maximum dose is 89 millirads 
(mrads). Adults greater than 32 years of age 

TABLE 3.—BONE DOSES RECEIVED BY 1967 
. . „ „ „ Dose Received 

Age m 1961 , .„. . . 
{years) (mtlltrads) 

1 19 
2 - 40 
3 68 
4 89 
5 69 
6 64 
7 66 
8 76 
9 67 

10 68 
11 69 
12 68 
13 64 
14 57 
15 55 
16 55 
17 54 
18 52 
19 50 
20 50 

in 1967 have received only 16 mrads. If there are 
no further significant additions of strontium-90 
to the atmosphere, then the maximum dose that 
will be attained by New York City residents liv
ing to age 70 will be those who were 4 years old 
in 1967. This maximum 70-year bone dose is 
estimated to be about 300 mrads. Since the radi
ation dose rate to bone from natural background 
is about 100 mrads per year, the dose accumu
lated over a 70-year lifespan is 7,000 mrads. 
The additional dose accumulated in a lifetime, 
therefore, amounts to at most four percent of 
that from natural sources. The variation of 
background dose rates to bones in large popu
lated areas is commonly as great as 30 percent, 
hence, the risk associated with exposure to stron
tium-90 from fallout may be considerably less 
than that associated with a change in residence 
from one large city to another. 

lron-55 in Man and the Biosphere 

Iron-55 has increased in relative importance 
from a minor fraction of fallout to the most 
abundant of all fallout isotopes since the 1961-
62 nuclear tests. The study of the transfer of 
iron-55 and its concentration in the biosphere is 
of interest because iron is an essential element to 
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many organisms and is easily measured in al
most all living organisms of the biosphere. The 
weak radiation associated with the iron-55 de
cay produces an extremely small radiation ex
posure as compared even with the normal 
potassium-40 body content. Human blood 
studies at Pacific Northwest Laboratory show 
that the levels of iron-55 in man ranged from 
five nanocuries25 in South Africa to 2,300 nano-
curies in some natives of Alaska (see Table 4r). 
These studies show that the highest levels in 
humans are associated with a high consump
tion of ocean fish, especially salmon (the high
est levels measured in any organism were in 
salmon). The average levels in women are sig
nificantly higher than men, probably because of 
a higher iron uptake caused by menstrual blood 
loss. 

Table 4 represents results of a Pacific North
west Laboratory survey of iron-55 in people 
throughout the world. These estimates were 
made by measuring iron-55 in blood samples 
obtained from blood banks or hospitals. Since 
blood banks do not accept blood from people 
deficient in iron (mostly women) the difference 
between the levels in men and women are not 
as great as when a random sampling of the gen
eral population is used. (There is no immediate 
explanation for the exceptions shown in the 
table for Winnipeg and Hamilton in Canada 
and Johannesburg, South Africa.) 

и Nano is a prefix that divides a basic unit by 1 billion 
(10е) ; thus, a nanocurie is one-billionth of a curie. 

T A B L E 4 .—IRON-55 C O N T E N T I N H U M A N S 
T H R O U G H O U T T H E W O R L D * b 

[In nanocuries] 
Average iron-65 body burden 

Sampling location Male Female 
Sydney, Australia 8 .0 9 .2 
Caracas, Venezuela 7 .4 
Johannesburg, South 

Africa 5 .8 5 .7 
Toulouse, France 17.0 2 2 . 0 
Tokai -Mura , J a p a n °__. 634. 0 919. 0 
Oslo, Norway 58 .0 6 4 . 0 
Amsterdam, The 

Nether lands 9 .1 14.3 
Canada 

Calgary 18.0 24 .0 
Winnipeg 22 .0 21 .0 
Hamil ton 23 .0 22 .0 

United States 
New York City, New 

York 2 2 . 0 26 .0 
Milwaukee, Wisconsin. . 13 .0 20 .0 
Seattle, Washington 26. 0 3 3 . 0 
Bethel, Alaska (fish-

eating natives) ° d l , 1 0 0 . 0 ( 1 8 ) 
Southeastern, Alaska— 

Yukon River mouth 
area (fish-eating 
n a t i v e s ) 0 d 344. 0 (6) d 7 0 0 . 0 ( 7 ) 

Tanana , Alaska (fish 
and caribou-eating 
n a t i v e s ) 0 d 250. 0 (6) 

Anaktuvuk, Alaska 
(caribou-eating 
n a t i v e s ) 0 d 8 0 . 0 ( 6 ) 

»Blood specimens collected during first half of calendar year 1966. 
ь Body burdens were calculated by assuming a total blood volume of 

5 liters and that 60% of the total iron is in the blood. 
« Blood samples obtained from adult population and not blood banks. 
J Numbers in parentheses indicate the number of samples analyzed. 



Fig 111-60. Terrain Effects on Diffusion and Transport. Possibly the greatest reason that man knows so little 
about flow patterns in the atmosphere is that air is invisible—consider what would be known of ocean waves 
and currents if water were also invisible. Cloud patterns, dust storms, fog, and smoke can make air movement 
visible. In studies by the AEC's Pacific Northwest Laboratory, Colorado State University, and the U.S. Navy 
smoke is used to determine terrain effects on atmospheric diffusion and transport over Point Arguello, Calif.; 
for how this "aerial" photo of Point Arguello, Calif., was made, see page 306, and Fig. III-68. 

ATMOSPHERIC SCIENCES. 
The AEC sponsors a significant portion of the basic and applied research 
conducted in the field of meteorology in the United States, as well as some 
additional research abroad. The AEC's interest in this field originated in the 
1940's from urgent needs for an ability to predict the behavior of radioactive 
gases and particles released to the atmosphere. These materials can be released 
both at very high elevations by nuclear explosives, and near the ground through 
venting of underground explosions, or through accidental releases from indus
trial plants using or producing radioactive products. Hence, a considerable 
range in kinds and scales of atmospheric process is pertinent to the AEC and 
the public interest. 

Areas of Study 

Radioactive materials placed in the atmos
phere behave in most respects like nonradioac
tive pollutants of like size, density, and shape. 
And, like other pollutants, they react and inter
act with earth surfaces, and with sea salt, cloud 
droplets, dust particles, and rain or snow in 
the air. Because of this, AEC-sponsored metero-
logical research frequently contributes directly 
to, and benefits from, research of other Federal 
and international agencies in the areas of air 
pollution, weather modification, and weather 
prediction. Therefore, it has been advantageous 
to cooperate with other organizations in the 
conduct of research on common meteorological 
problems. 

Pollutant Transport Routes 

Figure 111-61 shows the routes a pollutant 
can follow, from both low and high elevation 
sources, until it finally returns to the earth 
through settling or impaction on surfaces 
(called dry deposition) or through the scrub
bing action of rain and snow (called wet deposi
tion, or precipitation scavenging). The travel 
from source to destination is appropriately 
called transport, and the spreading above, be
low, and to the side of the plume as it travels 
is called dispersion or diffusion. The complex 
air motions producing the diffusion are termed 
turbulence. Turbulent motions or eddies are 
also able to pick up material from the sea and 
ground. This entrainment accounts for the sub-

276-845 О—68- -2U 297 
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HIGH ELEVATION 
SOUHCES 

Region ol reduced 
turbulent exchange 
and of no scavenging 

STRATOSPHERE 

TROPOPAUSE 

VÄV GROUND SOURCES •'""""' " • • • • • • • • : - ' - " " « M * * « \ « S * ^ ^ 
{Dirt, pollens, e tc . ) 

Fig. III-61. Pollutant Routes. Schematic drawing shows the meteorological influences on pollutant materials 
released to the atmosphere from ground sources (dirt, pollens, auto fumes, etc.) ; from low-elevation sources 
(stacks, fires, etc.) ; and high-elevation sources (nuclear weapons testing, extra terrestrial dust, etc.), and how 
these pollutants finally returned to earth. 

stantial amounts of sea salt and dust in the air, 
and can lead to relocation of material deposited 
previously. Because the turbulence is highly 
dependent upon the change of wind and tem
perature with height, meteorologists are con
cerned with these items as well. 

"Micrometeorology" is the study of the small-
scale atmospheric processes—usually considered 
as up to about 10 miles in distance, and within 
the planetary boundary layer (lowest 3,000 
ft.) of the atmosphere. Transport to greater dis
tances—from about 10 to 125 miles—is classified 
as in the middle or "mesometeorological" 
regime, but the dividing line between micro and 
meso is somewhat arbitrary. In addition to these 
scales, there is the "macro" or "synoptic" scale 

of motions which involve the global transport of 
pollutants up to very high altitudes.26 These 
motions transport pollutants in the higher atmo
sphere to those places where atmospheric mo
tions can carry them to lower altitudes for 
removal. Most of the pollutants in the higher 
atmosphere are carried back to the earth as 
washout by rain and snow. Consequently, the 
AEC sponsors research closely allied to other 
agency research in cloud physics. This section 
deals with micro- and meso-scale research, 
and.also includes some work on precipitation 
scavenging. 

»See pp. 188-203, 
search—1965." 

"Fundamental Nuclear Energy Re-
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BUOYANT PLUMES 

When it is necessary to exhaust undesirable 
materials to the atmosphere, this is usually done 
from stacks or chimneys. Ideally, the resultant 
"plume" will diffuse or thin out enough to be 
acceptable by the time parts of it get near the 
ground. However, since persons at larger dis
tances from a complex such as a city may receive 
contributions from numerous stacks, it is neces
sary to consider the diffusion of these plumes to 
rather long distances. The degree of dilution at 
the ground depends heavily upon the height of 
travel of the plume. 

Plume Rise Variables 

The plume from a well-designed stack will 
continue to rise for some distance downwind 
after it leaves that stack. This plume rise de
pends upon several factors: 
(1) The plume exiting from the stack has an 

initial upward velocity which tends to con
tinue, much as a stream of water from a 
water sprinkler. This upward momentum is 
greater for higher exhaust flow rates and 
for larger diameter stacks. 

iß) The plume will also tend to rise if it h 
warmer (less dense) than the surrounding 
air, just as warm air in a room rises toward 
the ceiling. This buoyancy is usually caused 
by a temperature difference between the 
plume and the air, but it can also result from 
differences in the kinds of gases emitted. 
Hydrogen, for example, is lighter than air 
and has some tendency to increase plume 
rise. 

(S) As the plume rises it entrains or collects 
additional air from around it. This air di
lutes the plume and decreases the upward 
velocity and buoyancy effects by increasing 
the mass of the plume. The rate of entrain-
ment depends upon the speed of rise, the 
diameter of the plume, and the atmospheric 
turbulence levels. 

(4-) As the plume rises it continually meets 
stronger and stronger wind speeds which 
reduce its ability to rise further. 

(S) When the plume leaves the stack, the turbu
lent motions of the atmosphere mix clean 
air into the edges of the plume, increasing 
its size and carrying some of the gases out
ward, upward, and downward away from 
the plume core; this continues after the 
plume has ceased rising. The entrainment 
is accomplished by the turbulence generated 
by plume motion, and by natural forces. 

Thus, not only the stack variables of diameter, 
height, temperature, and upward speed, but also 
the atmospheric variables of wind speed, tem
perature lapse rate, and turbulence influence 
the rise and spread of the plume. Theoretically, 
it should be possible for meteorologists to match 
these seven variables to observed plume rises and 
obtain prediction formulas. However, the prob
lem has been under investigation for many years 
without solution. There are several reasons for 
this: (a) the final height of the plume is hard 
to measure—as it rises it also grows thinner, 
and photographs are hard to take and hard to 
interpret; (b) there are seven or more variables 
to be investigated, and meteorologists are only 
now able to combine some of them so as to re
duce the number to be considered; (c) the turbu
lence variable is not something so simple that 
numbers or words can define it. In some ways 
the atmospheric motions are random and erratic, 
and in other ways they appear to be well orga
nized. Not only does the turbulence change with 
height and distance from the stack, it also 
changes with time, with the weather, and with 
the underlying terrain and vegetation. 

Numerous equations for predicting plume rise 
have been fitted to observed plume rise data 
from different stacks in the past. However, it 
appears that each group of data needs a differ
ent formula; and, unfortunately, most of the 
data have been taken over limited ranges of 
wind speed and stack variables. What is more, 
many of the formulas in current use are largely 
empirical, that is, they are derived from the 
data rather than from theory. However, con
siderable agreement between theory and experi
ment has been found. 
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Current Plume Studies 
Plume Rise Models 

Theoretical models of plume rise have been 
developed under AEC sponsorship by ESS A's27 

Atmospheric Turbulence and Diffusion Labora
tory located at Oak Kidge, Tenn. The models 
take into account the initial plume buoyancy 

and momentum, as well as possible contributions 
to buoyancy from heating because of plume ra
dioactivity. An important conclusion from these 

27 ESSA—Environmental 'Science Services Administration, 
which was formed in 1965 to consolidate the activities of the 
U.S. Weather Bureau with the U.S. Coast and Geodetic Survey, 
the National Environmental Satellite Center, the Institutes 
for Environmental Research, and the Environmental Data 
Service. 

^ « f e i M f f g 

Figs. HI-62 and 63. Plume Rise Variables. Photo above shows the smoke plume from TV A's Bull Run steam 
plant, Oak Ridge, illustrating the initial buoyant plume rise from the stack, anil then the inhibiting effect on the 
plume rise by a temperature inversion aloft. Photo below, taken over Brookhaven National Laboratory shows an 
oil-fog smoke trail shortly after sunrise during a deep, temperature inversion extending well above the smoke 
trail. Some 3 miles of smoke trail are visible in the photo. 
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studies is that the rise depends mostly upon 
plume properties such as buoyancy and momen
tum, and only in the final stages upon atmos
pheric properties such as the change of tem
perature with elevation of the surrounding air. 
Observed plume rises are well described, over 
broad ranges of plume buoyancy and to great 
distances from the source, by the so-called 
"transitional rise" f ormulas.2S 

Hot "Puff" Studies 

Similar studies at Brookhaven National 
Laboratory (BNL) are specifically concerned 
with the rise of very hot "puffs" of cloud, such 
as might result from accidents or spills involv
ing radioactive material (see Fig. III-64). 

The open burning of rocket propellant fuel 
serves as a source of bouyant clouds, the dimen
sions of which can be measured photographically 
and visually. Repeated experiments have pro
duced consistent cloud behavior during tem
perature inversions while showing an expected 
variability during lapse conditions. Analyses 
of the time and space history of the cloud tops 
has established the usefulness of a method for 
distinguishing the initial cloud behavior from 
the subsequent expansion of the cloud caused 
by ambient turbulence. Since the heat release, 
cloud behavior, and meteorological factors 
are known from photographs and meteorological 
measurements made from nearby towers, it has 
been possible to study their interrelation and 
to make comparisons with theory. 

Since the stability of the layer in which the 
cloud ascends is related to the work done in 
displacing a parcel of gas from one elevation to 
another, it can be expected that there will be a 
marked relationship between the height in
crease, Ah, and stability. This is indeed the 
case, and an equation of the same form as that 
proposed by a 1956 Brookhaven study describes 
the data very well.29 

Stack Engineering 

Plume rise studies have also been carried out 
at Argonne National Laboratory (ANL) over 
a limited, but controlled range of stack param

o's». Ш-6//. Hot "Puff" Studies. Small scale experi
ments conducted with burning rocket fuels provide 
data used in prediction of the diffusion and final 
height-of-rise of clouds from larger accidental releases. 
These are successive photos taken at Brookhaven Na
tional Laboratory. Wind and air temperature data are 
taken on nearby towers. The data have been described 
with equations similar to equations used in predicting 
plumes from stacks. Series of photos, taken from dif
ferent angles, shows the rise of a hot "puff." 

eters. Consecutive photos, taken from the sides 
and bottoms of the plumes, have been superim
posed to study the relationship between the 
instantaneous plume averaged over several 
periods of time. It is then j)ossible to correlate 
the plume sizes to the wind characteristics over 
the same time intervals as the photographs 
(see Figs. 111-65 and 66). 

In another study at Argonne, many plume 
measurements made in the United States and 
Europe were analyzed for the purpose of arriv-

^ These involve only plume buoyancy upward momentum, 
and wind speed, and take the simple form h r ^ C E V W / i — 2 / 3 
for a momentum dominated plume, and h = C2FVsx2/3^ for a 
buoyant plume. If the plume contains radioactive gases, the 
rise equation has the form h=C3F1/3

Ja—4/'x. Here, x and ß rep
resent distance from the stack and wind speed, while the F's 
are flux terms containing parameters such as air and plume 
temperature and stack diameter. The C's are theoretically 
determined constants. 

»Ah=0.084(Q/G)'/3 

where G =(g/T) (56/bz) stability parameter (sec -2). 
e =potential temperature (deg K). 
g =gravity (cm/sec2). 
T =ambient temperature at source level (deg K). 

de/bz =ehange of potential temperature with height (deg C/cm). 
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Figs. 111-65 and 66. Effects of Atmospheric Conditions. Photo on the left shows a smoke plume ejected from an 
111-foot stack at Argonne National Laboratory. The irregularity of this typical plume indicates unstable 
atmospheric conditions. The photo on the right was taken at sundown on the same day as that shown on the left 
and shows the typical plume behavior under moderately stable conditions. This stack has been designed so that 
its height can be varied by removing sections. The research up to now has involved only changes in flow rate 
and effluent temperature but not height changes. 

ing at an improved technique for predicting 
plume rise from stack engineering and weather 
factors. This study included a large range of 
measurements on stacks varying from the small 
Argonne experimental stack to the giant ones 
of the Tennessee Valley Authority (TVA); the 
heat emission rate of the largest was 5,000 times 
that of the smallest. The study produced plume 
rise equations to be used in a handbook of the 
American Society of Mechanical Engineers 
(ASME). 

Contaminant Suspensions 

The University of Waterloo, Ontario, Can
ada, is carrying out studies under AEC con
tract on the behavior of relatively large par
ticulate contaminants suspended in hot plumes. 
The work completed so far has provided addi
tional information on the heights to which hot 
plumes may rise. The experimental work is car
ried out in three ways: (a) photographic, full-
scale studies of industrial chimney plumes; 
(b) pilot-scale studies using the smoke-plume 
of a 20-f oot-high model chimney over flat grass
land, and; (c) wind-tunnel studies using a 3-

inch diameter stack. The studies are compli
cated by the fact that although the particles are 
in a hot and therefore rising plume, they also 
exhibit their own downward drift, because of 
their weight. 

Industrial Plant Stack Studies 

To meet a growing need for reliable and com
prehensive plume rise data from large indus
trial-type stack emissions, the Tennessee Valley 
Authority, under sponsorship of the U.S. Public 
Health Service, has conducted a special 3-year 
research study of plume rise at large electric 
generating stations. The Brookhaven National 
Laboratory staff provided important support to 
this study through interim reviews, analysis, 
and interpretation of the data with respect to 
principal plume rise formulas. The study was 
particularly timely because the experience, tech
niques, and special equipment developed in a 
preceding 5-year dispersion study were directly 
applicable. Also, available plant sizes, stack 
heights, and stack configurations accommodated 
full-scale assessment of plume rise over a wide 
range of conditions. The TVA fieldwork was 



BIOLOGICAL, MEDICAL, AND ENVIRONMENTAL RESEARCH 3 0 3 

conducted on 50 days totaling about 311 hours of 
field sampling. Data include 1,580 plume photo
graphs, 494 double- and single-theodolite pilot 
balloon runs, and 305 helicopter temperature 
profile runs. Total helicopter time was 188 hours. 
ESSA personnel from Oak Eidge provided 
valuable guidance in the programming and con
solidation of these data. 

Brookhaven is also analyzing measurements 
of sulfur dioxide at large distances from the 
stack in the case of "fumigation"—the term 
used to describe the sudden downward mixing of 
a plume once the reappearance of thermal con
vection following sunrise destroys the tempera
ture inversion that has kept the pollutants aloft 
during the night. This is thought to be one way 
in which relatively large concentrations of a 
pollutant might be attained at the ground at 
large distances. The sulfur dioxide data col
lected and provided to BNL by the TVA from 
its coal-burning power plants are especially in
teresting because they concern plumes from very 
tall stacks. This kind of data has not been avail
able before and will be invaluable in determin
ing the value of tall stacks for dispersing 
pollution. 

Diffusion or Dispersion 

Concentration Prediction 

In those cases wrhere the meteorological pa
rameters are known in advance (vertical tem
perature distribution, wind speed, direction, 
and wind variability), the concentration of con
taminants out to a few miles can ПОЛУ be pre
dicted with sufficient reliability for many oper
ational requirements. For instance, average air 
concentrations from a radioactivity release at 
the Brookhaven National Laboratory during 
November 11-16, 1964, were predicted by BNL 
meteorologists to within a factor of two, i.e., 
the concentrations were between % and twice 
the predicted values. Recent improvements in 
sensitive detection techniques have also permit
ted such comparisons with a full-year's data, 
using the minute amounts of iodine-131 rou
tinely released from the stack of the Brook

haven Eesearch Eeactor. The prediction system 
is based on a single wind instrument located at 
the same height as the stack, and it has been 
found that the system predicts the observed con
centrations at ground-level with reasonable ac
curacy. This accuracy might be improved some
what if the short-term variability in the release 
of iodine were more closely defined, but the sys
tem is satisfactory to assure that concentrations 
are kept within the established safety margin. 
Most recent studies include the measurement of 
emitted argon-41. 

Turbulent Energy Spectra 

To describe turbulence in a quantitative man
ner, meteorologists—in common with other 
workers in fluid dynamics—distinguish between 
the average circulation velocity which prevails 
throughout a given volume of fluid for a period 
of time, and the instanteous departures of fluctu
ations from that mean (in both speed and direc
tion) that occur at all intervening times and at 
all points within the volume. These instanta
neous fluctuations are often termed "turbulent 
eddies," but by this it should not be inferred that 
the individual circulation elements themselves 
necessarily resemble small vortices. For exam
ple, they may simply be short-lived changes in 
linear speed. A record of fluid velocity obtained 
at any one point within the volume will be found 
to oscillate in an apparently random manner 
around a mean value; but statistical analysis re
veals that these fluctuations actually occur in a 
fairly well organized fashion. This is shown in 
plots of the energy of the eddies versus their 
characteristic frequency, a type of graphical 
representation known as a "turbulence spec
trum" and illustrated in Figure 111-67. 

Figure 111-67 shows the averages of many 
such spectra measured at the Pacific Northwest 
Laboratory (PNL). The three average curves 
are for the horizontal eddies perpendicular to 
the average wind direction during sunny (un
stable), nighttime (stable), and windy (neu
tral) conditions. While the turbulent energy is 
generally less at night for all frequencies, a 
higher percentage of the energy occurs in the 
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Fig. 177-67. Turbulent Energy Spectra. Meteorologists 
describe the turbulence of the air by plotting a func
tion of the turbulent eddy energies (formula shown 
on left scale of chart) against a function of the eddy 
sizes, nz/O (at bottom scale). The product of the tur
bulent wind fluctuation frequency, n, and the power 
spectral density of the turbulence, Sv(n), divided by 
the total variance in the wind fluctuations, a v2, gives a 
measure of the fraction of the total turbulent energy 
occurring in each eddy size. The wavelength of the 
eddy, estimated by Ü/n, where Ü is the mean wind 
speed, is divided in the figure by the height, z, to 
remove dependence of the spectral distribution on 
height. This Pacific Northwest Laboratory plot is of 
the energy in the crosswind component of the turbu
lent motions of the air during sunny (unstable), 
windy (neutral), and nighttime (stable) conditions. 
Some of the energy seems to shift from the low fre
quencies of the day to the higher frequencies of the 
night. (Curiously, this shift was not observed as 
markedly in the vertical and along-wind components.) 

high frequencies at night than during the day. 
the low frequency eddies are large in size and are 
the ones that produce large snakelike patterns in 
a plume. The high frequency eddies are small in 
size and cause local expansion of the plume as it 
wanders under control of the larger eddies. 
Thus, the spectra can be directly related to the 
growth and meandering of a plume as it travels. 
Differences in the spectra between weather situ
ations and between sites explain differences in 
diffusion between times and locations. 

Useful information of another type is a,lso 
contained in atmospheric turbulence spectra. 
Nature continuously adds energy to the turbu
lent circulations, but this takes place almost en
tirely at the low-frequency, large-scale end 

through the agency of "eddies" such as those as
sociated with the formation of convective clouds. 
At the same time, an overall energy balance is 
maintained in the system by the continuous 
removal of turbulent energy at the very high-
frequency end of the spectrum, where very 
small, rapid motions, ranging from millimeter 
sizes to near-molecular scale, continuously con
vert the kinetic energy of the moving air into 
heat through viscous friction. As a result, there 
exists an intermediate range of turbulent eddy 
sizes where little or no energy is either added 
or subtracted; instead, it is here merely handed 
down the scale, from larger to smaller eddies in 
a highly-organized cascade process. 

Vertical Turbulent Exchanges 

Work a,t Argonne National Laboratory has 
shown that the well-established, statistical prop
erties of this organized turbulence regime (the 
so-called inertia! subrange) can be used to evalu
ate vertical diffusion rates through the lowest 
10 meters (32.8 feet) of the atmosphere. Since 
most of the energy input and at least half the 
energy losses of the entire atmospheric heat 
"engine" are transported by the turbulent ex
change across this region, some method of meas
uring this transport of heat, moisture, and 
momentum over an appreciable portion of the 
earth's surface constitutes a major hurdle which 
must be crossed before significant improvement 
in weather forecasting can be obtained. 

U p to now, it has not been feasible to treat 
storms as other than perpetual motion machines; 
forecasters, both human and electronic, have had 
to assume that cyclones and anticyclones neither 
gain nor lose energy as they move across the 
earth. In contrast to other techniques for evalu
ating these important vertical turbulent ex
changes, the methods of analysis and instru
mentation being developed at Argonne, are rela
tively simple; thus, they show promise of being 
adaptable to routine, world-wide meteorological 
measurement. For example, it has been shown 
that the downward flux of momentum associated 
with f rictiona.1 losses sustained by the wind as it 
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rubs against the earth can be measured with the 
single cup anemometer, an instrument especially 
constructed at Argonne for this purpose. What 
is more, since the turbulent mechanisms which 
transport momentum in the atmosphere are 
identical with those which disperse pollutants, 
continuing studies with this instrument and its 
associated data-analysis procedure at Argonne 
will contribute further to knowledge of the at
mosphere's ability to dilute waste materials in
troduced by industrialized civilization. 

Turbulence Measurement 

Unfortunately, the measurement of turbu
lence is a formidable problem. Considerable 
effort has been spent on the development of in
struments able to measure eddies of all sizes 
and at frequencies up to hundreds of cycles per 
second. In this regard, one of the major simpli
fications achieved by the Argonne work de
scribed above lies in the fact that it has been 
shown that useful information on turbulence 
can be obtained using instrumentation with rel
atively limited (but fully understood) response 
characteristics. Measurements have also been 
made at ANL of the properties of turbulence 
artificially generated in laboratory wind tun
nels and water channels in order to develop 
theories which might then be used in the out
doors. Much attention has been given to the re
lation between the turbulence measured at a 
point as the wind goes by (called an "Eulerian" 
measurement), and the turbulence carried with
in a "parcel" of the air as it moves around 
(called a "Lagrangian" measurement). (Where
as the turbulence at a stationary point is easier 
to measure, the turbulence in the moving parcel 
is what actually diffuses a plume.) 

AEC laboratories and contractors use several 
methods in attempting to follow or trace the 
moving parcels. Particles and gases have been 
placed in the air and captured again down
stream. Balloons have been tracked with opti
cal, radar, and radio direction finding devices. 
Smokes have been generated and followed with 
optical and camera equipment. 

The equipment and techniques developed un
der AEC contracts for tracing atmospheric mo
tions are also profitably employed in research 
on similar problems for other agencies. The re
sults of that work can be used in turn to predict 
the future course of radioactive materials. An 
example of this symbiotic relationship is the 
diffusion and transport work conducted by the 
Pacific Northwest Laboratory for the U.S. Air 
Force over the rugged Point Arguello terrain 
of the southern portion of Vandenberg Air 
Force Base in California. 

Modeling Air Motion 

The design of the Vandenberg Air Force 
Base experiments is essentially the same as that 
developed and used previously and currently 
for diffusion studies at the AEC's Hanford 
Works in southeastern Washington. The field 
samples are taken with Air Force-AEC devel
oped samplers and engines, and are assayed on 
automatic counting equipment developed under 
AEC sponsorship. 

The effects of large terrain features can be 
visualized from the photographs (Figs. 111-60, 
and 111-68) of a modeling study conducted in 
a wind tunnel at Colorado State University, 
Fort Collins. This modeling study, recently 
sponsored by the U.S. Navy was used to reveal 
flow characteristics which the design of full-
scale tests must consider, and can be used to 
extend the results of full outdoor field tests to 
larger distances and other situations. The PNL 
meteorologists consider the results of the out
door field tests and of the modeling studies 
when planning similar experiments for the 
AEC. 

Aircraft Sampling 

Although considerable progress has been 
made in the study of dispersion over short dis
tances, longer-distance dispersion investiga
tions are also required. The number of prob
lems where the mixing and transport properties 
of the atmosphere are of concern on such a 
broad scale are increasing rapidly. This is be-
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Fig. 111-68. Modeling Terrain Effects. The "aerial" photo, Figure 111-60, is of smoke patterns on a 1/12,000-scale 
model of the southern (Point Arguello), portion of the Vandenberg Air Force Base, Calif. I t was taken in a 
meteorological wind tunnel at Colorado State University, Fort Collins, as a part of a U.S. Navy study. The view 
of the model is toward east northeast as if from a few miles out over the Pacific Ocean. The beach on the right 
lies on the Santa Barbara Channel, and Pismo Beach is to the left. The artificial smoke issues from cotton soaked 
with titanium tetrachloride at the left (NW) side of the model. The air masses in this region are quite stable— 
a result of warmer air at higher levels—during much of the year. This condition is simulated in the tunnel by 
refrigerating the tunnel floor and heating the air. Model studies such as these help meteorologists explain 
measurements in full-scale field tests. When the two flow patterns correspond, the model can be used to predict 
concentrations over the less accessible or more distant regions. Field equipment, procedures, and tracer techniques 
developed under AEC sponsorship are in use in field studies at this site. 

cause of increases in the total amounts and in 
the toxicities of pollutants, and increases in the 
population densities around these pollutant 
sources. I t is not sufficient to determine meteor
ological variables at a single point to predict 
contaminant dispersal in the atmosphere; the 
parameters important in describing the disper
sion and transport can change radically with 
both time and distance because of changes in the 
meteorology and variations in the surface 
below. 

Field experimental investigation of long 
range dispersion and transport is difficult. Sam
pler sensitivity must be high to detect low tracer 
concentrations. A high mobility must be avail
able to rapidly sample tracers or contaminants. 

Pacific Northwest Laboratory uses two aircraft 
with AEC-developed "real-time samplers" 30 to 
extend sampling to heights, distances, and loca
tions impossible for surface vehicles (see Fig. 
111-69). The aircraft and samplers are in use 
over both the Hanf ord site and the Vandenberg 
Air Force Base. 

Through use of the aircraft and samplers, 
measurements of atmospheric tracers have 
shown an expected limitation on the upward 
plume growth when there is warmer air above. 
The effects of terrain variations on the plume 
growth also have been observed. In fact, the 

m These real-time samplers are based on a Pacific Northwest 
Laboratory design reported on p. 97 of the "Fundamental Nu
clear Energy Research—1966," as the "Rapid Response 
Recorder." 
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Fig. III-69. Airborne Tracer Sampler. Measurement of tracers from airborne platforms is necessary to extend the 
height and range of studies on the ability of the atmosphere to diffuse and transport pollutants. One tracer, 
used for many years, is a nontoxic zinc sulfide which phosphoresces after exposure to ultraviolet light. A 
sampler capable of measuring the phosphorescence of materials continuously during sampling was invented and 
developed at the Pacific Northwest Laboratory (PNL) and is now commercially available. The two samplers 
shown here are mounted in the nose section of PNL's flying atmospheric science laboratory. Systems of this type 
are used to follow tracers over mountainous terrain and adjacent seas. A similar ground-based sampler also 
provides comparisons of instantaneous measurements and average values (called peak-to-mean ratios), data 
not previously available in quantity. 

mixing by mountains masks the mixing caused 
by ordinary surface roughness and that due to 
oonvective activity, and the usual seasonal and 
day-to-night differences in concentrations are 
considerably reduced at the Vandenberg site. 
Deviations in the paths of plumes over large 
distances as a result of large terrain obstruc
tions have also been observed by PNL in its 
studies. 

Transport Studies 

The ability to predict the growth rates of 
plumes and the resultant concentrations of pol
lutants within narrow limits of error is of little 
use if the location of the plume cannot also be 
predicted. To predict the plume's centerline po
sition, the meterologist: (a) gathers all available 
wind direction and speed data, (Ъ) plots these 
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on maps, (c) draws flow lines to conform to the 
observed winds, and then (d) moves the plume 
along the flow lines with the measured wind 
speeds. Over flat land this usually works rather 
well for limited distances, but in mountainous 
or sparsely populated areas there are too few 
wind observations. Further difficulty arises be
cause the wind speed and direction change with 
height. As a result, that part of a plume which 
diffuses or climbs upward is swept off in new 
directions with higher sjjeeds—forcing the me
teorologist to predict travel paths at several 
higher levels, and with still fewer wind meas
urements. It is also true that large air masses 
can climb or descend slowly with plumes con
tained within them, and that over large dis
tances rather weak, unmeasured vertical mo
tions can produce important changes in the 
travel heights of plumes. 

"Isentropic" Trajectories 

The best possible method for determining 
long-range trajectories uses the fact that the 
air tends to travel along surfaces of constant 
energy, called "isentropic surfaces." Material 
released at a position in air which has a certain 
energy will approximately travel so as to be in 
air of the same energy at points downwind. 
The heights and shapes of these constant energy 
surfaces are calculated from radiosonde reports 
(radio weather balloon observations taken 
twice daily throughout the world for use prin
cipally in weather forecasting). These calcula
tions must be very accurate in order to compare 
with observed tracer movements, and are also 
quite tedious. Therefore, computer programs 
have been developed with AEC support by 
Pacific Northwest Laboratory, Pennsylvania 
State University, and the Illinois State Water 
Survey, and are used in their research studies 
of atmospheric tracers. 

Figure 111-70 is a vertical cross section of 
the atmosphere purposely selected to show how 
the isentropic surfaces can be used to predict 
gradual changes in the elevation of pollutants. 
This section lies with the wind direction (NW 

Fig. III-70. Long Range Transport Studies. This Pa
cific Northwest Laboratory drawing shows a slice of 
the atmosphere in the direction of the wind on a 
selected day. The surfaces of constant energy (isen
tropic surfaces) along which the parcels of air can be 
expected to travel are the thin, wave-like lines. Near 
the earth some of them intersect the mountainous land 
surface, which presents an obstacle to further motion 
of the air. The spacing of these lines indicates the 
stability of the air. The air above Salt Lake City in 
this case is quite stable, and pollutants in the vicinity 
cannot travel very far before intersecting the surround
ing moutains. 

to SE) from Seattle, Wash., through Boise, 
Idaho, to Salt Lake City, Utah. Since pollutants 
placed on a surface will tend to remain there, 
on this particular day it may be predicted, for 
example, that: 

(1) Pollutants released near the ground at 
Seattle will not get past the mountains 
immediately to the southeast; 

{£) Pollutants released at 2,000 meters (6,500 
feet) over Seattle may go through the 
mountain passes and get as far as the Boise 
area, but cannot penetrate the barrier pro
tecting Salt Lake City; and 

(S) Pollutants released at low levels in the Salt 
Lake Basin cannot escape and will continue 
to accumulate until a new storm comes in to 
exchange the air of the basin. 

Progress in the ability to predict trajectories 
comes very slowly, primarily because of insuf
ficient wind data, but also because predicted 
trajectories are seldom verified (concentrations 
become too low to measure or may not be obtain
able for other reasons). The meteorologist pre-
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diets the long-range track of some material, 
but seldom learns whether he was right or 
wrong, and therefore cannot see how to improve 
his techniques. Recently meteorologists at the 
Lawrence Radiation Laboratory, Livermore, in 
studies aimed at developing atmospheric trans
port and dispersion models for the Plowshare 
Program, have been tracking exhaust from sta
tionary experimental nuclear rocket engine test 
firings at the Nuclear Rocket Development Sta
tion, in Nevada, using aircraft equipped with 
sensitive detectors to follow the plumes for long 
distances. 

Search for Better Tracers 

Experiments to verify forecasts based upon 
semi-theoretical transport models call for fur
ther advances in tracer technology. Tracer 
sources of opportunity such as the nuclear rocket 
engine test (see above) are necessarily conducted 
too infrequently, and under too-highly re
stricted conditions, to permit sampling a suita
ble range of meteorological and topographic 
conditions. Several laboratories are therefore 
searching for techniques that will allow the 
measurement of minute amounts of a tracer 
material among the relatively large amounts of 
natural or "background" materials present in 
the air and in the material used for filters. 

The University of Michigan and Pacific 
Northwest Laboratory are experimenting, in
dependently, with some of the "rare earth" ele
ments which have naturally low backgrounds. 
These elements are measured in quantities as 
small as one-billionth of a gram using the "neu
tron activation" technique. For this technique, 
the neutrons present in a reactor are used to 
make a sample radioactive (after it has been 
collected from the air), and then special count
ers determine how much of the resultant radio
activity is from the tracer material. 

Some promise of a naturally occurring tracer 
is given by Pacific Northwest Laboratory's in
vestigation of radionuclides normally produced 
in the air by cosmic rays. These radionuclides 
are formed continuously from oxygen, nitrogen, 

and argon, and have half-lives which vary from 
seconds to millions of years. The long-lived nu
clides are useful in defining stratospheric-tropo-
spheric exchange processes. The r e l a t i v e 
amounts of long-lived and short-lived nuclides 
in rain water are already providing insight into 
the scavenging processes at work in rain clouds. 
The research may consequently also have a pay
off in weather modification. 

PRECIPITATION SCAVENGING 

The scavenging of the numerous pollutants 
placed in the air by both man and nature is 
essential to man's survival. The inability of dry 
deposition to cope with air pollution is evident 
in our cities and valleys during dry and stag
nant conditions. That the entire earth's atmos
phere is not intolerably defiled is due to rain-
out and washout by falling rain and snow. 

Scavenging Processes 

Conventionally, rainout is defined as those 
processes occurring within clouds, and washout 
as those processes occurring below clouds. How
ever, this is not necessarily the best way to 
break up the research problem, since many of 
the processes within and below the clouds are 
the same, with only the size of the waterdrops 
and ice crystals doing the scavenging being 
different. 

The process of collecting a particle by a bit of 
water or ice may be a simple matter of impaction 
or inertial collection, i.e., the particle cannot 
make the turn to get out of the way of the falling 
droplet or snowflake. The collection process may 
also get some contribution from molecular dif
fusion and electrostatic forces, or from diffu-
siophoresis, which is the motion of the particle 
under the flow of water molecules rushing to
ward the growing water droplet in a super
saturated environment. 

Determining the collision process, then, re
quires a nonlinear equation involving several 
forces, and the rather uncertain velocity field of 
the air flowing past the falling droplet or flake. 
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Mathematical computer solutions of this equa
tion have been made only for uncharged parti
cles of rather small size being overtaken by 
spherical raindrops. Because the equations are 
so difficult to adequately formulate for rain, and 
currently impossible for snowflakes, and be
cause it is not certain that the particles will 
stick when they do strike the drop or snowflake, 
the scentists have had to rely mostly upon 
experimentation. 

Scavenging Experiments 

Much of the experimental work on precipi
tation scavenging has followed the method of: 
(a) measuring the collection of each size of 
drop on each size of particle, (5) independently 
measuring the sizes of drops that fall in a rain, 
and (c) then multiplying the results to obtain 
the total predicted washout. This is, of course, 
a very tedious though rewarding effort. Figure 
111-71 shows the results of such work with zinc 
sulfide particles at the Pacific Northwest Lab
oratories (PNL). These particles fluoresce a 
brilliant green under ultra violet light, and thus 
may be easily distinguished from the other dirt 
carried by the rain. 

On the left of Fig. 111-71 is an actual rain 
sample taken with a special paper. This paper 
is water sensitive and appropriate processing 
produces high contrast between the wetted and 
nonwetted portions of the paper. In rain sam
plers developed by PNL, this paper provides 
a permanent record of the raindrop's content 
and size. The spot sizes have been calibrated to 
yield the sizes of the raindrops producing them. 

A raindrop which has fallen through a cloud 
of zinc sulfide particles typically presents a 
microscopic view such as in the upper right of 
Figure 111-71. Background particles are ob
served on the paper outside the drop. Within 
the drop the particles are grouped mostly near 
the center of the image, a characteristic of 
scavenging by an artificial raindrop. 

The image of a natural raindrop that has 
fallen through a plume of zinc sulfide and zinc-
cadmium sulfide particles results in the zinc 

sulfide particles being distributed throughout 
the image rather than in groups. Yet, cadmium-
zinc sulfide particles in the same natural rain
drop will be all at one edge of the image. The 
differences noted may be due to electrical effects 
on the paper surface, or perhaps to differences 
in "wettability." (Wettability of a large solid 
is usually defined in terms of the angle between 
that solid and a touching water drop, but, in the 
case of a small particle, such definitions are 
tenuous.) Aerojet General Corp., Downey, 
Calif., has found that the speed at which a drop
let envelops a particle depends upon the electri
cal charges present, and these results indicate 
that the drop will not wet the particle when 
there is no electrical field present. 

The lower right of Fig. III-71 is a graph of 
collection efficiency versus particle diameter for 
several raindrop sizes. Theory predicts, when 
considering inertia only, that the effiicencies 
should lie in the shaded area. That they do not 
is only partially the result of experimental 
error; air flow patterns around the falling drops 
are different from the idealized patterns used in 
the theory. Still other effects appear to be 
involved. 

Washout Below Clouds 

When trying to measure washout of particles 
or gases in the field or in the laboratory, a major 
problem is to determine the concentration of the 
tracer in the path of the relatively small rain
drop. The concentration will vary in all four di
mensions, and yet the raindrop will sweep out 
a column of only pencil-lead size. I t becomes 
necessary to average the collections of many 
raindrops, as well as to "fight" sampling errors. 

A different approach to this problem is to re
lease a measured quantity of tracer into the air, 
and mathematically evaluate the amount of 
tracer in the path of the rain or snow collected 
in buckets below. The falling precipitation inte
grates the plume vertically and precipitation 
samples collected along a line laid out crosswind 
integrates the plume cross-axis. By sampling 
precipitation during the entire plume passage, 
the plume is integrated down the axis. The indi-
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Fig. Ill-fl. Raindrop Scavenging Studies. The water-sensitive paper shown at left is used to provide a. permanent 
record of the particles washed from the air by raindrops of different sizes. A special particle tracer can be 
released into the air during rain and later be counted: and sized by the individual raindrops collected on this 
paper. The fraction of the particles in the path of a drop which get collected is called the collection efficiency 
for that drop size. Studies using fluorescent zinc sulfide particles at Paoific Northwest Laboratory have shown 
some deviations from theoretical predictions. The results in the graph (lower right) show that the smaller 
raindrop has a higher collection efficiency—something that was not predicted by theory. 

vidual samples are simply poured together to 
perform the integration. Then, from a measured 
wind speed, it can be calculated how long the 
plume was over the samples below, and finally 
the fraction of the plume washed out in a given 
time. 

Pacific Northwest Laboratory has established 
an experimental site on an irrigation lake bed 
in the Cascade Mountains of Washington. A 
40-foot tower (see Fig. 111-72) is used for re
lease of small quantities of bromine and iodine 

vapors and nom-adioactive particulates. The 
ground-level collection buckets are located on 
concentric arcs, and are lined for each test with 
new plastic bags so that the samples are not con
taminated. The bags are gathered after the 
plume has passed, the rain or snow in them is 
poured together, and the total sample is re
turned to the laboratory for neutron activation 
and radiochemical analysis. 

The precipitation rate is determined from the 
amount of water collected over the known time 
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jftfif. 111-7%. Washout Experiments. Various kinds of gases and particles are released from this 40-foot tower in 
the Cascade Mountains of Washington during rain and snowstorms. The precipitation picks up some of the 
released materials and falls into the buckets below. Laboratory analysis of the water later, reveals the rate at 
which the precipitation scrubbed the air of pollutants. This rate is found to depend upon the type and sis» of the 
snowflake or raindrop, upon the solubility and diffusion of the gas, and upon the size and electrical charge of 
the particles. An, instrument to measure the electrical charge of individual snowflakes and raindrops is under 
development at Pacific Northwest Laboratory. 

of release. The rate of rainfall can also be cal
culated from measurements of the drop size dis
tributions made with water-sensitive paper (see 
Fig. III-73). The precipitation rate, the size of 
raindrop, crystal type of snowflake, and elec
trical charges have been found to determine 
variations in washout rates. 

The collection efficiency becomes quite small 
as the particle size decreases—theoretically, it 
goes to zero in the absence of electrical forces, 
and raindrops could not then scavenge sub-
micron (less than 1/25,000-inch) particles. PNL 
scientists have recently measured the scaveng
ing rate of snow and rain on such small particles 
(and gases as well) using the neutron activation 
analysis techniques described above. The wash
out is attributed to molecular diffusion of small 
particles to the drop or flake, and to attraction 
of electrical charges on the rain and snow. 
Special equipment is being developed to meas

ure such electrical charges on individual rain
drops and snowflakes, whose sizes run from 

i%00 of an inch in diameter. Vioo to 

DEPOSITION AND REENTRAINMENT 
In the absence of precipitation, and when the 

pollutant source is near the ground, substantial 
amounts of airborne material may contact and 
remain on the earth's surface and vegetation. 
The delivery of the pollutant to the immediate 
vicinity of the surface is a turbulent exchange 
process, and obeys most of the same laws that the 
exchanges of heat, momentum, and water vapor 
follow. But travel through the last few inches 
or fractions of an inch to the earth and vegeta
tion is determined by an uncertain mix of set
tling, electrical attraction, impaction on tiny 
hairs and stems in the case of particles, and of 
molecular diffusion and chemical reaction rates 
with the surfaces in the case of gases. 
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Dry Deposition 

Theories of dry deposition are still rather un
satisfactory. In field experiments, meteorolo
gists measure a quantity called "deposition 
velocity," which is merely the rate at which the 

pollutant is deposited on an area of surface, 
divided by the concentration of the pollutant 
in the air above. Although widely used for want 
of a better scientific approach, the use of depo
sition velocity does have some weaknesses. For 
one thing, the concentration of the pollutant in 

^=^jzrjzizznzzz} 

Fig. III-7S. Size Distribution of Raindrops. The sizes of raindrops have been measured since before 1900 by 
means of the spots left on water-sensitive paper. Although modern methods include automated optical-electronic 
equipment, and cameras, water sensitive paper is still favored by scientists for some purposes. Here, an overlay 
is being used to separate rain spots into different size classes. The Pacific Northwest Laboratory uses letters 
rather than numbers on the overlay so as to prevent a subconscious preference for certain numbers (such as 
5, 7, 10) from biasing the data. The wedge-shaped design of the overlay also reduces errors due to personal 
judgment. These spots are several times as large as the raindrops that made them. (This relationship was 
determined through laboratory tests using falling drops.) This paper is currently used only in light rains when 
it does not become quickly saturated. The spots can be later cheeked for particles "washed" from the atmosphere 
by the raindrops. Size distributions of raindrops obtained by this and other means are used to predict washout 
and radar wave reflectivity. 
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Figs. HI-74 <md 75. lodme Tests at NRTS. Chart on left shows a scatter diagram of deposition velocity vs 
friction velocity, and the line of best fit, from data collected during experiments at the National Reactor Testing 
Station (NRTS) on the deposition of radioactive iodine (PM) on carbon plates when released under stable and 
unstable atmospheric conditions. Chart on right shows the deposition velocity of Г и onto grass; it, too, appears 
to be linearly related to the friction velocity. 

the air depends upon the height at which it is 
measured, and it also depends upon the dis
tance away from the source. Secondly, the 
physical characteristics of most pollutants 
change with time and distance away from their 
source, becoming attached to dirt in the air, 
gaining or losing electrical charge, and reacting 
with water vapor in the air. Since the larger 
particles settle out nearer the source, there is 
obviously a change in the rate at which the re
maining cloud deposits. And, strange things 
happen with such reactive gases as iodine, 
where the physical characteristics of the gas ap
parently change with time. 

Deposition Measurement Tests 

Field tests measuring the deposition velocity 
of radioactive iodine over pasture grass, and 
subsequent uptake by milk cows, have been con
ducted at the AEC's National Eeactor Testing 
Station (NRTS) in Idaho, and at the Hanford 
operations site. Similar tests using small copper 

spheres, uranine dye, and pollen particles are 
being conducted at the Brookhaven National 
Laboratory site on eastern Long Island.31 

Iodine tests at NRTS. In the field studies at the 
NRTS it has been found that the' deposition 
velocity onto plates of activated charcoal is 
linearly related and highly correlated to the 
friction velocity. The friction velocity is a meas
ure of the quantity of high frequency turbu
lence near the ground, and is linearly related to 
the average wind speed (see Fig. III-74). The 
deposition velocity onto grass divided by the 
grass density, expressed in dry weight per unit 
horizontal area, also appears to be linearly re
lated to the friction velocity (see Fig. III-75). 

Theoretical analyses of turbulence and air 
concentration profiles of iodine-131 to deter
mine differences in the flux of momentum and 
of mass are also being carried out at NRTS. 
Interpretation of these results are complicated 
because neither carbon plates nor grass provide 

«See pp. 196-208, 
search—1965." 

"Fundamental Nuclear Energy Be-
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a perfect sink for iodine deposition. Carbon 
plates are about 20-80% efficient, while grass 
provides a variable sink which is dependent 
upon height, density plant metabolism, and 
probably other factors. Another significant 
finding of the NRTS field experiments is that 
from 30 to 50 percent of radioiodine released to 
the atmosphere in a gaseous form is irreversibly 
attached to the natural aerosol within a few 
seconds. 

Brookhaven fests. In the Brookhaven experi
ments, the mean air concentration and deposi
tion to both natural and artificial surfaces are 
measured simultaneously. Deposition is also 
calculated by computing the loss of airborne 
tracer material over specified distances. Meas
ured values are usually no less than half nor 

DEPOSITION GRAINS/M2 RUN 4 0 2 4 

more than twice the calculated values. Similar 
agreement is found with deposition computed 
using a statistical dispersion equation. Experi
mental results obtained indicate that deposition 
to a short grass-covered surface may average up 
to 50 percent higher than to a relatively smooth 
surface, such as the sticky paper and greased 
glass slides used as deposition collectors (see 
Fig.III-76). 

Dispersion and deposition experiments con
ducted in a wooded region by BNL show that 
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Figs. 111-16 and 77. Field Deposition Experiments. At left'ure computed and measured deposition patterns from 
a dispersion experiment at Brookhaven National Laboratory over a grass-covered surface, using tracer particles 
20-microns in diameter released from a height of 1.4 meters (4% feet). Chart at right, shows the percent of 
20-micron diameter particles remaining airborne while passing through or above a pine forest with 11-meter 
(36 feet) tall treeSi The particles were emitted from four heights, as shown in the figure from a point 30 meters 
(98 feet) upwind of the forest edge. 
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particulate clouds carried into a forest are de
pleted at a faster rate than clouds passing over 
open terrain, since particles are lost by impac
tion on twigs and foliage as well as to the 
ground (see Fig. I I I -77 ) . Deposition velocities 
calculated from field experiments are commonly 
several times the gravitational settling velocity 
of the tracer particle indicating the important 
role of turbulence impingement, impaction, and 
other nongravitational forces in the deposition 
process. 

Pipe and duct tests. Deposition rates are also 
being measured within pipes and ducts by 
Pacific Northwest Laboratory at the Hanford 
site. Early theory assumes that particles move 
toward the wall of the tube according to the laws 
of turbulent diffusion, and that the tube wall 
holds the particles contacting it. Consequently, 
it is expected that the highest concentration of 
particles will be in the gas along the center of 
the tube, and that the particles will move toward 
the wall, according to the gradient of this con
centration. With the Avail acting as a perfect 
"sink," i.e., keeping all the particles that strike 
it, the lowest concentration of particles in the air 
should be next to the wall. 

For many conditions, greater amounts of par
ticles have been observed moving down the tube 
very near the tube wall. This maximum near the 
wall was unexpected. If such a thing were to 
materialize, even momentarily, it should soon be 
destroyed by particles diffusing towards the 
tube center. Yet, results are quite reproducible. 
I t is obvious that the diffusion of material from 
the central region of the tube to the wall cannot 
always be expressed by the simple diffusion of 
current theories. Meteorologists are not able to 
control all variables in the outdoors, so the hope 
is that laboratory tests of this type will provide 
clues to what occurs in the field. 

The Pacific Northwest Laboratory data for 
particles 1/10,000-inch in size moving in tubes 
also suggest that all of those particles striking a 
plain surface do not remain, and that deposition 
on a tacky surface is significantly greater than 
for an untreated tube surface. These data show 
unexpectedly that for particles as small as 

1/10,000-inch some rebounding or reentrain-
ment may occur in an untreated tube. An "ac
commodation coefficient" appears to be required 
to account for these observations. 

Particle Pickup and Reentrainment 

Gases and particles previously in the oceans 
or on the earth may also become airborne 
through ill-defined evaporation processes, or 
through the dynamics of wind forces. Once air
borne, they are subject to diffusion upwards by 
the turbulent atmosphere, and to horizontal 
transport by the average wind. Research on mi-
crometeorological processes does not always re
quire the use of tracers introduced specifically 
for those studies. Often, productive research can 
be accomplished with tracers unintentionally 
placed in the air. For instance, many radionu
clides eventually become airborne as a result of 
normal reactor operations. 

At AEC's Hanford plant, near Richland, 
Wash., water from the Columbia River is used 
as a reactor coolant, and then is retained in cool
ing ponds for a time before its return to the 
river. Air sampling studies by P N L have shown 
that not only do some of the gases in the water 
become airborne, but also some of the solid ma
terials. Although these are in quantities too 
small to present health hazards, sophisticated 
counting equipment can measure their relative 
amounts. These include radionuclides without 
gaseous parents (manganese-56, sodium-24, 
zinc-65, copper-64, chromium-51, lanthanum-
140, scandium-46, and cobalt-60), and radionu
clides with gaseous parents (barium-140, cesi-
um-137, and cesium-138), as well as gaseous 
radionuclides (iodine-133, iodine-134, iodine-
135, and chlorine-38). Their physical and chem
ical forms have been studied in air samples 
taken at distances of 50 to 1,000 meters (160 to 
3,200 feet) from the ponds. 

The relative concentrations of the solid radio
nuclides in the air compared to their concentra
tions in water varied by as much as 1,500 times. 
Typical enrichment factors in air, using man
ganese as a base of comparison, are: 
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Manganese 1 time 
Sodium 2.7 times 
Arsenic 10 times 
Zinc 40 times 
Copper 100 times 
Chromium 100 times 
Lanthanum 400 times 
Scandium 900 times 
Cobalt 1,500 times 

Future studies on the comparative evapora
tion of iodine, bromine, and chlorine from the 
same cooling basin may provide insight into 
why the concentrations in air of these three 
halogens are not in the same proportion as 
found in the sea—a question of current interest 
in precipitation scavenging research. 

DATA COMPILATIONS 

The bahavior of pollutants in the atmosphere 
is theoretically determined by numerous mi-
crometeological parameters, e.g., small scale 
variations in wind, temperature and energy. 
The AEC has had a continuing program of 
measurement on a number of these parameters 
since the 1940's and a large mass of data has 
been collected, processed to some degree, and 
stored for possible future use. 

Site Data Accumulations 

Each of the AEC's Laboratories has an ac
cumulation of meteorological data peculiar to 
its own site, but in some ways similar to that 
at other sites. In a typical 20 minutes of record 
taken at Argonne National Laboratory, 6,000 
measurements of wind direction, speed, and 
temperature can be extracted and processed by 
an electronic computer. The computer supplies 
graphic representations of the high frequency 
air motions in the form of "power spectra" of 
the wind and temperature. These power spectra 
are related to the friction of the air over the 
earth, and to the evaporation of water bodies, 
as well as to the rate of spread of pollutant 
plumes and puffs. 

An example of the wealth of information 
available in these archives is provided by a dew 

point study conducted at Argonne. Figure I I I -
78 shows the diurnal (daily) changes in the 
wind, temperature, dew point, and radiation 
(sunshine) for a few days' period. I t is obvious 
that these variables are interdependent. Some 
of these changes are related to the loss of mois
ture from vegetation. 

Similarly enormous volumes of data are col
lected on magnetic tape at the Brookhaven 
National Laboratory, partially processed by a 
computer, studied and then stored for possible 
future use. Studies are continuously underway 
to find better ways of grouping, classifying, and 
presenting such data. 

Typical Use of Stored Data 

An example of the use that can be made of 
long records of data is the prediction of the 
probability of extended periods of extremes or 
of unfavorable weather conditions. In the case 
of reactor hazard evaluation, satisfactory en
gineering solutions are available for the predic
tion of the hourly mean concentration from a 
continuous point source, based on field tests of 
diffusion for relatively short periods. However, 
it is not practical to conduct field tests for long 
time periods, so that meteorologists resort to a 
simple technique for estimating dosages for 
long-time periods, using the data taken in field 
tests over short periods. This technique involves 
calculating the concentration for the shorter 
periods of interest, and expanding the evalua
tion in time by summation of successive periods. 
The variability of wind direction, wind speed, 
and dispersion conditions is thus completely 
taken into account and an average dispersion 
climatology may be developed. 

However, this technique cannot be readily 
used in estimating the worst possible conditions 
that might accompany a release of material, 
either accidental or routine, due to the limita
tion of available data. For periods up to 7 hours, 
it may be assumed that extremely adverse dis
persion conditions could exist from any direc
tion, but for longer periods that assumption is 
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Fig. II 1-18, Portrayal of Miorometeorological Data. Large quantities of measurements of meteorological vari
ables are computer1 processed and stored at the ABC's national laboratory sites. The interrelationships of these 
variables is demonstrated in these Argonne National Laboratory graphs of the dew point, temperature, wind, 
and solar radiation (sunshine) and other variables over a several-day period in 1966. 

unrealistic, and the least favorable conditions 
are usually determined by the lack of variability 
in the wind direction. 

The most common expression of direction 
variability is "persistence," in which the num
ber of consecutive hours where the wind re
mains in some preselected annular direction 
sector is tabulated. This method can fail to in
dicate the extent of a given hazard, since the 

deviation of the wind from a given sector for 
an hour effectively ends a period of persistence 
even though the wind can resume the same direc
tion immediately thereafter. To handle this fail
ing, BNL meteorologists have applied the eval
uation technique called constantly (steadiness) 
as a tool to indicate clearly the fluctuations of 
wind direction as a function of time with their 
associated probability of recurrence. 



Fig. HI-79. BraAn Tumor Probe. The X-ray photograph shows a rigid silicon, beta-sensitive semiconductor 
detector probe placed in a patient with a malignant glioma (tumor) of the brain. The probe, developed by Solid 
State Radiations, Inc., Los Angeles, is undergoing evaluation at the University of California at Los Angeles and 
can accurately indicate the boundaries of a tumor as it passes through it. Little or no damage is done to the brain 
cells by the probe. See page 329 for details. 

SEMICONDUCTOR DETECTOR APPLICATIONS 
Semiconductor detector programs have been conducted by the AEC for several 
years because of their potential value for applications in biology and medicine. 
The smallest sizes possible are valuable for use as probes and implantable 
detectors for both clinical and experimental use and the considerably increased 
energy resolution can be applied to the analysis of radioactive materials. Except 
in situations wherein the environment of the early delicate detectors could be 
carefully controlled, e.g., counting prepared radioactive samples, biomedical 
applications have been slow to develop, while applications in the physical 
sciences have been widespread since the first primitive detectors appeared. 
Exploitation and evaluation of semiconductor detectors from the biomedical 
programs by the physical scientists has, however, allowed the art to so advance 
that many valuable biomedical applications are now being developed. 

SEMICONDUCTOR DETECTORS tr*c c u r r e n t i s extremely small compared to 
conductors like copper. However, this current is 

A semiconductor is a material .such.as silicon: . „not absent .as it.is in insulators. Nuclear radia-
or germanium through which the flow of elec- tion such as an alpha particle absorbed by semi-

319 
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conductor materials causes the release of posi
tive and negative electric charges within it. I f 
an electric field is present, the charges released 
by the particle momentarily increase the flow 
of electric current, thus, providing a radiation 
detection mechanism. This situation is a solid 
state counterpart of the more familiar gaseous 
counter, wherein radiation causes the dissocia
tion of gas molecules into positive and negative 
charges. The semiconductor radiation detector 
has the advantages of greater radiation absorp
tion efficiency and mechanical simplicity. 

Early attempts to develop "solid ionization 
chambers" were unsuccessful because the con
ductivity of the impure semiconductors then 
available resulted in background leakage cur
rents that completely masked the signal pulses 
generated by radiation interactions in the de
tector materials. Other objectionable character
istics attributable to chemical impurities and 
crystalline imperfections caused these attempts 
to be abandoned. In recent years, single crystals 
of silicon and germanium have been produced 
of purity and crystalline perfection many times 
better than other available materials. However, 
at room temperature the conductivity of even 
these materials still produced excessive leakage 
currents. 

Positive-Negative Charge Junctions 

A technique that reduces the intrinsic con
ductivity problem has been successful in semi
conductor detector fabrication. This method de
pends upon the controlled addition of small 
amounts of impurities into a sample of silicon 
or germanium so that the specimen is divided 
into two regions that differ in their electrical 
natures. This type of structure comprises what 
is termed a reverse-biased diode. If, in a silicon 
sample, impurity atoms such as boron are pres
ent (which are electron deficient relative to sili
con) , then an excess positive charge exists and 
an increased conductivity because of these 
charges is observed. Such material, exhibiting 
conductivity due to an excess of positive charges, 
is termed " P " (positive)-type material. How

ever, if an excess of impurity atoms such as 
phosphorus is present (which have one more 
valence electron per atom than silicon), then a 
"N" (negative) -type silicon is obtained, wherein 
conductivity results from excess electrons. The 
reverse-biased diode type semiconductor detec
tor is simply a specimen of silicon or germa
nium—typically disc shaped—wherein one sec
tion is "N"-type material in junction contact 
with a "P"-type section. This configuration is 
called a P - N junction. Diffused junction de
tectors are fabricated by exposing a specimen 
of, say, P-type silicon to an impurity dopant, 
e.g., phosphorus, which will diffuse into the base 
material a short distance and establish a thin 
N-type layer. Excess of N-type material is re
moved so that the remaining layer is very thin. 
The junction is formed at this interface between 
the P-type base and the N-type layer. 

P-N Pairs Created by Radiation 

Electrical contacts are applied to.each section 
and a potential difference is applied across the 
P - N structure so that the excess electrons in the 
N-type material and the excess positive charges 
in the P-type material are drawn away from 
the junction between the two types of material. 
A so-called depleted region is thus established 
in which an electric field exists when voltage is 
applied, similar in function to the sensitive vol
ume of an ionization chamber (see Fig. I I I - 8 0 ) . 
Radiation entering the depleted region creates 
positive-negative charge pairs by ionization and 
the collection of these charge carriers produces 
the electrical signal as in an ionization chamber. 
However, the depth of the depleted region is 
limited in such detectors to about 1 millimeter 
because of residual leakage current. The prin
cipal origin of this leakage current is the de
tector surface and the control of such current 
"noise" has been one of the major research and 
development problems. However, even if surface 
leakage currents could be controlled, the rela
tively small amounts of impurities remaining in 
the available silicon would permit volume leak
age currents sufficiently high to allow only thin 
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detectors to be made. The thin detectors are 
useful for alpha and moderate energy beta ray 
detection, and spectroscopy of some environ
mental and biological samples. However, they 
were not satisfactory for use as efficient gamma-
ray detectors needed to analyze mixtures of en
vironmental radioactive contamination and 
low-level radioactivity studies in both environ
mental and biological systems. 

Historical Aspects 
Program Initiated in 1958 

A semiconductor radiation detector program 
for eventual biomedical use began at Oak Ridge 
National Laboratory (ORNL) shortly after the 
successful application of germanium junctions 
to a nuclear physics experiment at ORNL in 
1958. An additional program was also estab-
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Fig. Ш-80. Functional Diagram of a Semiconductor Detector. During operation of a semiconductor detector, an 
electric field sufficient for the collection of charges released by incident radiation exists only in the depletion 
layer. The depletion layer depth depends on the value of externally applied bias voltage. Badiation reaching the 
depleted' region from a source external to the detector creates positive-negative charge pairs by ionization; the 
collection of these charges produces an electronic signal indicating the detection of radiation. 
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lished at Brookhaven National Laboratory, 
which for a number of years was carried on 
jointly with the Bell Telephone Laboratories 
(BTL) at Murray Hill, N.J. These programs 
concentrated on study of the basic detector phe
nomena and the development of improved de
tectors and advanced circuitry. Biomedical ap
plications of the technological advances at the 
AEC's national laboratories have often been 
carried on in off-site cooperative programs be
tween commercial laboratories and appropriate 
biomedical investigators. 

In 1962, it was shown that the few positively 
charged impurities remaining in high purity 
P-type silicon could be compensated for by 
drifting lithium through the lattice under an 
applied electric field which made it possible to 
obtain sensitive volumes of one centimeter or 
more in depth. The lithium atom acts as a singly 
charged electron donor which drifts with high 
mobility through the silicon crystal lattice. The 
lithium ions remain in the vicinity of acceptor 
(positively charged) sites as they are encoun
tered and very effectively neutralize their elec
trical activity. At Brookhaven, the relevant 
parameters involved in this process were ana
lyzed and apparatus was developed to drift the 
lithium at the most efficient rate. Germanium, 
the only other semiconductor material that has 
been developed to a very high degree of purity, 
is a heavier element and so more suitable for 
gamma-ray detection. However, at room tem
perature it has a very large leakage current and 
must be operated at liquid air temperature to 
function as a detector. This requirement pre
cludes its use at present for many purposes, such 
as in vivo detectors. As for silicon, lithium com
pensation of the residual imperfections is neces
sary in germanium. 

Since the drift rate becomes slower as the 
thickness of the compensated region increases, 
It is not practical to drift lithium more than a 
centimeter or so. Large volume detectors 
however, have been made at Argonne and 
Brookhaven National Laboratories by drifting 
lithium from the surface of a cylinder toward 
the center, leaving an axial core of uncompen-

P-N JUNCTION P-N JUNCTION 

LOW SURFACE FIELDS 

HIGH SURFACE FIELDS 

Fig. Ш-81. Contoured. Amplifying Detector. The 
drawings show the effect of contouring on surface elec
tric fields to reduce spurious electrical noise pulses in 
diffused junction detectors. The one on the left illus
trates qualitatively the distribution of voltage levels 
in a detector such as shown in Fig. III-80. Close spac
ing of voltage levels at the surface indicates a concen
tration of high surface electric fields at the P-N 
junction. These high fields limit the voltage that can 
be applied without causing electrical breakdown. 
Drawing on right, illustrates the change in voltage 
distributions at the contoured surface, which results 
in substantially lower surface fields in the vicinity of 
the junction. Consequently, much higher external volt
ages can be applied without causing excessive surface 
breakage currents or electrical breakdown. The con
touring approach was developed for the AEG by Gen
eral Electric's Missile and Space Division, King of 
Prussia, Pa. 

sated material. An alternative method of pro
ducing a fully compensated thick detector was 
initiated in 1966 at Argonne, where lithium was 
drifted from one side toward the center; then, 
after reversing the contacts, lithium was drifted 
from the opposite side until the two compensated 
regions met. At Brookhaven, the same effect was 
accomplished by performing the drift under an 
applied alternating electric field so that the 
drift proceeded from the two faces toward the 
center on alternate phases of the applied a.c. 
voltage. 

Amplifying Detectors 

In 1963, an AEG-supported program was 
initiated at the General Electric Missile and 
Space Division, King of Prussia, Pa., to investi-
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Fig. III-82. Contoured Avalanche Principle. Drawing illustrates the multiplication process in a contoured 
avalanche detector. Electrons originating in the "drift" region are moved to the depletion layer by a small but 
effective electric field arising from a gradient of positively charged dopant atoms. The large electric field existing 
in the depletion layer accelerates the electrons sufficiently to form an avalanche output pulse containing up to 
1,000 times the original input charge. 

gate a method of reducing surface noise cur
rents in diffused junction detectors. For a 
variety of reasons, the exposed edge of a junc
tion detector usually has physical and chemical 
characteristics that differ from the interior bulk 
material. These differing surface states gener
ally distort the shape of the depletion region 
such that high electrical fields at the surface are 
concentrated near the P-N junction. This situa
tion limits the amount of voltage that can be 
applied to create a depletion region and also 
causes the detector surface to be the principal 
source of spurious electrical noise pulses. The 
approach investigated by General Electric in
volved mechanically shaping the detector edge 
so that the maximum surface field would be 
moved away from the P-N junction (see Fig. 
111-81). 

A series of discoveries resulted which led to 
the development of a unique thin silicon detector 
which exhibits controlled internal amplification. 
That is, charges released in the detector by, for 
example, a 20-kev. (kilo electron volts) electron 
are multiplied within the detector up to a thou
sandfold, so that the output signal would be 
equivalent to that of a 20-Mev. (million electron 
volts) particle deposited in a conventional non-
amplifying detector. 

The mechanism of the contoured avalanche 
amplifying detector is shown in Figure 111-82. 
At the surface, a dead region, approximately 
one micron in thickness, exists which remains 
nearly constant for each detector regardless of 
the depth of the junction, indicating that the 
dead layer results from a surface recombination 
effect. 
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. The "drift" region, approximately 25 microns 
thick, contains the gallium that was diffused 
into the base material to form the P-type section. 
The diminishing density of positively charged 
gallium atoms provides a low value electric field 
which is sufficient to move electrons released by 
radiation in the drift region toward the mul
tiplication region. 

In the junction space charge or multiplica
tion region, a very high electric field exists be
cause of the application of approximately 1,'500 
volts from an external power supply. The ac
celeration of electrons appearing in this high 
electric-field region is sufficient to cause them 
to release a few additional electrons at first and 
then an avalanche of electrons; thus a build-up 
occurs as they proceed toward the back contact 
of the detector. The magnitude of the resulting 
output pulse, however, depends on the path 
length of the electrons in the multiplication 
region. Thus, the charge deposited near the drift 
region is muliplied to a greater extent than that 
deposited farther back in the multiplying re
gion. Because of this, random noise pulses— 
from thermally excited single electrons originat
ing throughout the detector—are very seldom 
large enough to be mistaken for signal pulses 
caused by radiation interactions in or near the 
drift region. 

This phenomenon allows detection of small 
numbers of very low-energy radiation inter
actions in the presence of significant noise levels. 
It is through use of this effect that it has been 
possible to detect very low-energy radiation such 
as 0.6-kev. oxygen fluorescence X-ray interac
tions using external amplifiers with noise levels 
equivalent to 10-kev. The detection efficiency for 
low-energy beta radiations of biologically sig
nificant materials such as those from tritium 
and carbon-14 has been investigated. Tritium 
detection efficiency which is found to be low be
cause of the remaining one-micron thick sur
face dead layer, is of limited use at the present 
time. For higher energy beta emitters such as 
carbon-14, however, the efficiency is at least 50 
percent, which is of considerable value. 

CURRENT APPLICATIONS 

Advances made in performance and stability 
of semiconductor detectors and associated cir
cuitry and the appearance of larger-volume de
tectors in recent years have permitted the de
velopment of devices designed primarily for 
applications in biology and medicine. A pro
gram at the Lawrence Eadiation Laboratory, 
Berkeley, was established in 1966 for general 
studies of semiconductor biomedical applica
tions. Other more specific developments have 
been undertaken in several laboratories. A rep
resentative selection of such programs is de
scribed in this section. 

High Speed Digital Counter 

The amplification of the contoured detector 
under development at the General Electric Co. 
has made possible the development of a minia
ture detector-tunnel diode unit that can furnish 
sufficiently large signals for direct use by oscil
loscopes and scalers. 

A tunnel diode is a tiny solid state amplify
ing device which has a minimum sensitivity 
equivalent to about the amount of charge re
leased in silicon by a 500-kev. particle. I t has 
been demonstrated that amplification by the 
contoured detector makes it possible to activate 
the tunnel diode for particles with energies as 
low as 300 ev. The output pulses of the tunnel 
diode are identical regardless of the pulse size 
delivered to it by the contoured detector. The 
result is a simplified digital detection system 
analogous to a Geiger counter, but, in addition, 
it is capable of extreme speed. For example, 
signals from low-energy X-ray interactions can 
be detected and amplified in a unit less than 1 
cubic inch in volume with counting rate ability 
shown to be in excess of 10 million per second. 
An extremely useful aspect of the detector-tun
nel diode combination is that the internal 
thermally excited noise pulses in the silicon de
tector are not amplified sufficiently to trigger 
the tunnel diode amplifier. Consequently, this 
unit is an essentially noise-free detector of even 
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very low-energy interactions. Applications of 
this instrument are shown in Figs. 111-83 and 
84. 

Gamma-Ray Area Monitor 

The General Electric Co. has also collabo
rated with the Atomic Energy of Canada, Ltd. 

Fig. III-8S and S-i- Noise-Free Detectors. By combin
ing the high degree of amplification as obtained by 
contoured P-N junctions with tiny solid-state ampli
fying devices (tunnel diodes), the General Electric 
Co. has developed noise-free semiconductor detectors. 
Photo above shows a probe designed for in vivo studies 
utilizing low-energy radiation emitting isotopes which 
is being evaluated at the Pacific Northwest Laboratory 
and the University of Washington. The photo below is 
a probe designed by General Electric in collaboration 
with PNL for locating plutonium-239 embedded in 
wounds. An avalanche detector (small dark square in 
photo) is shown near the end of the probe to show its 
size and shape. 

(AECL) in the evaluation of contoured am
plifying detectors for health protection 
applications. 

The AECL has developed a device utilizing 
the contoured detectors which monitors gamma-
ray dose rates from two millirad to 2,000 rod 
per hour, with both logarithmic and linear dis
play. The response of the monitor, as a function 
of photon energy, is designed to match the tis
sue absorbed dose from 30 kev. to 1.5 Mev. 

In Vivo Plutonium-239 Mapping 

An assessment of the total amount of plu
tonium-239 contamination in a wound can be 
made adequately by several methods. If the 
level of contamination is high enough to require 
removal, however, there is no satisfactory way 
of mapping the distribution of contamination 
within a wound nor of locating tiny particles 
that must be removed surgically. The applica
tion of semiconductor detectors to this impor
tant problem is being investigated at several 
laboratories. 

At the Pacific Northwest Laboratory (PNL) 
semiconductor detectors are being used as 
spectrometers to estimate externally both the 
amount and depth of plutonium in wounds. The 
three low-energy X-rays, 13, 17, and 20 kev., 
associated with the decay of plutonium-239 are 
well resolved with these detectors and their rel
ative attenuations, as a function of depth in 
tissue, permit depth estimates. The attenuation 
of the 13-kev. X-ray in tissue is about three 
times greater than that of the 20-kev. X-ray; 
therefore, the relative counting rates of these 
two photons define the depth of a point source 
or the average depth of a source spread in the 
wound. Figure 111-85 illustrates the attenua
tion of the plutonium X-rays produced by var
ious thicknesses of tissue equivalent absorbers. 
From the relative peak heights of the 13 and 20 
kev. plutonium X-rays, the depth of deposition 
of plutonium in the wound can be estimated. In 
Figure 111-86 the ratios of the 13 and 20 kev. 
peaks are plotted as a function of tissue ab
sorber thickness and show a linear relationship 
between these ratios and tissue depth. 



326 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

Because the internally amplifying detectors 
developed at the General Electric Co. are es
pecially sensitive to low-energy X-rays and also 
retain their virtually noise-free operation at 
elevated temperature, their use inside living 
systems for plutonium-239 detection is being 
explored at PNL and at Argonne National 
Laboratory (ANL). The intrinsic efficiency of 
these detectors is about five percent for the 
17-kev. average X-ray from plutonium-239 
which is useful in treating plutonium-contam-
inatecl wounds. If this efficiency can be im
proved, these detectors would also be useful for 
kinetic transport studies in experimental ani
mals wherein extremely small amounts of plu-
tonium are used. 

A wound probe has been developed by Gen
eral Electric in collaboration with PNL for use 
in precise location of plutonium embedded in tis-
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sue (see Fig. 111-84). The internal amplification 
feature of these detectors when used in conjunc
tion with a tiny tunnel diode amplifier makes 
additional amplifiers unnecessary. Conse
quently, it is also feasible to use them in arrays. 
Such an array is under fabrication for use at 
the Pacific Northwest Laboratory in mapping 
plutonium-239 distributions in wounds prior to 
surgery. 

Blood Flow Studies 

Gastrointestinal tract. Detectors have been de
veloped at the Lawrence Eadiation Laboratory 
(LRL), Berkeley, for use in gastrointestinal 
tract studies at the University of Minnesota 
(Minneapolis) for the purpose of measuring 
blood flow. They have been made small enough 
to swallow so that it is possible to measure radio
activity that has been injected into a vein and is 
then carried to every part of the gastrointestinal 
tract by the blood. The detectors have been used 
to study the effect of a disturbed blood supply on 
the origin and pathological consequence of dis-

1200 
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111-85 and 86. In Vivo Plutonimn-239 Mapping. Semiconductor detectors are in use at the Pacific North
west Laboratory for externally estimating both the amount and the «depth of plutonium-2S& (Pu238) in wounds. On 
left is a Si (Li) diode spectra showing the attenuation produced by tissue equivalent absorbers in the X-rays 
emitted in the decay of Pu238. On the riglit is the ratio of the observed intensities of the 13 and 20 Kev. X-rays, 
emitted in the decay of Pu230, to the thickness of a tissue equivalent absorber. 
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Fig. Ш-87. Heart-Region Detectors. Semiconductor detectors have been developed at Lawrence Eadiation Labora
tory, Berkeley, and the University of Minnesota for use in coronary blood flow studies. In photo, detectors are 
shown on surface of a functioning exteriorized dog heart. They are being used in studying the effect of changes 
in coronary blood flow and heart metabolism on the working capacity of the heart. 

ease of the bowel. The use of semiconductor de
tectors allows measurements of the amount of 
blood that comes to any region of the bowel and 
its distribution in the various tissue layers by 
measuring changes in the pulse height spectrum. 
The use of remote detection of signals from a 
swallowed detector may also pinpoint bleeding 
sites within the bowel. 

Heart regions. Detectors have also been devel
oped at LBL, Berkeley, and the University of 
Minnesota for direct measurement of regional 
coronary blood flow at several regions of the 
heart simultaneously (see Fig. III-87). They 
are used in studying the effect of changes in cor
onary blood flow and heart metabolism on the 

working capacity of the heart. Over a wide 
range, it has been found tliat heart metabolism 
(as influenced by coronary blood flow) is a crit
ical primary determinant of heart performance. 
It seems likely that the mechanism for this effect 
is related to the fact that coronary blood is not 
homogeneously distributed to the heart, but 
rather that some areas of the heart are less per
fused with blood and do not contract fully, if at 
all. When coronary blood flow is increased, per
fusion of these poorly contracting regions is im
proved and they are recruited into a stronger 
contraction. The distribution of coronary flow 
under altered conditions of flow and load have 
been studied with a double-label isotope tech
nique (using potassium-42 and rubidium-86) in 
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the isolated heart and the data tend to support 
the hypothesis. 

A probe has been constructed by the General 
Electric Co. incorporating amplifying detectors 
(see Fig. III-83) for use in blood flow studies, 
iron metabolism and, in general, laboratory and 
clinical situations where a low-energy emitting 
isotope such as iron-55 (5.9 kev.) would be use
ful. Initially, these probes are for evaluation at 
the Pacific Northwest Laboratory and at the 
University of Washington at Seattle. 

Brain tissue. It is generally thought that blood 
flow within different parts of the cerebral tissue 
is regulated by the metabolism of the tissue it
self. Measurements of blood flow in specific areas 
of the brain should, therefore, give information 
about the metabolism of the part studied. Some 
knowledge of regional blood flow has been ob
tained in the past from studies of cerebral struc
tures that are accessible to detectors used at the 
surface. A method that was used in Norway in
volves monitoring the brain tissue clearance of 
xenon-133 or krypton-85 with external counters. 
Following injection into the carotid artery, 
either xenon-133 gamma activity from a portion 
of the brain or krypton-85 beta activity from 
superficial layers of the cortex can be recorded. 
Since a number of important neurological dis
eases are caused by subsurface disturbances, 
more refined methods for quantitative measure
ments in the depths of the. brain are necessary. 
Observations of less accessible locations require 
semi-permanently implanted detectors which 
are sensitive primarily to beta particles so that 
the clearance cur\>-e obtained relates only to the 
circulation in the immediate .vicinity of the de
tector. An investigative study is being carried on 
by AEC-supported groups in Oslo, Norway, and 
Lund, Sweden—in cooperation with Solid State 
Radiations, Inc., Los Angeles—to provide blood 
flow information at the same, sites now being in
vestigated by semi-permanently implanted volt
age recording electrodes, in connection with the 
treatment of Parkinson's disease. 

Semiconductor detectors in the form of cyl
inders one millimeter (0.0394-inch) in diam
eter and three millimeters in length have been 

Fig. III-S8. Brain Tissue Probe. Photomicrograph 
shows a miniature silicon detector developed by Solid 
State Radiations, Inc., Los Angeles, for brain implan
tation to allow blood flow studies. The scale shown is 
in millimeters (1 mm.=0.0394-inch). The platinum 
leads are soldered directly to the silicon contacts and 
the detector is covered with a long-chain polymer 
(paraxylylene) to protect it against body fluids. Data 
obtained with this tiny probe are as good, if not better, 
as those obtained by larger, more cumbersome methods. 

prepared with platinum iridium leads soldered 
directly to the silicon contacts. Detector and 
leads are protected from contact with body 
fluids by deposition in high vacuum of a long-
chain polymer of paraxylylene, which has 
proved resistant to the penetration of water 
(see Fig. III-88). An implantation of one of 
the small detectors was made in the thalamus of 
a cat during November 1966 in a Swedish ex
periment. Four months later the leads to the 
detector were extracted and connected to a re
cording system. When krypton-85, the radioiso
tope used, was .injected, the normal clearance 
curve rate was observed, i.e., the clearance rate 
was identical to that obtained by an external 
Geiger-Mueller counter, confirming the com
plete recovery of the condition of the thalamus. 
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If a clearance rate curve is obtained immedi
ately upon implantation of the detector, abnor
mal circulatory patterns are observed. Thus, 
by following the procedure of implantation of 
the miniaturized semiconductor detectors, al
lowing for the recovery of the surrounding tis
sue and then using beta emitters, it is possible 
to obtain data on the circulatory system deep 
in brain matter and to locate defects in the 
circulation pattern. 

Tumor Studies 

Brain tumor localization. Probes incorporating 
beta sensitive semiconductor detectors have been 
developed at the Solid State Kadiation, Inc., 
and evaluated at the University of California at 
Los Angeles (UGLA) Medical School for use in 
brain tumor surgery. Their use is based on the 
observation that phosphorus-32 concentrates 
relatively more in active brain tumors than in 
adjacent normal tissue. Because of this, a beta 
sensitive semiconductor detector probe inserted 
into the tumor site can indicate the boundaries 
of the tumor as the probe passes through it. Ac
curate tumor location is especially helpful where 
it is necessary to remove a sample of tumor mate
rial for microscopic study. 

A small hole is drilled into the cranium un
der local anesthetic and a semiconductor de
tector of one to three millimeters in diameter 
which has been incorporated into the end of a 
hypodermic needle is used to probe the suspected 
volume of brain tissue for the presence of the 
radioactive isotope. Little or no damage is done 
to the brain cells with the use of such a probe. 
For normal cells, a count rate of five counts per 
minute is observed; upon entering the tumor 
tissue the count rate jumps to 100 to 300 counts 
per minute. By noting the length of the needle 
inserted, and the angle of insertion, the precise 
location of the tumor is determined. 

Figure 111-79, page 319, shows an X-ray 
photograph taken during biopsy on a patient 
with a malignant tumor (glioma) of the brain. 
The biopsy specimen was taken at a depth of 
five centimeters after final tumor boundary was 

determined by the silicon junction detector 
probe. 

Neutron-capture therapy. Neutron-capture 
therapy is a technique for the possible destruc
tion of brain tumor cells in vivo (within the 
body) by the introduction of a suitable neutron-
capture isotope into the tumors and subsequent 
irradiation with a beam of thermal neutrons. 

Two of the problems encountered are the 
limited concentration of boron-10 obtainable in 
the tumor during the irradiation and the lack of 
exact dose measurements during irradiation. 
Eecent studies indicate the possibility of using 
solid state probes and detectors in vivo for the 
latter purposes in neutron-capture therapy. 

Solid State Radiations, Inc., has designed an 
in vivo alpha-counting system to count alpha 
particles or estimate the alpha-particle dose 
from the boron-10 (n, a) lithium-7 reaction 
when tumors loaded with boron-10 are sub
jected to neutron bombardment in a nuclear 
reactor. The problem is the extremely large 
background count due to gamma-rays and direct 
interaction of neutrons with the detector. To cir
cumvent these difficulties, a system has been de
veloped which consists of: (a) a very thin low-
resistivity silicon detector (whose sensitive vol
ume is a disc millimeters in diameter and ap
proximately 30 microns thick) enclosed in a 
10-centimeter-long stainless steel tube that is 
sealed and coated with aluminum, to eliminate 
sensitivity to light; and (Ъ) a very fast current 
sensitive amplifier system to prevent the pile-up 
of the direct interaction events from being con
fused with alpha-particle pulses. The system 
response time is well below ten billionths of a 
second so that the discriminator is responsive 
only to single events and not to multiple pile-up 
events. 

Experiments were conducted at Massachu
setts General Hospital, Boston, to study the 
response of these semiconductor probes to alpha 
particles produced in neutron irradiated solu
tions with varying boron concentrations. The 
net response versus concentration of boron was 
observed to be sufficiently linear to allow ac
curate dose determinations to be made. 
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Fig. Ш-89. Eye Tumor Probe. A silicon beta detector 
(12-square-millimeter effective area) is within the tip 
of the curved probe end. The probe handle contains an 
electronic pre-amplifier. The probe was developed by 
Solid State Radiations, Inc., Los Angeles, in coopera
tion with Duke University, Durham, X.C., and the 
Veterans Administration Hospital, Houston, Tex. 

Eye probes. Injected phosphorus-32, in the 
form of phosphate, remains selectively local
ized for several days in eye tumors. By probing 
the surfaces of the eye with a Geiger-Mueller 
probe, information about the location and ex
tent of a tumor can be determined which is use
ful in outlining a suitable surgical procedure. 
Numerous objections to the Geiger-Mueller 
type instrumentation which have been ex
pressed by clinicians have led to the develop
ment of semiconductor probes. 

A program to investigate the use of semi
conductor detectors in eye probes was initiated 
at Solid State Radiations, Inc., in cooperation 
with Duke University, Durham, N.C., and sub
sequently with the Veterans Administration 
Hospital in Houston, Tex. 

A series of probes using lithium-drifted de
tectors packaged in the configuration shown in 
Figure 111-89 has been designed. These de
tectors have rugged entrance windows, operate 
at low voltages, and when encapsulated with a 
paraxylylene coating, are proving to be im
pervious to body fluids. In addition, with the 
recent introduction of integrated electronic cir
cuitry, much of the electronics required to oper

ate the probe is mounted within the probe 
handle, thus, minimizing noise signals from 
external sources. Work is underway for the 
fabrication of improved versions of the detec
tors, detector holders, and electronics in order 
to: (a) lower the noise level, (b) improve beta 
detection and (c) obtain useful configurations 
of the probe system. The evaluation of these de
vices is being undertaken with the aid of the 
Veterans Administration Hospital in Houston, 
and the Eye Clinic of the University of Cali
fornia at Los Angeles. 

In Vivo Radium Exposures 

The study of the workers from the radium 
and luminous paint industries and takers of 
radium nostrums 30 to 50 years ago 32 is the 
principal source of knowledge on the long-
term effects of radioactivity on human beings. 
Detailed understanding of the distribution of 
radium and mesothorium in the human body 
is necessary before complete correlations of 
radioactive body burden with health factors can 
be made. As part of the radium case study at 
the Radioactivity Center of the Massachusetts 
Institute of Technology, semiconductor detec
tors are being developed and used to determine 
the distribution of the alpha-ray emitters in 
samples of human tissue (principally bone, since 
radium deposits preferentially in calcified 
tissue). 

The bone sample, a fraction of a square-inch 
in area, is bonded to a plastic holder by means 
of epoxy resin. The detector is then positioned 
above the surface of the sample in such a way as 
to expose the sensitive surface of the detector 
to the alpha-rays issuing from the bone surface. 
The detector produces a signal proportional to 
the energy of the alpha-ray striking it. Analy
sis of the final energy spectrum, after counting 
for a day, yields the values of the radium-226 
concentration in the sample and, separately, also 
the values of the concentration of the short
lived decay products and of the long-lived 

33 See pp. 152-153, "Fundamental Nuclear Energy Re
search—1965." 
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Fig. 111-90. In Vivo Radium Exposures. As a part of radium case studies at the Massachusetts Institute of Tech
nology, semiconductor detectors are being developed and used to determine the distribution of the alpha-ray 
emitters in samples of human tissue (principally bone, since radium deposits preferentially in calcified tissue). 
On. left is a bone sample (portions of the parietal bone of the skull) embedded in epoxy resin in a plastic holder. 
At the right is a typical solid-state charged-partiele detector used in this work. The diameter of the sensitive area 
of the detector is approximately 1 inch. During the measurement, both the detector and the sample are placed in 
a vacuum chamber to eliminate the slowing effect of air on the alpha particles. 

decay products. In this respect, the method is 
superior to autoradiography (in which film is 
used as the detector of alpha-rays) since in 
autoradiography the amounts of the various 
radioactive species cannot be determined sepa
rately. Alpha-rays are able to penetrate only a 
very small thickness of bone, and for this reason 
the calculated concentrations refer only to the 
topmost layer of the bone sample. After com
pletion of each measurement, the topmost layer 
of bone is cut away to expose a new surface. 
In this way, the distribution of the radium and 
its daughters can be followed through a com
plete specimen (see Fig. III-90). 

Nine cases of the 500 studied so far at MIT 
have had soft-tissue cancers originating in the 
sinus cavities or in the mastoid air cells. This 
condition, which is very rare in the general pop
ulation, is believed to be connected with special 

features of the physiology of the sinus and mas
toid cavities. In these spaces, a thin layer of 
tissue overlays the radium-bearing bone and is, 
therefore, subject to bombardment of the alpha-
rays from the bone. Bone samples from the 
sinus and mastoid regions are being studied with 
the solid state detector method to obtain an 
accurate measure of the dose rate to the soft 
tissue. 

Neutron Activation Analysis 

When bombarded with neutrons, many stable 
elements become temporarily radioactive, emit
ting gamma-rays of characteristic energy. Un
der favorable conditions, only a few hundred 
of the gamma-rays need be detected for a quali
tative and quantitative indication of the pres-
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ence of a particular element. Neutron activation 
analysis, therefore, forms a sensitive method of 
analysis, especially when used in conjunction 
with semiconductor detectors. 

Tissue analysis. Trace elements are known to 
be widely distributed throughout the biosphere 
and many are known to have precise physio
logical functions in man. Many of these trace 
elements exist in the parts-per-billion range and 
the only sufficiently sensitive method for their 
precise measurement has been by neutron acti
vation, followed by radiochemical separation. 
These very complicated and time-consuming 
radiochemical procedures have greatly limited 
the number of studies that have been performed 
on trace element deposition and behavior in both 
normal and diseased tissues. At the Pacific 
Northwest Laboratory, recently developed 
large-volume, coaxial-drifted germanium de
tectors have made possible the direct measure
ment of at least 14 trace elements in neutron-
activated tissue samples. Figure 111-91 shows 
the gamma-ray spectrum of a two-gram sample 
of neutron-activated lung tissue with a 20-cubic 
centimeter germanium (lithium drifted) de
tector as recorded three months after irradia
tion. In this spectrum, the photopeaks from 11 
radionuclides are identified from which it is 
possible to measure 10 elements with reasonably 
good precision. These include selenium, iron, 
chromium, mercury, zinc, antimony, cesium, 
scandium, rubidium, and cobalt. In addition, 
phosphorus can be precisely determined from its 
bremsstrahlung 33 contribution to the spectrum. 
Sodium and bromine are easily measured from 
the characteristic gamma radiation of their 
radioactive daughters. Where larger samples or 
longer radiation times are employed, it is also 
possible to measure silver. This method for the 
direct measurement of trace elements in human 
tissues will allow the practical investigation of 
the natural abundance and the biological be
havior of trace elements in the body. Its direct 
applicability to all manner of biological and 
environmental materials also appears certain. 

33 X-rays resulting from changing velocities of the phos-
phorus-32 beta particles. 
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Fig. 111^91. Neutron Activation Analysis. Trace ele
ments are known to be well distributed throughout the 
biosphere and many are known to have precise physio
logical functions in man. Many of these trace elements 
exist in the parts-per-billion range and at the Pacific 
Northwest Laboratory, recently developed large-vol
ume, coaxial-drifted germanium detectors make it pos
sible to directly measure at least 14 trace elements in 
neutron-activated tissue samples. The chart shows the 
gamma-ray spectrum of a two-gram sample of neutron-
activated lung tissue as recorded—three months after 
irradiation—with a 20-eubic centimeter germanium 
(lithium drifted) detector. In this spectrum, the photo-
peaks from 11 radionuclides are identified from which 
it is possible to measure 10 elements with reasonably 
good precision. These include selenium, iron, chromium, 
mercury, zine, antimony, cesium, scandium, rubidium, 
and cobalt. 

Atmospheric elements. Elements present in the 
atmosphere in trace amounts may in favorable 
cases be filtered out and identified with neutron 
activation analysis using no wet chemistry at 
any point in the procedure. Samples taken on 
the roof of a tall building on the MIT campus 
show clear evidence of bromine, zinc, and other 
elements. The method may also be useful in 
tracing the small-scale motions of air in and 
around a city if trace elements are injected into 
the atmosphere. 

Oceanography 

Investigations at the University of Cali
fornia's Scripps Institution of Oceanography, 
La Jolla, have used solid state semiconductors 
to assay, by alpha spectrometric techniques, the 
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amounts of members of the uranium and tho
rium naturally radioactive series in samples 
from the marine environment. Inasmuch as such 
elements are extensively involved in present day 
nuclear technologies, a knowledge of their be
haviors in the oceanic system is needed to show 
the consequences of the release of controlled-or 
uncontrolled amounts of them into the marine 
environment. Their distribution between the 
water, organisms of the sea, and marine sedi
ments as a function of time has been studied. For 
example, it has been determined that uranium 
remains in solution for very long time periods 
(up to a million years) before precipitation to 
the sediments. On the other hand, thorium be
comes very actively involved in chemical reac
tions upon introduction to sea water and prob
ably stays in the oceanic system only for periods 

of about a hundred years before being accumu
lated in the sediments. 

Measurements of the rates of accumulation of 
oceanic sediments have been made using the iso
topes of thorium and uranium. In recent ac
cumulations (those deposited over the past few 
hundred thousand years), rates of accumulation 
have been measured to be on the order of a few 
millimeters per thousand years. Of further in
terest have been the measurements of the rates 
of chemical precipitation on the sea floor. The 
ferromanganese minerals (oxides of iron and 
manganese) appear to accumulate at rates of 
about a layer one atom thick per day or less 
based on the concentrations of thorium and ura
nium isotopes within their matrices. This is 
perhaps one of the slowest chemical reactions 
for which rates have been accurately recorded. 
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magnetic properties of the rare-earth metals, 75 
mathematical descriptions of a forming liquid drop, 

57 
measurement of temperature-induced length changes, 

71 
molecular orbital characterization, 49 
new radioactivities, 31 
non-carbon plastics, 58 
pure metal production, 53 

Amethopterin, taurine study, use, 257 
Amino acids, linear arrangement, 277 
Aminoethyliso-thiouronium, radiation protection study, 

261 
Ammonia 

catalytic decomposition of, 55 
water-ammonia systems, 52 

Ammonium chloride, anemic patients, effect on, 248 

343 
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Anemia 
cerium-144, study, 257, 258 
erythropoietin studies, sheep, 247 
iron absorption, survey, 225, 226 
production of erythropoietin, 249 

Anemometer, vertical turbulence, measurement, 305 
Anistropy, 75 
ANL, see Argonne National Laboratory 
Antibody formation, secondary, var iat ion wi th age, 263 
Antidecuplet, definition, 9 
Anti-phase boundaries, 83 
Aqueous fuel process development, 197,198 
Aqueous removal of fissile and fertile mater ials , 197 
Argon, in detector counting assembly, 181 
Argonne Cancer Research Hospital (ACRH) 

blood-forming studies, 247-251 
chemicals used as shielding, study, 261 
radioactive chromium wire, use in t rea tment of can

cer, 236 
scanning techniques, study, 239-240 
t e c h n e t i u m s ^ iron complex, 224 
testosterone study, 249 

Argonne Exper imental Stack, measurement, 302 
Argonne Fas t Reactor Test Facili ty ( F A R E T ) , 158 
Argonne F a s t Source Reactor ( A F S R ) , 158 
Argonne National Laboratory (ANL) 

analytical uses of sodium perxenate , 58-^59 
automat ic bubble chamber film measur ing system, 

104 
boiling-sodium heat- t ransfer facility, 191, 192 
bonding characterist ics in metallic systems, 76 
bromide pentafluoride process, 200 
computer processed meteorological data , 317 
core heatup and metal-water reactions, 117 
corrosion in liquid sodium, 145 ' 
density measurements of plutonium dioxide, 91 
digital-computer code system, 170 
enzyme study, 240-241 
fast extracted proton beam from ZGS, 12 
fas t power breeder reactor projects, 158 
fluid dynamics studies, 103 
fuel meltdown studies, 125-426 
heavy liquid bubble chambers, 15 
Hea-He'1 mixtures, sound at tenuat ion studies, 52, 53 
internat ional conference, 1966 

fas t reactor physics research, 158 
part icipants , 158 

i r radiat ion of cells, study, 273 
jacket mater ia ls for creep tests, 141 
K-mesonic X-rays in helium, 22 
liquid-metal MHD, in advanced power-conversion sys

tem, 211 
liquid sodium and fuel interactions, 127 
lithium-drifted compensated thick detectors, 322, 326 
liver tumors, study, 240 
magnetic susceptibility of alpha-uranium, 78 
metal-oxygen systems, 61 

Argonne National Laboratory—Continued 
mutat ion induction by light, discovery, 269-270 
neutron diffraction study in crystal l ine uranyl ni

t r a t e di'hydrate, 81 
new heavy element isotopes, 43 
nuclear size measurements, 22 
operation of Fuel Cycle Facili ty, 205 
photoluminescent dosimeters, study, 232 
plume r ise studies; 301 
Plutonium alpha track's, 261 
plutonium studies , 42 
protein synthesis study, 276 
proton-<proton elastic cross sections, 8 
proton-recoil neutron spectrometer, 182 
quadrupole moment, measurement of, 35 
radiat ion exposure, s tudy, 233 
radionuclide concentration in human diet, 294 
r a t liver study, 277 
reactor use in cancer öheraipy, 236 
ribosomes with autoradiographic techniques, 274 
strontium-90 da ta in diet and human bone, study, 295 
studies of actinide compounds, 138 
study of analog s ta tes in the bar ium isotopes, 32 
study of sl ip and twinning modes in some poly-

'tjrystale, 87 
superconducting magnets in bubble chambers, 14 
synchronosis cell study, 267-268 
toxicity of сегшш-144 in dogs, 257-258 
turbulence regime, properties, 304 
Zero Gradient Synchrontron, 8,12 

Argonne Reactor Computation System (ARCS), 106,170, 
171 

A R M F - I and - I I , see Advanced Reactor Testing Facil-
i t y - I and - I I 

ASME, see American Society of Mechanical Engineers 
Astron device, 98 
A302-B, reduction of ability by radiat ion, 141 
Atlantic Ocean Weather Observation Program, stron

tium-90 sampling, 293 
Atmosphere 

hea t "engine," 304 
high al t i tude sampling, 293 
mixing and t ranspor t properties, 305-307 
radioactivity and fallout, deposition of, 289-294 
te r ra in effects on diffusion in, 297 
turbulence effect on plume, 299 

Atmospheric sciences 
a reas of s tudy, 297 
buoyant .plumes, 299-309 
da ta compilations, 317 
deposition and reent ra inment of particles, 312-317 
precipitation scavenging, 309-312 
specialized s tudy for AEC, 218 

Atmospheric Turbulence and Diffusion Laboratory, 
plume rise model, 300 

Atomic-beam magnetic-resonance technique, 35 
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Atomic displacements, theory of, 69 
Atomic Energy Commission 

advanced facilities, reactor research, 174-177 
Agricultural Research Laboratory, 252 
air sampling techniques, 293 
animal energy requirements, study, 285-296 
atmospheric Tadioactivity and fallout, program, 289 
brain tissue research, in Norway and Sweden, 328 
Computing and Applied Mathematics Center, New 

York University, 105 
Health and Safety Laboratory (HASL), 290, 291, 

294 
major research and development facilities of, 335-341 
meteorological studies, 297-318 
Plowshare program, 168, 309 
purified virus, study, 279 
radioactive Chromium, use in cancer therapy, 236 
radioactive DDT, marsh study, 284 
Radiation Laboratory, Notre Dame 

radiolysis of aqueous solutions, 46 
study of radiation-induced chemical activity, 44 

reactor instrumentation, 179-186 
reactor physics research, 157-177 
Reactor 'Safety Program, 111-129 

see also 'Safety program 
research program, biological, medical, and environ

mental, 218-228 
semiconductor detector applications, 319-533 
studies in effects of radiation; corrosion; fabrica

tion techniques; nondestructive testing, 138-155 
Atomic Energy of Canada, Ltd. (AECL), health pro

tection, contoured amplifying detector, 325 
Atomic number, definition, 1 
Atomics International, Canoga Park, Calif. 

chemical and physical properties of molten salts, 60 
Epithermal Critical Experiments Laboratory, 162 
radiation effects on pure metals and semiconductors, 

67 
radiation protection, 47 
•sodium fire test, 126 
tunneling between superconductors, 73 

Atoms 
'displacement in irradiated nickel, ,70 
impurity, excited states in crystals, 77 
low temperature migration, 71 
magnetic, 77 
mesonic, 21 
muonic, X-ray spectra of, 23 
nuclei, distribution of electric charge, 35 
vibrations of, 79 

Australian Department of Supply, atmosphere fallout 
station, 293 

Auto radiographs 
fission fragment of curium-244,211 
samples irradiated with helium-3,142 
technique for measuring plutonium-238, 291 

В 

Babcock and Wilcox Co., The, Lynchburg, Va., non
uniform heat generation, 188 

Ball lightning studies, 214-215 
Barium-138, analog states, 32 
Baryons 

constituents, 4 
new, 9 
number, 8 

BattelleMemorial Institute (BMI) 
cooperative study of new reactor fuel, 137 
core heat transfer code, 117 
emergency core cooling, 118 

Bell Telephone Laboratories, Murray Hill, N.J. 
application of the spin resonance technique to excited 

•atoms, 78 
channeling experiments, with crystal lattices, 67 
semiconductor radiation detector program, 322 

Berkelium-251, 43 
Beryllium 

helium bubbles in irradiated, 143 
oxide, as reactor moderator, 173 

Beta ray sensitive, internal detector, 328, 329 
Bevatron, 39 
Binding energies 

of electrons, 42 
new theory of, 39 

Biochemistry, developmental, 276-277 
Biological microdosimetry, study, 232 
Biological shielding, reactor containment, 123 
Biomedical and experimental research, 218-228 
Biosatellite experiment, on biological systems, 244 
Biphenyl negative ions, decay, 46 
Birds, pheasant in energy flow study, 287 
Bismuth 

high temperature studies, 60 
nuclear measurement, 23 

Blood, see also Hematology; Lukemia; and Red blood 
cells 

diseases, polycythemia vera, 250 
flow studies 

brain tissue, surface and subsurface disturbances, 

328 
gastrointestinal tract, internal detection, 326-327 
heart regions, internal detection, 327-328 

irradiation effects, 246-247 
plasma 

anemic sheep, purification, 247 
see also Erythropoietin studies 

concentration of erythropoietin, 248 
erythropoitein in anemic mice, 248-249 
membrane synthesis and cell division, 273-274 
polycythemia vera, 250 

Blowdown experiments, 117 
BMI, see Battelle Memorial Institute 
Boiling water reactor (BWR), 188 
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Boltzmann t ranspor t equation, 171 
Bonding 

a t glass-metal interfaces, 91 
in intermetallic compounds, 77 

Bone 
closes of strontium-90. 295 
marrow 

hematopoietic spleen, study, 262 
radioactive iron-59, 249 

sample, radium deposit detection, 330 
sinus and mastoid cavity samples, 331 

Boron 
mater ia l containing, interaction with neutrons, 181 
neutronic characterist ics of, 164,174 
reduction of control rod motion, 174 
triflouride, 180 

Bosons, boson-fermion interactions, 53 
Bragg 

diffraction, 172 
scattering, 81 

Bra in 
irradiated, view from light microscope and electron 

microscope, 230 
neutron capture therapy, 329 
scanning wi th technetium-99m , use, 222 
t issue 

probe, 328 
regional blood flow, 328-329 

tumor localization in, 329 
Brem-sstraMung characterist ics, of phosphorus, 332 
Bromine, in washout experiments, 311 
Brookhaven National Laboratory (BNL) 

Alternat ing Gradient Synchrotron, 8 
ball l ightning studies, 212-213 
beam magnet Improvements, 12-13 
biosatellite experiment, 244 
cancer research, radiat ion experiments, 236 
computer codes, jo int system, 171 
computer-processed meteorological data, 317 
deformation of germanium crystals, 83 
evaluation of neutron cross section data, 170 
heat t ransfer through rod bundles, 188-190 
high energy fission studies, 40 
high energy recoiling atoms, 41 
High Flux Beam Reactor, 81, 82 
high temperature studies of graphi te and hydrogen, 

59 
hot "puff" studies, 301 
inception superheat studies, 190 
interactions between high energy particles and com

plex nuclei, 44 
interaction of charged particles with crystal lattices, 

67 
iodine-131 released, 303 

Brookhaven National Laboratory—Continued 
ion production for mass spectrometry, 50-51 
i r radiat ion of meteorities, 36 
isotopie techniques and neutron activation analysis, 

226 
K+ and K" lifetime studies, 11 
magnetic order ing studies, 77 
mean a i r concentration and deposition measurement 

tests, 350-360 
molybdenum-99 generator system, 222 
new accelerator facility, 26 
new developments, 12,13 
organ t ransplants , i r radiat ion diagram, 221 
plume rise formula, data, 302 
principle of microscopic casualty, 10 
pulsed reactor research studies, 176 
pulse shape discrimination, 29 
radioactive t racer production, 38 
radioactivity release, a i r concentrations, 303 
radiosensitivity and volume of chromosomes, 268 
"resonant" part icle studies, 8-9 
semiconductor radiat ion detector program, 322 
semi-group studies, 105 
skin graft implants in animals, 221 
studies of fast neutron embri t t lement of iron, 138 
sulfur dioxide measurements, analyzed, 303 
thin-film superconductors, 74 
thyroid gland physiology, 222 
X-ray diffraction studies of pentavalent silicon, 58 

Bubble chambers 
analysis system, prototype, 18,19 
automatic film measuring system, 104 
40-inch hydrogen chamber, 14,15 
heavy liquid, 15 
photographic studies, 14-15 
photographs, processing of by computers, 104 
superconducting magnets in, 14 

Buoyant plume, see also Air ; Atmosphere; Atmospheric 
sciences; and Plume 

current studies, 300-303 
factors affecting plume, 299 
prediction equations, 299 
rise models, 300-301 
transport , 297 

Bureau of Mines Research Center, radioactive chro
mium wire, development, 236 

Bureau of Mines, U.S. Depar tment of the Interior , 54 
Burnup 

code, t ranspor t theory, 171 
fuel, analysis, 205 
increase of measurement accuracy, 206 
reactor fuel cycle model, 106-107 
SNAP-9A generator, 289 
studies, of fissile isotopes, 164-165 

BTL, see Bell Telephone Laboratories 
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с 
Cadmium-zinc sulfide, precipitation scavenging ex

periments, 310 
Caleia, fuel pellets, 119 
Calcium-47, production, 38 
California Institute of Technology, Pasadena, Calif., 

dislocations in metallic crystals, 89 
Californium-243, new, 43 
Califomium-252, spontaneous fission fragments, 39 
Californium-254, new, 43 
Cambridge Electron Accelerator, photoproduction of 

Y* particles, 9-10 
Cancer, see also Carcinogenesis; Leukemia; and 

Tumors 
AEC-sponsored projects, 219 
californium-252 in therapy, use, 236 
diagnosis, respiratory distortion, 235-240 
glioma, malignant brain tumor, 329 
research, 235-242 
therapy, 235-239 
treatment by radiation, 218 

Carbide-fueled fast reactor, 160 
Carbon 

activity, 184 
cycle, sequence of reactions, 281 
in irradiated iron, 139 
meter probe, 185 
pyrolytic coatings for fuels, 135 
sublimation of, 148 

Carbon-13, isotopic enrichment, 206 
Carbon-14 

detection of, efficiency, 324 
ecological tracer, 285 

Carbonyl nickel, reactions, on transmission electron 
micrograph, 146 

Carcinogenesis 
in malignant tumors, 240 
metabolic control, 240-242 

Carnegie-Mellon University 
Uössbauep spectroscopy, 54 
particle properties research, 22 

Carolinas-Virginia Tube Reactor, 123 
Catalytic reactions, nature of, 55 
Cathode ray systems, use in data analysis, 18 
Cats, implantation of detector in thalamus, 328 
Cavitation, definition, 183 
CDC (Capsule Driver Core), 118,119,170 
CDC 6600 Computer, 108 
CDE, see Contamination-Decontamination Experiment 
CEF, see Critical Experiments Facility 
Cell studies 

age distributions, 108 
culture system, 250 
growth rate and population size, 272 
kinetics of division, 274 
mammalian, sychronizing methods, 266-268 

Cell studies—Continued 
mouse ascites tumor, 272 
mutant, "minicells", 268 
phagocytic, localized cerium-144, 258 
red blood, surface, 276 
regulatory mechanisms, 272-276 
replication cycle, 275 
survival after X-ray exposure, 268 

Centre National de la Recherche Scientifique, 42 
Ceramic materials 

defects in plutonium oxide, 91 
glass-metal bonding, 91 
microstructure in, 90 
nonstoichiometric oxides, 89-90 

Cerium-144, toxicity, 257-258 
CERN Proton Synchrotron, 12 
Cesium 

adsorption reservoir, thermionic computer, 210 
cold-trapping, 127 
inhalation, in soluble form, 259 
plasma studies, thermionic converter, 208-210 
surface properties, sticking, 210 

Cesium-134, fission product separation, 128 
Cesium-137 

fission product separation, 128 
human diet, 294-295 
levels in human diet, 294 
nuclear fallout, 290 
plant radiation, use, 228 
radiochemical measurement, 206 
solubility influence on whole body retention, 258 

Chalice, 101 
Channeling conditions, spectrum of, 67 
Charcoal adsorbers, 120 
Charge carriers, in depleted region of P-N junction, 

320 
Charged particle physics 

channeling, 67 
copper-69, new isotope, 31 
"Doppler" shift, 27 
fission cross section for an odd-odd nucleus, 30 
helium-7 nucleus, discovery of, 31 
interactions with crystal lattices, 67 
ion source, intense beams of helium ions, 31-32 
isobaric analog energy state, 32 
nuclear excited states, 27, 31 
silicon and germanium lithium drifted detectors, 29 

Charge-exchange trapping, 95 
Chemical-vapor-deposition process, 149 
Chemiluminescence, 45 
Chemistry 

analytical, 53-55 
heavy element, 41-43 
high temperature, 59 
inorganic, 57-59 
nuclear, 38-40 
physical, metal surfaces reactions, 55-57 



348 FUNDAMENTAL NUCLEAR ENERGY RESEARCH 

Chemistry—Continued 
radiation, 44-49 
theoretical and structural, 49-53 

"Chemloc" code, 117 
Chemonuelear development, 205-206 
Chickens, radioiodine study, use, 254 
CHLOE film readout device, 104 
Chlorine-36, Ohio State University study, use, 284 
Chlorite, 63 
Chloroplast, "isolated", 280 
Chondrules, in stone meteorites, 35 
"Chopped beam" method in delayed neutron data, 165 
Chromatography 

diagnosing, use, 240 
gas-liquid, separation of irradiated organic species, 

41 
Chromium 

radioactive wire, 235-237 
trivalent coordination compounds, 48 

Chromium-51 in energy flow, 286-287 
Chromophore, identification, 270 
Chromosome, see also Cytogenetics; and Genetics 

aberrations, in cell irradiation, 266, 268 
organization and distribution, 266 
synthesized, 266 
X-ray effect on sub-units, 266 

Climatology, average dispersion, development of, 317 
Cloud, behavior, experiments, 301 
Coated-particle fuels 

for high-temperature gas-cooled reactors, 134 
general atomic development, 136 
two notable advances in, 134 

Cobalt, nuclei, spin scattering amplitudes, 81 
Cobalt-60, gamma radiation in blood diseases, 237 
Coextrusion, of fuel elements, 152 
Collection efficiency, in raindrop studies, 311 
Collisions 

elastic, definition, 9 
in-two partieles-out-type, 5 

Colorado Plateau, uranium deposits, 63 
Colorado State University 

radionuclide concentration study, 283 
terrain effects on diffusion and transport, 297 
wind tunnel modeling study, 305 

Columbia University 
energy transfer targets, 233 
quantum electrodynamic studies, 10 
uranium site studies, 63 

Complex ions, photochemistry of, 48 
Compressor 

magnetic, 95 
plant-size peripheral, 202 

Computers 
automatic bubble chamber film scanning and anal

ysis, 19 
"blocking" effect simulations, 67 

Computers—Continued 
contour diagramming for localized molecular Orbit

als, 50 
digital 

for the UHTREX Experiment, 185 
programming research, 108 

direct analysis of spark chamber tracks, 13 
double pulse particle identification, 38 
mass spectrometric data, coded, 206 
oxygen site vacancies, 91 
picture processing, 103,104 
"power spectra" of wind and temperature, 317 
printout of impurity analysis data, 106 
processing and storing of meteorological data, 318 
spectrometer data analysis, 16 

Conductivity, electrical furnace, 134 
Containment 

shielding, in power reactors, 113 
vessels, 120,121,123 

Containment Research Installation (CRI), 120 
Containment Systems Experiment (CSE), 117, 120, 

121,123 
Contamination-Decontamination Experiment, 121-122 
Continental drift hypothesis, 62 
Continuous Sampler-Monitor (CSM), 123 
Contoured avalanche principle, 323 
Converter, frequency, 183 
Coordination compounds, 48 
Copper, doped germanium crystal studies, irradiated, 

70 
Copper-69, 31 
Cornell University 

current in super conductors, 72 
excited states of impurity atoms in crystals, 77 
ferromagnetic films, 78 
low temperature polar ion mobility, 71 
pressure dependence of creep in aluminum and 

indium, 88 
Coronary blood flow, effect of changes, 327 
Corrosion 

effects on reactor materials, 145-148 
in liquid metals, 145,147 

Cortisone, taurine study, use, 257 
Cosmic rays generating environmental neutrons, 180 
Coulomb 

excitation process, 27 
interaction studies, 10 

Cows, Hereford, radiation study, use, 252 
Creep 

at high pressure, 88 
in a fast reactor fuel jacket, 141 
strength of vanadium-titanium alloys, 141,142 

CRI, see Containment Research Installation 
Critical Experiments Facility (CEF), 175 
Critical fields of superconductors, 74 
Critical heat flux, 187 
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Criticality 

alarm systems, 179-180 
reached in SOBA reactor, 175 

Cross Section Evaluation Center (CSEC), 170 
Cross sections 

elastic, proton-proton, 90° angle, 7 
improved measurements, 40 
integral measurements, 157-169 
total, Кг and K+ mesons, 8 

Crystals 
deformed, use in neutron diffraction experiments, 82 
geometric changes in superplasticity, 84 
germanium, copper-doped, 70 
interface studies in irradiated nickel, 69 
ionic, dielectric constant at low temperature, 72 
metallic, dislocations in, 89 
radiation effects 

channeling, 66 
lattice interactions, 67-69 

silicon, lattice, 322 
solid, electric fields in, 66 
strengthening, 83 

CSE, see Containment Systems Experiment 
CSM, see Continuous Sample-Monitor 
Curium sesquioxide, heat source, 210 
Curium-244, heat sources, 210 
Current densities, high, electrolysis studies of, 57 
Cusp experiment, 100 
Cyanide ions, low temperature mobility studies, 71 
Cycloheximide, protein synthesis inhibitor, 275 
Cyclopentanone molecule, excited state, 49 
Cyclotrons, use in cancer therapy, 236 
Cytogenetics, chromosome research, 265-266 

D 
DAPR, see Digital automatic pattern recognition 
Data analyses 

digital automatic pattern recognition, 17-19 
precision encoding and pattern recognition, 17-19 
spark chamber film scanner, 17 

"Data pool" for ARC system, 170 
DCX Experiments, 95 
DDT, radioactive, distribution studies in marsh, 284 
Defects 

in plutonium dioxide, 91 
structures in nonstoichiometric oxides, 90 

Defense Atomic Support Agency, aircraft sampling 
program, 290 

Deformation 
grains of a polycrystal, 87 
metals, "slip" and "twinning," 150 

Degenerative diseases in germ-free mice, 244 
"Delayed neutrons," in fast and thermal reactors, 165 
Dense plasma focus device, 98 
Deoxyribonucleic acid (DNA) 

definition, 266 
lack, in "minicells," 268 

Deoxyribonucleic acid—Continued 
replication and repair in human cells, 272 
synthesis, effects 

X-ray exposure on, 267, 268 
growth of tumor cells, 272 

Department of Defense, air sampling techniques, 293 
Depletion layer, 321 
Deposition measurement tests, for pollutants, 314, 315 
"Deposition velocity," measurement of pollution, 313 
Detectors 

•beat frequency, 183 
germanium, lithium drifted, 40 
incipient boiling, 182-183 
neutron, 179-182 
semiconductor, 319-333 

see also Semiconductor detectors 
solid-state 

charged-particle, 331 
measurement of X-ray energies, 22 

spark counter neutron, 180-181 
Deuterium 

energy requirements of animals, study, 285 
gas, use in plasma production, 98 

Deuteron 
D (<3, n) reaction, 168 
dissociation, 6 
K-meson-deuteron interaction, 9 

Dewar vessel, superconducting coils, 16 
Diamond, atomic vibrations in, 79, 80 
Dichlorodiphenlytrichlorethane, see DDT 
"Die-off coefflcient" K, 165 
Differential sensitivity, 228 
"Differentiation," definition, 276 
Diffraction dissociation, 5 
Diffusion 

pollution, 303-307 
turbulent, laws of, 316 

Diffusiophoresis, in supersaturated environment, 309 
Digital automatic pattern recognition (DAPR), 19 
Di-hydroxyphenylalanine (DOPA), melanin-precursor, 

226, 227 
Diodes 

miniature detector tunnel, unit, 324 
reverse-biased, 320 

Direct energy conversion program, 207-215 
Dislocations, displacement after stress application, 89 
Dispersion 

pollution, 303-307 
relationship, for diamond, 79 

Dissociation 
deuteron, 6 
diffraction, 5 

Dissolution, anodic reactions, 57 
Dogs 

cerium-144, toxicity in, 258 
Plutonium studies, 256,257 
semiconductor detectors in exteriorized heart, 327 
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Donner Laboratory 
delayed effects of radiation on brain tissue, 245 
electron micrograph of rabbit brain, 345 
radiation biology studies, 232 
radiation effects on central nervous system, chart, 

246 
Doppler 

broadening, 127,174 
coefficient, 125 
effect 

definition of, 160 
measurement in fast reactor, 101 

shift, study of nuclear lifetimes, 28 
Dose reduction factor (DBF), 262 
Dosimeter, neutron prototype, 180 
Double cantilever beam (DCB), 141 
Douglas United Nuclear, Inc., space-dependent kinetics 

behavior of HTGRs, 129 
Dow Chemical Co., Rocky Flats Plant, 106 
"Drift" region, in semiconductor detectors, 324 
Dry deposition theories, pollutants, 313-314 
"DTF-Burn," 171 
Ducks, Shoveler, in behavior studies, 286 
Ductility studies of metals and polycrystals, 85-87 
Duke University, Durham, N.C.. semiconductor detec

tors in eye probes, 330 
Dye traces, vortex flow with applied magnetic field, 214 
Dynamic impedance 

changes in cerebral impedance, 246 
method of monitoring radiation effects, 246 

E 

Earthquake geology study, 124 
EBOR, see Experimental Beryllium Oxide Reactor 
KBR-I, see Experimental Breeder Reactor-I 
EBR-II, see Experimental Breeder Reactor-II 
ECHO 28, cold virus, 279 
Ecology, terrestrial, 283-287 
ECRH, see Electron. Cyclotron Resonant Heating 
Eddy current testing, multiparameter system, 154, 155 
Effect of high-pressure hydrogen, 85, 86 
Effective law of force between neutrons in a nucleus, 83 
Ehrlich ascites tumor, experimental mouse tumor cells, 

240 
Einsteinium-255, 43 
E-Layer, 98 
Electric fields 

precipitation scavenging, 312 
solids, 76 

Electricity 
generated by vortex plasma-core reactor, 215 
liquid-metal MHD power cycles, 211 

Electromagnetic 
interactions, 10 
isotope separator, 51 
testing of nuclear reactors, 155 

Electron 
avalanche of, in amplifying detectors, 324 
conduction in thin-film superconductors, 75 
correlation, 50 
diffraction, at very small angles, 78 
energy shells, 42 
hydrated 

pressure effect on, 45 
"spur" reaction, 46 

irradiation of metal crystals, 68 
low energy, absorption by irradiated material, 232 
pair production, wide-angle, 10 
spin resonance (ESR), 45, 77 
temperature determination, 209 
thermionic emission and collection, 207, 208 

Electron Cyclotron Resonant Heating, 95 
Electron linear accelerator, 30, 167, 173, 177 
Electron micrograph 

chemieal-vapor-deposited tungsten, 149 
grasshopper testes, 274 
red blood cell photos, 276 
sintered aluminum products, 151 

Electron microscope 
biological material study, use, 230 
fraetograph photo of fractured beryllium sample, 143 
macromoleeular morphology of plasma membranes, 

274 
neutron irradiation in stainless steel, 141 
radiaton-induced fluid shifts studies, 246 
structure of ferromagnetic thin films, 78 
studies of dislocations in ordered alloys, 84 
studies of irradiated metals, 68 

"Elmo" at ORNL, 96 
Emperor Tandem Van de Graaff Electrostatic Acceler

ator, 25 
Energy 

direct conversion, 207-215 
transfer in ion-impact mass spectra, 51 
turbulent spectra, 303-304 

Engineering Test Reactor (ETR), flux stabilization, 
174 

Enrico Fermi Power Reactor, 158 
Entrainment, rate, versus rise speed, 299 
Environmental Science Services Administration 

(ESSA) 
Atmospheric Turbulence and Diffusion Laboratory, 

300 
temperature profile runs, 303 

Enzyme 
activity in rat liver, 277 
adaptive synthesis, 240 
alcohol dehydrogenase, 269 
control of carbon, 281 
cytoplasmic, in "minicells," 268 
genetic control, 269 

Equilibrium calculation, in reactor fuel cycle model, 107 
Erosion, of turbine blade, 192-194 
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Erythron behavior, 108 
Erythropoietin studies 

anemic patients, in, 247-248 
heme synthesis, 250 
in the mechanism of control of hematopoiesis, 262 
iron intake, 249 
purification, sheep plasma, 247 

Escherichia colt, mutation rate of, 269, 270 
ESR, see Electron spin resonance 
ESSA, see Environmental Services Administration 
"Eta" quantity, 163 
ETR, see Engineering Test Reactor 
European Atomic Energy Community (Euratom), 

proposed research reactor, 175 
Europium-151, spectrum, 22 
Europium-153, spectrum, 22 
Evaluated Nuclear Data Pile, Version B, 170 
Evaporation, comparative studies of halogens, 317 
Exchange reactions, 6 
Experimental Beryllium Oxide Reactor (BBOR), 129 
Experimental Breeder Reaetor-I (EBR-I), 158 
Experimental Breeder Reactor-II (EBR-II) , 158,205 
Extractor, new centrifugal, 198 
Extrusion 

sol-gel thoria, 197 
technique, self-lubricating, 148 

Eye Clinic, University of California, Los Angeles. 
semiconductor detectors in eye probes, 330 

Eye, tumor probe, 330 

F 

P centers, 69 
Fabrication studies, for reactor materials, 148-153 

see also Materials, reactor 
Fallout, see also Atmospheric sciences; Precipitation 

scavenging; and Radiation 
from atmospheric testing, 289 
plutonium-238 fallout levels from SNAP-9A, 290-

292 
stratospheric and tropospheric sampling, 290, 292 
strontium-90, high altitude sampling, 293 

FARET, see Argonne Fast Reactor Test Facility 
FCF, see Fuel Cycle Facility 
Fermi velocity, measurement of, 73 
Fermions, boson-fermion interactions, 53 
Ferromagnetic thin films, 78 
Ferromaganese minerals, accumulation in marine 

environment, 333 
Fertile material, definition, 197 
Film scanning, spark chamber, 17 
Filtration, of organic iodides, 120 
Fish, populations in deep water, 283 
Fissile elements 

electronic structures and properties, 137-138 
to form actinide compounds, 138 

Fissile isotopes, high burnup studies, 164-165 
Fissile material, definition, 197 

Fission 
capture and cross sections, 167 
couple, definition, 179 
cross section, americium-242, 30 
fast, neutron energy cross sections, 159 
probability of occurrence, 40 
track counting, 140 

Fission-product 
analysis techniques, 123 
behavior, 120,121,122 
billet design, 151 
concentration, 120 
depressurization and loss of coolant, 114 
fuel clad melting, 114 
fuel cladding, 112,145,151 
poison removal, 203 
recovery, 197,199 
release, 112-113,120,128,151 
sampling devices, 122 
transport and deposition, 117 
yields of radioactive nuclides, 170 

Flowmeter for molten metals and salts, 183 
Fluid 

dynamics studies, 103,192 
inertia, liquid metal bearings, 196 

Fluid-bed fluoride volatility process, definition, 201 
Fluidic elements, active, temperature measurements in 

high nuclear radiation environments, 184 
Fluidization, principle of, gas through solid particles, 

199 
Fluorinator, reactor fuel conversion, 200 
Fluorine 

from peripheral compressor, 202 
compounds 

fluid-bed volatility process, 201, 202 
molten mixtures, immiscibility studies, 60 

"Fortran," programming language, 170, 171 
Fractograph photo, of beryllium, 143 
Fracture 

crack propagation studies, 141 
mechanics studies, 141 

Free radicals, OH reaction rates, 47 
French Fast Reactor (Rapsodie), 158 
Friction velocity, high frequency ground turbulence, 

314 
Frogs, embryo, protein synthesis, 276 
Fuel cladding 

barrier to fission products, 113 
high-temperature interactions, 208 
manufacture of elements with thinner nominal, 151 
vanadium alloys, 145 

Fuel Cycle Facility (FCF), 205 
Fuel elements 

coextrusion of, 151 
development, 208 
protoype multi-cell thermionic, 208 
thermal velocity of atoms, 161 
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Illinois State Water Survey, computer programs for 
atmospheric tracers, 308 

Impurity 
analysis, uranium-235, 106 
dopants, 320, 323 

In vitro cultures, rat bone marrow, cell studies, 249 
Instrumentation and radiological physics, 229-233 
Integral conductor, 15 
Integrator, fluidic temperature sensor, 83-84 
Interactions 

fermion-boson equivalent, 53 
protons with silicon crystals, 67 
radiation with metals, 66 
strong, 6, 9, 10 

Interference theory, 5 
Intermetallie compounds, bonding, 77 
International Commission on Badiological Protection 

(ICEP), radiation dosage for industrial workers, 
292 

Invariance studies, 10, 11 
Iodine 

"clock," 36 
plateout, 120 
washout experiments, 310 

Iodine-131 
fuel aerosol, 127 
radioisotope measurement, 224 
thyroid gland physiology, diagnosis, 222 
turbulence and air concentration profiles, 314 

"loffe Bars," addition to 2X devices, 95 
Ions 

atomic, dominant in usium plasma, 210 
density determination, 209 
exchange, separation techniques, 198 
hydride or deuteride, 52 
impact process, in mass spectrometry, 50 
low energy injection, 93 
polar, low temperature mobility, 71 

Iowa State University electron synchrotron, 31 
Iron 

hydrogen embrittlement mechanism, 84 
material in SORA reactor, 175 
"organic," in coal, 54 
tensile yield strength, 138,139 

Iron-55 
content in humans throughout the world, 296 
man and biosphere 295-296 

Iron-59 
erythropoietin, stimulated increase in cellular uptake, 

249 
hemochromatosis study, 226 
radioactive heme extraction, 250 

"Isentropic" trajectories, 308-309 
Isobaric analog energy states, 32 
Isospin states, 9 

Isotopes 
accumulation in tissue for detection, 249 
double-lable technique, in blood flow, 321 
identification of fission fragmentation and reaction 

products, 38 
internal radiation treatment in cancer, 236-237 
pesticide translocation study, 284 
post-irradiation time studies, 165 
rates of fission in reactors, 159,164 
separator system, 29 
separation, 51 
shift 

in silver and cerium, 23 
muonic X-ray measurement of, 23 

trace fission, 128 
К 

К scale, 137 
Kane Creek, South of Moab, Utah, 63 
Kaons, see K-mesons 
Kant« functions, analysis of, 154 
"Keplertron," Oak Ridge National Laboratory studies, 

232 
Kidney scanning 

radiation dose, 224 
teehnetium-991" iron complex, 224 

Kinetics 
nuclear reactor, 118 
of iron, in humans, 107 

K-mesons 
cross section measurement, 9 
neutral, 11 

K~-meson, transition studies, 22 
Krypton distillation and permeation, 121 
Krypton-85. beta activity, recorded in brain, 328 

L 

Laboratory of Nuclear Medicine and Radiation Biology, 
evaluation of metabolic rate, 285 

Laboratory of Radiobiology 
autoradiographic study of mouse ascites tumor, 272 
chromosome structure, study, 266 
DNA replication studies, 272 

Lanthanide elements, 42 
Lasers 

beam studies, high temperature. 59 
properties of, 77-78 
study of collective excitations in solids, 232 

LASL, see Los Alamos Scientific Laboratory 
Lattice research, 105 
Lawrence Radiation Laboratory, Berkeley 

age distributions in cells, 108 
atmospheric transport and dispersion models, 309 
automatic computer analysis of bubble chamber 

events, 19 
biological material, microscopic study, 230 
biosatellite experiment, 24,4 
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Lawrence Radiation Laboratory—Continued 
californium isotopes, new, 42 
chloroplasts research, 279 
elastic and inelastic proton-proton scattering meas

urements, 9 
electron microscope, use in scanning red blood cell, 

271 
gastrointestinal tract, blood flow studies, 326 
glass-metal bonding, 91 
hemochromatosis study, 225 
high-speed anodic dissolution of metals, 55 
improved particle identifier system, 38 
interactive on-line computation, 108 
magnetostrictive readout technique, 13 
maturative and proliferative behavior of the red 

blood cell and its precursors, 108 
micromechanical stress, the strength of brittle ce

ramic materials, 90 
partial theory of nuclear structure, 39 
red blood cell research, 276 
"Regge Pole" Theory, 6 
scanning spark chamber film, 17 
semiconductor biomedical applications, 327, 342 
strain-hardening rate in steels, 87 
X-ray spectra of mesonic atoms, 21 

Lawrence Radiation Laboratory, Livermore 
cross section measurements, 30 
data analysis, 33 
effects of hydrogen on stainless steel, 85 
energetic neutral particle injection, 95 
Plutonium studies, 42 
pulsed experiment in low energy ion injection and 

magnetic compression, 94 
Leakage 

electrical, in semiconductor detectors, 319 
residual current in semiconductor detectors, 320 
volume current, in silicon detectors, 321 

Leukemia 
chromosome abnormalities, 250 
fission product inhalation, program, 254 
irradiation in chronic granulocytic, 237 
myeloid, radiation induced, 244 

Leptons, see also Electrons; and Muons 
constituent particles, 4 
electromagnetic interactions, 5 

Levitron, 98 
Light, diffraction, in regions of abrupt density changes, 

153 
Linear programming, integer problem, 105 
Liquid drop model, 57 
Liquid-liquid immiscibility, 61 
Liquid metal bearing 

lubrication, 194 
test results, 187,194 

Liquid-metal-eooled fast breeder reactors (LMFBR), 
141, 199 

Liquid-metal magneto hydrodynamics, 212 
Liquid nitrogen, irradiation of germanium, pure and 

doped, 70 
Liquide, direct study of electron interactions, 232 
Lithium-cesium, in two-phase generator cycle, 211 
Lithium-drifted detectors, 322, 330 
Liver, irradiation, use in study of leukemia, 237 
LMFBR, see Liquid-metal-cooled fast breeder reactors 
Lobules, rat liver study, 277 
LOFT, see also Loss-of-Fluid Test 

dolly-mounted test reactor, 116 
Semi-Scale Blowdown, 117,118 

Lorentm ionization, 95 
Los Alamos Scientific Laboratory 

alpha radiation study, 257 
cesium plasma studies, 208 
dense plasma focus device, 98 
digital computer for UHTREX, 185 
discovery of nucleus helium-7, 31 
distribution of oxygen and carbon in metals, 142 
fission product yields of plutonium-239 and uranium-

235,169-170 
life cycle of animal cells, study, 274 
monthly uranium-235 sample exchange program, 106 
neutron-proton spin, 33 
neutron scattering studies in diamonds, 79 
NMR studies of proton exchange, 52 
Omega West Reactor, 81 
one-dimensional, transport theory burnup code, 171 
oxidant corrosion of graphite, 147 
production of high-beta plasmas, 98 
reactions of OH radicals with other gases, 47 
reactivity transient tests, 129 
tandem Van de Graaff accelerator, 27 
thermal conductivity of graphite, 145 
three-stage Van de Graaff facility, 28 
variation of superconducting transition temperature, 

72 
Loss-of-eoolant accident studies, 116-117,120 
Loss-of-Fluid Test, environmental testing of samplers, 

122-123 
Low energy physics 

experimental studies 
atomic and classical physics, 34-36 
charged particle physics, 26-33 
neutron physics, 33-34 

theoretical advancements, 26-27 
Lovelace Foundation for Medical Education and 

Research 
inhaled radioactive fission products, 254 
solubility of material, 258 

Lymphocytes, 220-222 

M 

Mach Zehnter Interferometer, 100 
Magnesium oxide, radiation damage, 69 
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Magnetic 
coil, superconducting, 12 
fields 

applied, stabilizing influence, 214 
in accelerators, 13 
in bubble chambers, 13 
in solids, 76 
systems, "open-ended" for hot plasma confinement, 

93 
ordering, 77 
s t ruc ture of rare-ear th metals, 76 

Magnetism, nuclear, 23 
Magnetohydrodynamic stabilization, 215 
Magnetohydrodynamics (MHD) power generator, 

liquid-metal or plasma, 211-215 
Magnetostrictive readout technique, 13 
Magnets 

bubble chamber operation, 14 
extracting, 12 
SLAC spectrometers, 18 
superconducting beam, 12 

Mammalian cells, synchronizing methods, 266-268 
Manganese 

quant i ta t ive determination, 59 
quali tat ive test for, 58 

Marine environment 
distribution of radioactive elements, 333 
fallout, 293 
natura l ly occurring radioactive elements, 333 

Mark 1A-Type fuel element, 132 
Marquard t Corp., The, Van Nuys, Calif., fluidic tem

pera ture sensor, 183 
Marquet te University, electrical conductivity measure

ments in sintered ceramic cerium dioxide, 89-90 
Massachusetts General Hospital , Boston, response of 

semiconductor probes to a lpha particles, 329 
Massachusetts Ins t i tu te of Technology 

analyzing bubble chamber film, 17 
continental drift hypothesis, 62 
•in vivo radium exposures, 331 
polar izedneutron beam research, 81 

Mass spectrometry 
ion impact energy transfer , 50 
precision, 63 

Materials , reactor 
collision of neutron, 159 
radiat ion and corrosion, 138-148 
radiat ion embrit t lement of iron, 138 
resonance integral cross section, 163 

Materials Testing Reactor (MTR) , 173 
Materials Testing Reactor (MTR) F a s t Chopper, 168 
Mathematics and computer research, 103-108 
Maximum pressure transient , in wate r reactors, 123 
MEA, see mereaptoethylamine 
Mechanical Technology, Inc., Lathem, N.Y. 

motion of liquid metal bearing-rotor, 187 
turbomachinery, lubrication studies, 196 

Medium energy physics, experimental advances, 21-23 
Megahertz radiofrequency (MHz R F ) , definition, 213 
Megawatt days per ton, 131 
Melanin-produeting tissues, study, 226 
Meltdown Program, 125 
-Mendelevium-258, 43 
Mereaptoethylamine, radiat ion protection, 261 
Mercury-203 Neohydrin, kidney scanning, 224 
"Mesometeorology," t ranspor t boundary, 298 
Meson 

constituents, 4 
production, 9 
vector, coupling to photons, 6 

Mesothorium, distr ibution in human body, 330 
Metabolic studies 

estimation of animal energy, 286 
t race metals and Parkinsons disease, 226 

Metallic hydrides, embrit t lement mechanism, 84 
Metals 

alkali, as coolants, 190 
fabrication of refractory, 131 
high speed anodic dissolution of, 55 
liquid, corrosion in, 147 
molten, 183 
oxides, high temperature and pressure studies, 61 
plastic deformation, 83-89 
radiat ion damage and latt ice defects, 67 
radiat ion effects, 66-71 
solutions in molten salts, 60 
solvents, donor and acceptor solutions, 204 
trivalent, use in creep studies, 88 

Meteorites, "ext inct" radioactivity in, 35 
Meteorology, see also Atmospheric sciences 

laboratory site da ta accumulations, 317 
research programs, 297 
variables, 318 

Meter, carbon, for liquid metals, 184 
Method of generating functions, 106 
MHD, see magnetohydrodynamics 
Mice 

anemic, effect of male sex hormones, 248 
antibody potential, influenced by antigenic priming, 

263 

C57BL s t ra in , 261 
erythropoietin, testosterone effect, 249 
germ-free, rearing, 243 
radiat ion doses, 262 
stontium-90 exposure, testes, 233 
testosterone, effect on red cell formation, 248 

tumor cells, study, 240 
Michigan State University, chromium-51, study, 286 
Micrometeorology 

airborne radio nuclides, 316 
atmospheric processes, 298 
behavior parameters of pollutants, 317 
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Microscope 
field emission, 55 
field ion, 55 

Microscopic casualty, principle of, 10 
Microspheres 

for use in reactor fuels, 109 
radioactive, 257 

Microstructure in ceramics, 90 
Microwave absorption studies in the heavy rare-earth 

metals, 76 
Milk, as radiation source, 295 
"Minicells," mutant cells, 268 
M.I.T., see Massachusetts Institute of Technology 
Mitochondria 

distribution of ether-containing limpid in mouse tu
mor cells, 240 

size differences, 277 
Moderators 

beryllium oxide, 173 
light and heavy water, 165,171 

Molecular 
configuration of phosphonitride chloride, 58 
ion beam injections, 95 
orbitale, characterization of, 49-50 

Molecules 
contour diagrams for valence shell orbital« in, 50 
excited, chemistry of, 48,49 
ion-molecule collisions, energy conversion processes 

in, 51 
polar, 71 
"protonated," 52 

Molten metals, flowmeter for, 183 
Molten Salt Reactor Experiment, 60,203 
Molten salts, flowmeter for, 183 
Molybdenum 

matrix cermet fuel, 176 
self-lubrication, 148 

Molybdenum-99 
decay product, use, 222 
generator system, 222 

Monochromators, neutron, 83 
Monte Carlo method, 105 
Morphology, tissue, 273 
Mössbaucr effect, 54, 77 
Mound Laboratory 

multiple "twinning," 75 
pseudo-fivefold symmetry in carbonyl process nickel, 

146 
MTR, see Materials Testing Reactor 
Multiplication region, in amplifying detectors, 324 
Multiport vacuum chamber, 94 
Mumesons, 16 
Mutations 

induction by light, 269 
super-suppressors, in yeast, 269 

N 

National Center for Radiological Health, Stanford Re
search Institute survey, 222 

National Institutes of Health, purified virus study, 279 
National Neutron Cross Section 'Center, 170 
National Reactor Testing Station, Idaho 

aerosols, LOFT support studies, 121 
design of pulsed reactor system, 176 
ETR flux stabilization, 174 
fission-products concentration studies, 123 
fuel pin swelling, 132 
"hot" sample changing device, 163 
iodine deposition measurement tests, 314 
LOFT project, 117,118,122 
measurement of promethium-147 cross section. 168 
PM-2A test, 114 
subcontracts, 118 

Naval Research Laboratory, Washington. D.C., high-
beta plasma research, 98 

"Negative coefficients," reactor control systems, 125 
Negative ions, 32 
N,eodymium-148, fission product, 206 
Neoplasms, radiation study in miniature swine, 254 
Neptunium-237, fission cross section, 159 
Neutron 

activation analysis, 312, 331-332 
binding in light nuclei, 33 
capture and fission cross sections, 167 
capture therapy in brain tumors, 329 
cross section measurement, 41 
detectors, 179-182 
diffraction study, 78-83 
diffusion 

coefficients, measurement, 165 
in light and heavy water, 165-166 

electric dipole moment studies, 81 
energy spectrum, fissioning rate variables, 159 
fast, activation analysis, 53 
flux monitors, internal, 40 
inelastic, scattering measurements, 159 
integral measurement, definition, 157 
irradiation on stainless steels, 139 
"leakage" in fast reactor, 162.166 
limiting density variations, 174 
multiple scattering effects. 73 
nucleus interaction, 167 
population and use in reactor cores, 157, 165, 173 
pairing energy of he.lium-S, 31 
physics, 33-34 
pulsed, source, 9S 
radiation deposits, 233 
ranges in sample elements. 16S 
scattering, 33, 81, 171,173 
source, 167,173, 176 
time distributions, in pulsed studies, 175 
vacancy production, 69 
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Nevada Test Site, Persimmon scientific-study event, 
168, 169 

New York University, containment, stability and heat
ing of plasmas, 101 

Nickel 
low carbon, in semiworks reactor, 201 
metallographic study of, 75 
radiation effects, 69 

Niobium 
alloys, static magnetization measurements, 73_ 
carbide, variation in superconducting transition tem

perature, 74 
low temperature magnetic behavior studies, 72 

Niobium-tin ribbon, 14 
Niobium-titanium 

superconductors, 15 
use in SLAC superconducting coils, 14 

Niobium-zirconium 
alloy, test loop, 192 
use in SLAG superconducting coils, 192 

Nitrogen 
metastable electronic states, 212 
solubility and rate of solution, in refractory metals, 

137 
N.MR, sec Nuclear Magnetic Resonance 
Noble gases 

containment, 121 
production and solubility in liquid sodium, 126 

Noise 
current, problem in semiconductor detectors, 320 
white, 183 

Nondestructive testing 
electromagnetic, 155 
ultrasonic, 153-154 

Nongravitational forces, in deposition process, 316 
Nonstoichiometric oxides, nonmetallic materials, 89-90 
NRTS, see National Reactor Testing Station 
NSIC, see Nuclear Safety Information Center 
NSPP, sec Nuclear Safety Power Plant 
N-type materials, silicon with phosphorus doping, 320 
Nuclear, sec also Binding energies 

binding forces, spin dependence of, 33 
electric quadrupole moment, 35 
fission, new development, 39 
magnetic resonance (NMR) 

bonding characteristics in metallic systems, 76 
proton exchange in water-liquid ammonia solu

tions, 52 
power plants, new piping, 110,116 
reaction products, broad range analysis of, 21 
structure, new theory, 39 

Nuclear Rocket Development Station, engine test ex
perimental, 309 

Nuclear Safety Information Center 
Selective Dissemination of Information program, 

129 
services, 129 

Nuclear safety, review journal, 129 
Nuclear Safety Power Plant, 120 
Nuclear technology, see Reactors, nuclear 
Nuclei 

excited states, 27 
light 

identification of, 38 
non-spherical, 25 
nuclear particle bombardment, analysis of, 27 
spherical and non-spherical size and shape studies, 

22 
Nucleic acids and proteins, study of structure and 

function, 277-279 
Nucleons 

high velocity collisions, 5 
nucleon-nucleon scattering 

model, 9 
pion exchange, 6 

Nuclides 
gamma ray emitting, 40 
rare-earth element, fuel poisons, 204 

"Nurloc," 117 
Xnsselt number, definition, 189 

О 

Oak Ridge Associated Universities 
hematopoietic cell, study, 262 
Medical Division, irradiation of spleen, study, 237 
"scatter counting" technique, 224-225 
total-body irradiation facility, 237 
tumor, study, 240 

Oak Ridge Gaseous Diffusion Plant (ORGDP) 
fission-product concentration project, 121 
process feasibility studies, 201 

Oak Ridge National Laboratory 
advances in coated-particle fuels, 134 
antibody-forming potential study, 263 
antiseismic containment structure designs, 124 
channeling of charged particles, 66 
containment studies, 120 
cooperation with SORA program, 175 
cooperative study of new reactor fuel, 137 
cytogenetic studies, 267 
DCX experiments, 95 
defect studies in superconductors, 72 
effects of radiation on chemical analysis, 54 
electron cyclotron heating, 95 
electron measurement study, 232 
energetic neutral particle injection, 95 
enzyme control study, 269 
escherichia coli, study, 268 
Experimental Site Study, 129 
exploratory study of confined vortex flows, 215 
fabrication of refractory metals, 148 
fission-product behavior data, 120 
heavy-section steel technology program, 114 
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Oak Ridge National Laboratory—Continued 
interstitial atom behavior in germanium, 70 
liquid-liquid immiscibility, 61 
measurement of number of electrons, study, 232 
microbial influence studies, 244 
molten salt breeder reactor processing, 203 
mutational and genetic analysis of yeast, 269 
neutron capture cross sections, 167 
neutron scattering cross section calculation model, 

167 
nuclear lifetime measurements, 27 
nuclear piping codes, 114 
Nuclear Safety Information Center, 129 
Oak KidgeIsosynchronous Cyclotron (OEIC), 21 
plume rise data, programming and consolidation, 303 
processing of spent reactor fuels, 199 
radiation damage to water, 233 
radiation effects on magnesium oxide, 69 
semiconductor radiation.detector program, 321 
sintered aluminum products, 150 
steam-graphite reaction kinetics, 128 
superheat research in alkali metals, 190 
zonal ultracentrifuge rotors, study, 279 

Ohio State University, DDT study in marsh, 284 
Old Dominion College, radioisotopes as ecological 

tracers, 285 
Omega, lifetime of, 4 
Omega minus mass, measurement of, 7 
Omega West Reactor, 81 
ORAU, see Oak Ridge Associated Universities 
Order-disorder transformations, definition, 77 
ORGDP, see Oak Ridge Gaseous Diffusion Plant 
ORIC, see Oak Ridge National Laboratory, Oak Ridge 

Isosynehronous Cyclotron 
ORNL, see Oak Ridge National Laboratory 
Oscillator, fluidic temperature sensor, 184 
Oscilloscope 

dual beam, bearing motion readout, 187 
simultaneous display of tubing flaws, 155 

Oxidation 
of graphite in helium atmosphere, 148 
states, chemistry of, 43 

Oxides, in f uel pellets, recovery of spent fuel, 203 
Oxygen 

isotope bombardment, 27 
metastable electronic states, 214 
ratio in plutonium dioxide crystal structure, 91 
trace quantity determination, 53 
vacancies in MgO, 69 

Oxygen-18, energy requirements of animals, study, 285 

P 

Pacific Northwest Laboratory 
air sampling studies, 316 
brittle fracture effects on reactor environment, 141 

Pacific Northwest Laboratory—Continued 
chemistry of oxidation states of the rare earth ele

ments, 43 
computer programs for atmospheric tracers, 308 
containment systems studies, 117,120 
critieality alarm system, 179 
cytogenetic studies, 267 
detection of plutonium in wounds, 326 
diffusion and transport works, 305 
eddy current testing, 155 
effects of nuclear radiation on metals, 70 
effects of terrain on diffusion and transport, 297 
electrical conductivity of uranium dioxide, 134 
experimental precipitation scavenging with zinc sul

fide, 310 
fission fragment damage principle, 180 
high-temperature helium gas corrosion, 145 
human blood studies, 296 
inreactor creep tests of type AI SI 304 stainless steel, 

139 
lymphocytes study, 256 
monitoring system, 116 
performance of fuel elements, 131 
pipe and duct tests for deposition rates, 316 
radiation depositing energy studies, 233 
radiation detection study, 257 
radiation effects in nickel, 70 
"rare earth" elements, experimenting, 309 
rotating-crystal neutron spectrometer, 171 
sample tracers, 306 
strontium-90, biological effects, 254 
trace elements, tissue analysis, 332 
"turbulence spectrum" averages, 303 
ultrasonic nondestructive reactor testing, 153 
variables in washout rates, 311 

PAPP, see para-aminopropriophenone 
Para-aminopropriophenone, radiation protection, 261 
Paramagnetism, in thin-film superconductors, 74 
"Paret" computer program, 118 
Parkinson's disease 

defective melanin formation in brains, 226 
treatment with voltage recording electrodes, 328 

Partially conserved axial current (PCAC), 4 
Particles 

charged, effect of crystal orientation on energy loss 
of, 67 

elementary, "quark" model of, 4 
fast, charged, 66, 67 
fundamental, 17 
high energy, interactions with complex nuclei, 44 
identifier system, improved, 38 
interaction processes, description of, 4-6 
pickup and reentrainment from air, 316 
rebounding and reentrainment, in tubes, 316 
resonant, 9 
sizes, in washout collection efficiency, 312 

PBF, see Power Burst Facility 
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PCAC, see Partially conserved axial current 
Peclet number, definition, 189 
Pellet oxidation studies, 202 
PEPR, see Precision encoding and pattern recognition 
Periodic law, 1 
Periodic table of the elements, 1 
Permalloy, 78 
"Persistence," expression of direction variability, 318 
Peter Bent Brigham Hospital, lymphocytes studies, 222 
Philco-Ford, Newport Beach, Calif., Aeronutronie Divi

sion, turbine blade erosion studies, 192 
Phillips Petroleum Co., subcontracts, 118 
Phosphorescence 

in chromium coordination compounds, 48 
measurement, 307 

Phosphorus-32, phosphate localized in eye tumors, 330 
Phosphorus-nitrogen compounds, structure of, 58 
Photobiology, photosynthesis study, 279-281 
Photoelectric effects, in study of electron interactions 

in solids, 233 
Photo-electrons, energy distribution study, 233 
Photoluminescent dosimeters, measurement of radia

tion exposure, 233 
Photon 

activation analysis for oxygen and carbon in sodium, 
186 

coupling to vector meson, 6 
electromagnetic interactions, 27 

Photoneutron process, 165 
"Photopeak," radioisotope measuring technique, 224 
Photoproduction, of Y* particles, 10 
Photosynthesis, "isolated," 279 
Physics 

atomic and classical, 34-36 
charged particle, 26-33 
cloud, 298 
high energy, 3-19 
low energy, 25-36 
medium energy, 21-23 
neutron, 33-34 
radiological, 232-233 
reactor, 110-215 

Pigs, neoplasm study, use, 254 
Pi mesons, see Pions 
Pions 

decay, 15 
dissociation, 6 
high velocity, collision, 5 
low energy, emission, 4 
X-ray studies, 22 

Piping failure studies 
Battelle Memorial Institute, 115 
General Electric Co., 115 

Piping systems, basic material properties, 115 
Plants, see also Photosynthesis 

herbaceous, radiosensitivity of, 268 
survival and growth after irradiation, 227 

Plasma, see also Blood. 
ball lightning lifetime and production, 207 
closed line confinement systems 

stellarator, 95-96 
toroidal multipoles, 97 

high-beta plasma research 
dense plasma focus device, 98,100 
theta pinch, 98 

interaction with magnetic fields, 94 
low-beta, open-ended confinement system 

electron resonant heating, 95 
energetic neutral particle injection, 95 
low energy injection and compression, 94, 95 
molecular ion injection, 95 

magnetohydrodynamic studies, 213 
quantitative study of, undisturbed, 100 
uranium iodide-neon gas, conductivity, 213 

Plastic deformations 
creep at high pressure, 88 
dislocations in ordered alloys, 83 
ductility of polycrystals, 86-87 
effect of high-pressure hydrogen, 85-86 
hydrogen embrittlement of metals, 84-85 
superplasticity in metallic materials, 83-84 
"TRIP" steels, 87 

Plowshare Program 
atmospheric transport and dispersion models, 309 
"Persimmon" event, 1967,169 

Plumes, see Buoyant plumes 
Plutonium 

compounds, 138 
dioxide, oxygen to plutonium ration, 91 
extraction from fission-product, 198 
fast reactor fuel, 158 
fluorides, unstable, 199-204 
hexafluoride, recovery of plutonium-tetrafluoride, 

200, 203 
oxide gels, 109 
oxide particle in hamster cells, 253 
remote reeonstitution, 199 
studies, 42 

Plutonium-238 
fallout levels, 292 
lung deposition, 257 
stratospheric distribution, 289 

Plutonium-239 
conversion to curium-244, 210 
fission product yields, 169 
in vivo mapping, in wounds, 326 
lungs and lymph nodes, use in study, 257 
neutronic characteristics in reactor tests, 159, 163 

Plutonium-240, fission cross section, 159 
Plutonium-241, neutronic characteristics in reactor 

tests, 159, 164 
Plutonium-242, fission cross section, 159 
Plutonium-fueled fast reactor, design studies, 157 
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P-N junction 
definition of, 320 
potential difference, 320 

PNL, see Pacific Northwest Laboratory 
Polarized neutron-proton experiment, 34 
Pollutants 

behavior parameter data, 317 
spread of plumes and puffs, 317 

Pollution 
aircraft sampling, 305, 306 
concentration prediction, 303 
diffusion and dispersion, 303-307 
transport routes, 297-298 
transport studies, 307-309 
turbulence measurement, 305 
vertical turbulence exchanges, 304 

Polycrystals, ductility of, 87 
Polycythemia vera, in bone marrow, 249-250 
Polyethylene, scattering, 174 
Portable Medium Power Plant No. 2A (PM-2A), 115 
Positive reactivity, 118 
Positron 

beam, high energy, 11 
fluorine and carbon emissions, 142 

Potassium 
boiling-inception superheat, 190 
superheating of, 182 
wet vapor, turbine blade erosion test, 193 

Power 'Burst Facility, 118 
Power excursion phenomena, 118 
Precipitation scavenging 

collection efficiency, 310, 312 
collision process, 309 
integration with tracer plume during washout, 310 
rainout and washout, 309-312 

Precision encoding and pattern recognition, 17 
Pressure Vessel Code, Section I I I of ASME, 114 
Pressure vessel integrity, 115 
Pressurized water reactor (PWR), 188 
Primary system integrity studies, 114 
Pi-incefcon-OPennsylvania Proton Accelerator Laboratory 

external proton beam, 11 
K°2 meson decay, 11 

Princeton Plasma Physics Laboratory, plasma confine
ment, parametric behavior, 96 

Probe 
acoustic transmitter, 183 
carbon meter, 185 
eye, semiconductor detectors in, 330 
silicon junction detector, 329 
solid acoustic, 182 
wound, low-energy radiation, 326 

Project Stardust, 290 
Promethium isotopes 

daughter product (samarium), 165,168 
promethium-147, cross section, 168,169 

Protactinium octahedral field studies, 43 

Protein 
Bencc-Jones, study, 279 
UNA, synthesis, 249 
synthesis, development, 276-277 

Proton 
beam 

baryon production, 9 
fast extraction system, 11 
irradiation, 245 
slow extraction, 11 

binding forces, spin dependence of, 33, 34 
bombardment 
phosphorous-31, of, 27 
study, 44 

elastic and inelastic scattering spectra, 32 
exchange, NMR studies of, 52 
interactions 

K-mesons, 9 
photons, 14 
with silicon crystal lattice, 67 

negative K-meson-proton elastic scattering, 8 
negative pion-proton forward and backward elastic 

scattering, 8 
proton-proton elastic scattering, 8 
recoil principle, spectrometer, 182 

Protozoa, protein synthesis, 274 
P-type material, silicon with boron doping, 320 
Pulse 

radiolysis, nanosecond, 46 
shape discrimination, 29 

Pulsed reactor research studies, 176 
Pyrite, absorption spectrum of, 55 
Pyrochemical process, recovery and purification of 

reactor fuels, 204-205 

Q 

Quadropole windings, see "loffe Bars" 
Quantum 

electrodynamics, range of applicability determina
tion, 10 

statistics in dilute solutions, 53 
theory, in low temperature mobility studies, 71 

"Quark model" of elementary particles, 4 

R 

Rabbit, electron micrograph of brain, 345 
Rad, definition, 221 
Radiation, see also Somatic effects of radiation 

absorption efficiency in semiconductor, 320 
aggressive behavior of breeding ducks, 286 
biochemical effects, 243-251, 274-276 
by-product materials, uses, 218 
dose statistics, 294 
effects 

biological, evaluation, 218 ^ 
materials, 48, 66-71 
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Radiation—Continued 
electromagnetic, 5 
embrittlement of iron, 139 
environment studies, 283-287 
exposure, control, 218 
genetics, 265-270 
high energy, on liquids, 46 
human body uptake, 294-296 
index of fission products after shutdown, 126 
low-energy, detection by semiconductor, 324, 329 
mixed fields, neutron dose evaluation, 181 
protection 

in man, 261, 262 
liquid materials, 49 

shielding, 261 
therapy, chromosome pattern, 250 
treatment of cancer and other diseases, 218 

Radicals, free hydroxyl, 47 
Radioactive 

fallout, land and sea deposition, 292 
iodine in the early solar system, 36 
phosphorus-32, chromosome abnormalities, 251 
wastes 

disposal of, 129 
solid, direct production, 204 
storage and long term disposal, 197-204 

Radioactivity Center of the Massachusetts Institute of 
Technology, in vivo radium exposures, 330-331 

Radioautography, use, in kidney scanning, 224 
Radiochemical analysis, of washout samples, 211 
Radio Corporation of America (RCA), Lancaster, Pa., 

adsorption cesium reservoir, 210 
Radioelements, toxicity, 253-259 
Radioiodine, thyroid tissue, 254 
Radioiron, determining amount of erythropoietin in 

blood,'248 
Radioisotopes 

biological effects 
cesium and cerium studies, 257-259 
Plutonium studies, 256-267 
strontium and iodine studies, 253-255 

cancer malignancies, 239 
implantation gun, 236-237 
isolated chloroplasts experiment, 281 
research, medical, 219 
scanning agent, 222 
"scatter counting," technique, 224, 225 

Radiological physics 
dosimetry in cell-sized volumes, 233 
low energy electron studies in matter, 232 

Radiolysis 
aqueous solutions, of, 45, 46 
degradation of solvent, 198 
hydrocarbons, 48 
liquids, 49 

Radiometric age dating, 62 
Radionuclides 

atmospheric processes, importance in evaluation, 290 
concentration among wildlife, 285 
concentration in stratosphere, 293 
effect in environment, 283 
gamma-emitting radioisotope measurement, 225 
produced in air, weather research of, 309 
solid, relative concentrations, 316 
yields from plutonium-239 fission, 170 

Radiosonde reports, weather balloon observation, 308 
Radium-226, in vivo exposures, 330, 331 
Rainfall 

drops, size distribution of, 212 
rainout scavenging, definition, 309 
samplers, 310 

Raman spectra, 60 
RanMne-cycle systems, 191 
Rare earth 

elements, ductility, 87 
metals, magnetic properties of, 75 
series, trivalent compound studies, high pressure, 61 

Rats 
bone marrow studies, 249 
enzyme study, 277 
hematopoietic spleen colonies, growth of, 262 

Reactor Fuel Cycle Model, 106-107 
Reactors, see also Fuels, reactor; Materials, reactor; 

and Safety program 
applied research, 110 
cancer therapy, 236 
breeder reactor 

definition, 125 
fuel element heterogeneity, 158-159 
process feasibility development, 201-203 
zoned core experiments, 160 

evaluation calculations, 169-171 
heat transfer studies, 187-196 
instrumentation, 179-186 
kinetics, 118 
nondestructive testing, 153-155 
pollutant hazard evaluation, 317 
research and development, 110-215 
safety research, 110-129 
sites, 124 
size, new, 110 
thermionic development, 208 

Red blood cells 
electron microscope, use, 271 
maturatlve and proliferative behavior, 108 
production, 248 
overproduction, 250 
testosterone, effects on, 248 

Refractory metals, fabrication, 148-150 
"Regge Pole" Theory, 6 
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Rensselaer Polytechnic Institute (RPI), Troy, N.Y. 
chemonuclear development, 206 
neutron capture cross sections, 167 
time-of-flight neutron spectroscopy, 176, 177 

Research and development facilities, Atomic Energy 
Commission, 335-341 

Resonance 
definition, 5,168 
discoveries, 9 
integral cross sections, 163 
Y*, 9 
Z*, 9 

Respiratory distortion, diagnosis, 239 
Reticulocytes, relationship to oral iron absorption, 226 
Reverse-phasing, 11 
Reynolds number, fluid film, 196 
Rho, lifetime of, 4 
Ribonucleic acid (RNA) 

red cell differentiation, 249 
soluble, 269 

Ribosomes, synthesizing proteins, 274 
Rocket propellant fuel, as a source of buoyant clouds, 

301 
Roentgens, definition, 205 
Rover nuclear rocket program, 145 
Rubidium decay, use in radiometric age dating, 62 
Rutgers University, Brunswick, N.J., 67 

s 

Safety program, see also Fission (product 
containment structures 

concrete, 123 
design to withstand seismic loading, 124 

fast reactor 
concepts, 112 
core melt down problem, 125 
LMFRB program, priority, 125 
nuclear excursion accident, 125 

fundamental objective, 111-112 
gas-cooled reactor, 112,128,129 
water reactor 

accident factors, 112 
containment integrity, 123 
enthalpy, 114 
loss-of-coolant accident, 114 
piping rupture studies, 115 
primary system integrity studies, 114 
primary vessel integrity, 114 

Salts 
carrier and fuel in reactor, 204 
molten 

electrical studies, 60 
structure and properties of, 60 

transport process, 204 
SAP, see Sintered aluminum products 

Sarcoma, osteogenic in dogs, 258 
SASS, see Spiral Automatic Scanning System 
Savannah River Laboratory 

californrum-252 needles, 236 
coextrusion fuel elements, 151 
computer codes, joint system, 171 
ion exchange method, 198 
isotopic heat sources, curium-244, 210 
neutron diffusion rates, 165 
new centrifugal extractor, 198 

Scanners 
cancer diagnosis, 239 
electron microscope, new, 230 

Scattering 
elastic and inelastic, 9 
high energy, "Regge model," 6 
interference theory, 5 
multiple neutron scattering, 173 
neutron-proton, polarized, 33 
nucleon-nueleon, 6, 9 
positive and negative pion-proton small angle, 10 
proton-proton, 33 
thermal neutron, 171-174 

Schlieren system for study of ultrasonic phenomena, 
153 

Schrodinger Equation, Monte Oarlo, method of in
tegration, 105 

Scintiphotography, kidney scanning, 224 
Scoping tests for reactor safety, 112 
Scripps Institutions of Oeeonography, La Jolla, Calif., 

283 
Scylla IV, 98 
SDI, see Nuclear Safety Information Center, Selective 

Dissemination of Information 
Seed, irradiated okra, survival and growth, 227 
SEFOR, see Southwest Experimental Fast Oxide 

Reactor 
Seismic parameters 

lumped-parameter-system simulators, 124 
model testing, 124 

Semiconductor detector 
applications, biomedical, 218, 319-333 
brain probes, 329 
compensated thick, 322 
contoured avalanche amplifying, 323 
definition, 319 
diffused junction detectors, fabrication, 320 
internal, blood flow studies, 326-328 
large-volume, coaxial-drifted germanium, for tissue 

samples, 332 
lithium-drifted silicon, 322, 329 
noise free, 324 
probes, in eye, 164, 328, 329, 330 
resolution change with energy, 28, 29 
thin, silicon, 321 
use in complex particle identification, 38 
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Semiconductors, thermal expansion measurements in, 
71 

Semiworks system 
components, 201 
fluid bed reactor, 202 

Sensors 
conventional, 183 
fluidic temperature, 183-184 

Shark, sleeper, 283 
Sheep, purification of hormones, from plasma, 247 
Silica, in the study of radiation-induced chemical 

activity, 44 
Silicon 

"blocking" effect studies, 67 
penta-covalent, 57-58 
semiconductor efficiency, 320 

Silver-110, fission product separation, 128 
Sintered aluminum products 

commercial, lack of reproducibility, 151 
erratic behavior of, 150 
variables on properties, 151 

SIiAC, see Stanford Linear Accelerator Center 
SNAP-9A 

deposition, 290-292 
particle size, 291 
plutonium-238, product, 290 
stratopherie inventory, 290 
surface air concentration, 291 

Sodium 
bicarbonate, anemic patients, effect on, 248 
boiling 

coollants, 191 
liquid-vapor mixtures, 193 

burning rate, deposition, 126 
circulation pumps, breeder reactor, 196 
coolant, movement and production of vacuities, 125 
detecting carbon and oxygen impurities, 186 
fire, research, 127 
flowing, 184 
hydroxide, 180 
liquid, interactions, 126 
superheating of, 182 
void 

coefficieney, 125 
effect in reactor cores, 160 
effect on reactivity, definition, 162 

Sodium-argon mixture, with excited nitrogen, 213 
Sodium-cooled fast reactor, 113,162,196 
Sodium-potassium 

alloy 
eutectic, 196 
in heat exchangers, 189 

circulation assembly for bearing test, 194 
Sol-gel process, remote reconstitution, 199 
"Solid ionization chambers," semiconductor impurities 

in, 320 

Solid State Radiations, Inc., Los Augeles, Calif. 
alpha-counting system, 329 
beta-sensitive semiconductor detectors, 328 
semiconductor eye probes, 330 
silicon detector, 331 

Solids 
low temperature evaluation of thermal expansion 

effects, 71 
solutions, studies on the variations of superconduct

ing transition temperatures as a function of com
position, 74 

Solvents 
extraction and radiolytic degradation, 198 
metal acceptor and donor, reactor fuel recovery, 204 

Somatic effects of radiation 
central nervous system, 245-246 
erythropoietin studies, 247-248 
germ-free mice, 244 
hematopoietic system, 246-251 
myloid leukemia, radiation induced, 244 
necrosis, in central nervous system, 245 

SORA program, 175 
Soret effect, 60 
Southwest Experimental Fast Oxide Reactor 

(SEFOR), 158 
"Spacers," reactor fuel rod assemblies, 188 
Spark chamber 

detectors, 30 
magnetostrictive readout techniques, 13 
streamer, 12 

Special Power Excursion Reactor Test (SPERT) 
SPERT-1,119 
SPERT-III, 118 
SPERT-IV, 118 
SPERT-CDC, 119 

Spectrograph, precision, magnetic, 21 
Spectrometers 

fast reactor neutron, 181 
Ge(Li),123 
magnetic, 16 
mass, 50 
measuring pressure in gas-solid interactions, 137 
neutron, 81 
neutron diffraction, 176 
neutron, monochromators for, 82, 83 
nuclear magnetic resonance, 52,76 
proton-recoil neutron, 182 
rotating-crystal neutron time-of-flight, 171, 172, 173 
scattered proton detection, 8 
scintillation, sodium iodide, 40 

Spectroscopy 
absorption, 46 
excitation and ionization in metastable electric 

states, 212 
Mössbauer, studies of coal, 55 
Raman, laser-excited, 60 
time-of-flight neutron, 177 
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Spermatogonia, radiation response, 267 
SPERT, see Special Power Excursion Reactor Test 
Spin 

correlation, "Onn," measurements, 33 
scattering amplitudes, 81 

Spiral Automatic Scanning System (SASS), 17 
Spleen, hematopoietic colonies, 262 
"Spurs," reactions in, 47 
Stacks engineering, 301 
Standing wave, effect in superconductors, 73 
Stainless steel 

effects of hydrogen on ductility, 86 
radiation effects, 139 

Stanford Linear Accelerator Center 
40-inch bubble chamber, 16 
momentum and angular resolution studies, 16 
position beam, 11 
spectrometers, multiple-wheel, 18 
study of multibody final states in photon-proton in

teractions, 15 
superconducting Helmholtz coil, 12 
technetium-99'" survey, 222 

Stanford University 
electron cyclotron effect in plasma, 101 
superplasticity in aluminum-zinc alloys, 83 

State University of New York, Binghamton, N.Y. 
computer programs for atmospheric tracers, 308 
particle property research, 22 

Steam-graphite reaction studies, 128 
Steels, "TRIP," 87 
Stellarator, model-C, 95 
Stereoscopic light microscope, 230 
Stevens Institute of Technology, Hoboken, N.J., high-

temperature, high-density, theta-pinch device, 101 
Stoichio-metry, effects in oxide fuels, 133 
Stopping variables, 105 
Strangeness, definition, 9 
Strangeness-1 particles, see also Y* particles 
Stratosphere 

atmospheric concentrations, 290 
circulation pattern, 293 
inventory of plutonium, 238, 291 

Strong interactions, 7-10 
Strontium-90 

adult diet, 295 
bone dose, 295 
deposition, 292 
nuclear fallout, 290, 293 
seasonal variations in concentration, 293 
use in fission inhalation study, 254 

SU3 unitary symmetry, 4, 6, 9 
Sulfur-32, formation, 27 
Superconductors 

basic properties 
transition temperature, as a function of composi

tion, 73, 74 
tunneling between, 73 

Superconductors—Continued 
critical fields, 74, 75 
current carrying ability, 72, 73 
magnet development, 12,13,14 
studies of radiation-induced objects, 72 

Superheats, boiling 
inception, 190 
initiation, experiment, 191, 192 

Superplasticity in metallic materials, 83, 84 
Surface activation analysis, helium-3,142,143 
Susceptibility of polycrystalline samples, 78 
Symmetries 

fundamental particles, 11 
pseudo fivefold, 75 

T 
Tantulum 

carbide, variation in superconducting transition tem
perature, 74 

container for radioactive acid chloride solutions, 54 
diffusion in liquid tin, 147 

Taurine, extracorporeal irradiation effect in human 
leukemia, 256 

TBP (tributyl phosphate), in organic solvents, 197 
Technetium-991" 

diagnostic uses, 222, 239 
iron complex, development, 224 
kidney scanning, 223 
technetium sulfur colloid, 239 
thyroid studies, 222 

Television, closed circuit use in total-body irradiation 
technique, 238 

Temperature, see also High temperature studies 
eliminating local gradients, 152 
inversions, 301 
saturation, boiling potassium, 192 
superheat research, 191 
transition, superconducting, 73,74 

Tennessee Valley Authority 
industrial plant stack studies, 302 
stack measurement, 302 

Terbium, high frequency microwave absorption in, 75 
Testosterone, anemia studies in mice and humans, 248, 

249 
Thallium oxide system, high pressure studies, 61 
Theoretical accident sequence, in reactors, 112 
Thermal fuel burnup, analysis scheme, 206 
Thermionic 

converter, cesium plasma, 208, 209 
reactor, development, 208 
space systems, 207, 208, 209 

Thermoelectric method, energy conversion, definition, 
210 

Thermoluminescence, 44, 45 
Thermonuclear 

reaction, controlled, 93 
research, recent advances in, 101 
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Theta pinch systems, 98 
Thorium, in marine environment, 333 
Thorium-232, fission cross section, 159 
Tliorium-uranium-zirconium fuel elements, 131 
Three-body nuclear force, 31 
Thromboeythemia, 251 
Thymidine, tracer, 274 
Ticks, ecology of disease, 285 
Tick transmitters of disease, study, 285 
Time-of-flight technique, to deduce neutron energies, 

167 
Tin-117, lifetime measurements, 28 
Tin-tantalum system, 147 
Tissue 

brain 
blood flow studies, 328 
silicon probe, 328 

lung, neutron-activated, 332 
trace elements, neturon activation analysis, 332 

Titanium-zirconiuin-molybdenuni material, 193 
Toroidal multipole, 97 
Total-Body Irradiation Facility, 237 
Trace elements 

Brookhaven National Laboratory study, 226 
found in human lung tissue, 332 
neutron activation analysis, in tissue and atmos

phere, 332 
Traeerlab, particle size determination from vaporized 

SNAP-9A generator, 291 
Tracer technology 

atmospheric diffusion, 307 
neutron activation technique, 309 

Transformation induced plasticity, see Steels, TRIP 
Transient Reactor Test Facility, 119, 120, 129 
Transient testing of fuel, 127,128 
"Transitional rise" formulas, 301 
Transition temperature studies, superconductors, 74 
Transplantation 

immunological rejection, 220 
organ, 220-222 

Transport studies, 307-309 
Transportation problem, 106 
TREAT, see Transient Reactor Test Facility 
TRIGA, nuclear research reactor, 129 
Triiodothyronine, thyroid studies, 222 
Tritiated uracil, tracer, 274 
Tritium 

detection, efficiency, 324 
target bombardment, in neutron-rich light nuclei 

formation, 31 
Tritons, high energy, 31 
Troposphere, atmospheric fallout, 290 
TSH, thyroid stimulating hormone, thyroid studies, 222 
Tumors 

association of chromosome irregularities, 250, 251 

Tumors—Continued 
brain 

localization in, 329 
malignant, glioma, 329 
neutron-capture therapy, 329 

localized in eye, 330 
Tungsten 

adsorption of acetylene on, 56 
fuel cladding, 208 
heat source container metal, 211 
melting temperature, 148 
self-lubrication, 148 
vapor-deposited, 149,150 

Tunneling 
between superconductors, 73 
method of electron conduction in thin-film super

conductors, 75 
orientation of polar ions, 72 

Turbine blade erosion studies, 192-194 
Turbulent exchange process, laws and factors of, 312 
Turbulent lubrication, theory of, 196 
Twin boundaries 

definition, 70 
in irradiated nickel, 69 

Twinning 
and slip, deformation of metals, 150 
in polyerystals, 87 
multiple, in nickel crystals, 75 

Two-phase flow of vapor and liquid metals, 188 
2X Device, production of thermonuclear ion tempera

tures, 95 
U 

UCLA, see University of California at Los Angeles 
UHTRBX, see Ultra-High Temperature Reactor Ex

periment 
UKAEA, see United Kingdom Atomic Energy Authority 
Ultra-High Temperature R e a c t o r Experiment 

(UHTREX),129,185 
Ultrasonic 

inspection method, new, 153 
testing of nuclear reactors, 153,164 

Ultraviolet radiation studies, of electron interactions 
in liquids, 233 

Uncertainty principle, definition of, 27 
Union Carbide Corp., Y-12 plant, 106 
United Aircraft Research Laboratories, E. Hartford, 

Conn., interaction of free plasma with magnetic 
fields, 94 

United Kingdom Atomic Energy Authority (UKAEA), 
blowdown phenomena studies, 117 

United Nuclear Corp., Elmsford, N.Y., carbon meter 
for liquid metals, 184 

University of 
California 

Berkeley, 35 
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University of 
California—Continued 

Los Angeles, 43,121, 240 
Laboratory of Nuclear Medicine and Radiation 

Biology, 285 
(UCLA) Medical 'School, detector-probe evalua

tion, in brain surgery, 329 
Scripps Institution of Oceanography, La Jolla, 

uranium and thorium research, in marine envi
ronment, 332, 333 

Colorado, proton-proton scattering, 34 
Delaware, radiolysis of liquids, 49 
Illinois, computerized processing of pictoral informa

tion, 105 
Michigan 

design of heavy liquid bubble chamber, 15 
"rare earth" elements, experimenting, 309 

Minnesota 
behavior study in shoveler ducks, 286 
internal radiation detectors, 327 

Pennsylvania, ionic studies, 60, 61 
South Carolina, 198 
Southern California (USC), 48, 49 
Tennessee, Agricultural Research Laboratory 

bovine herd, lifetime study, 252 
plant radiation study, 227, 228 
thyroid-iodine study, 254, 255 

Washington, School of Medicine, lymphocytes study, 
256 

Waterloo, contaminants suspensions, 302 
Wisconsin, 31, 32 

Urania, fuel pellets, 119 
Uranium 

carbide, in fission couple, 179 
dioxide 

high-temperature conductivity of, 134 
reactor fuel, 119,134, 208 

extraction from fission product, 198 
fission fragments, angular coordination between, 40 
hexafluoride, purification, study of, 200, 203 
high pressure compounds, 61 
in marine environment, 333 
mononitude, as a nuclear fuel, 137 
oxide gels, 109 
remote reconstitution, 199 
site studies, 63,64 
tetravalent, octahedral field studies, 43 
unirradiated, pilot-plant tests for recovery, 204, 205 

Uranium-233 
conversion from thorium, 203 
fission cross section, 159 

Uranium-234, fission cross section, 159 
Uranium-235 

fission fragments 
absorption of, 206 
radioactive decay studies, 29 

fuel rods, 175 

Uranium-235—Continued 
high specific activity of alpha particles, 167 
neutronic characteristics in fast reactors, 158, 159, 

164,167,169,175 
Uranium-236, fission cross section, 159 
Uranium-238 

Doppler effect measurements, 161,162 
neutronic characteristics in fast reactors, 158, 159 

Uranyl nitrate dihydrate, structure of, 82 
Urine, concentration of erythropoietin, 248 
U.S. Air Force 

atmospheric sampling station, 293 
PNL study of turbulence, 305 

U.S. Department of Agriculture, fallout measurement, 
study of, 292,293 

U.S. Department of Health, Education, and Welfare, 
National Center for Radiological Health, 222 

U.S. Geological Survey, earthquake study for safe 
reactor sites, 124 

U.S. Navy, modeling air motion study, 305 
U.S. Public Health Service 

erythropoietin studies, sheep plasma, 247 
plume rise study, 302, 303 

V 

Vaccine, purified viruses, 279 
Vanadium 

base jacket alloys, creep in, 141, 142, 145 
titanium alloys in fast reactor, 141,147 

Vanadium-51, nuclear ground state, 35 
Van de Graaff accelerator, 27, 31, 32, 46, 142, 213 
Vandenberg Air Force Base 

air motion, modeling, 305 
"real-time samplers," 306 

Vessel failure, pressure tests, 114 
Veterans Administration Hospital, Houston, Texas, 

semiconductor detector in eye probes, 330 
Virginia Polytechnic Institute, Blacksburg, production 

of "delayed neutrons" in reactors, 165 
Visualization of tissue surfaces, 230 

W 
Washout 

measurement of particles or gases, 310 
scavenging, definition, 309 

Water-cooled thermal reactor, 113 
Weak interactions, 11 
"Wettability," definition of, 310 
Wholebody counting 

live deer, radionuclides concentration study in, 285 
low level, by "scatter counting," 224 

Wind 
effect on plume, 229 
"Eulerian" measurement, 305 
"Lagrangian" measurement, 305 
tunnel studies, 302 
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X 
Xenon 

distillation and permeation, 121 
in meteorites, 36 
sodium perxenate as an oxidizing agent, 58, 59 

X-rays 
biochemical effects in animal cells, 274, 275 
chromosome study, 266 
decay of plutonium-239 in wounds, 326 
diffraction in protein molecule structures, 279 
emission in muon transitions, 23 
low-energy, plutonium decay, 325 
mesonic, 21-22 
responses in synchronized cells, 268 
source, 98 

Y 
Y* particles, new, 10 
Yale University, particle-nucleus coupling calculations, 

26 

Z 

"Zero" adsorption point, neutron adsorbing boron in 
heavy water, 166 

Zero Power Reactor-3 Assembly, 48, 158, 159, 160, 162 
Zero Power B.eactor-6 

Assembly No. 5, depleted uranium core, 158, 161 
feasibility of zoned core, 160, 161 
sodium void effect studies, 162 

Zero Power Reactor-9, 158, 160, 161 
Zinc sulfide, precipitation scavenging experiments, 310 
Zirconia, fuel pellets, 119 
Zirconium 

complex formation, 54 
deformation, slipping and twinning, 150 
deformed region of single crystal, 130 
fabrication and utilization of alloys, 150 
hydride, scattering, 174 

Zonal ultracentrif uge, 279 
Zoned Core Concepts, 160 
Z-Pineh Effect, 100 
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