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PREFACE

"Actinides~1981" follows directly from the “5th International Conference
on Plutonium and Other Actinides" and the "4th International Transplutonium
Element Symposium" which were held in consecutive sessions in Baden-Baden
in 1975, The merging of these two conferences represents an attempt to
bridge the gap between scientists in specialized disciplines.

This conference also marks the fortieth anniversary of the discovery of
plutonium and the fiftieth anniversary of the Lawrence Berkeley Laboratory.

One of the primary objectives of this conference is to assess progress
in present programs and to identify directions for future research.

Inevitably in a confereace covering a wide variety of topics and
techniques applied to a particular chemical series, some subjects will be
emphasized more than others according to the interests of the majority of
participants. Approximately half of the contributed papers deals with
electronic structure of the actinides, and will be covered in two poster
sessions. Othee topics will be presented in twe further poster sessions,
A diversity of subjects will be covered in the invited lectures, which
have been scheduled so that several topics will be covertd in each session.
The invited lectures will be published by Pergamon Press as the Proceedings
of the Actinides-1981 Conference.

1 would like to thank the members of the International Advisory
Committee and the American Organizing Committee, especially W. T. Carnall
and D. J. lam, for their valuable advice. Special thanks also go to LBL
staff members: 5. Ovuka for the day-to-day planning and organizing of this
conference, L. Lizama for editing the brochures and abstract volume, and
B. Komatsu for handling the extensive correspondence for tha conference.

Norman Edelstein
Chairman
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CHE PLUTONIUM STORY ™
Glenn T. Seaborg

Nuclear Chemistry Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

~his year marks the fortieth anniversaxry of the synthesis
and identification (i,e., the discovery) of plutonium. I believe
that this "Actinide-1981" conference is an appropriate place to
recount some of rhe history and describe the present status of
this element.

The story of plutonium is one of the mest dramatic in the
history of science. For many reasons this vnusuval element holds
a unique position among the chemical elements. It is a syntiwtic
element, the first realization of the alchemist’'s dream of large-
scale transmutation. It was the first synthetic element to be
seen hy man. Onc of its isotopes has special nuclear properties
which give it overwhelming importance in tne affairs of man. It
has unusual and very interesting chemical properties. It is
rated as a dangerous poison. It was discovered and methods for
its production were developed during the last war, under circum-
stances that make a fascinating and intriguing story.

In the fall of 1940 I asked a graduate student, A.C. Wahl,
to consider the possibility of studying the tracer chemical prop-
erties of element 93 as a thesis problem, a suggestion which he
was happy to acvept. This, and related work on element 94, was
carried on in cellaboration with J.W. Kennedy, who, like myself,
was at that time an instructor in the Department cf Chemistry ac
the University of California. After McMillan's departure from
Berkeley 1n November 1940, and his gracicus assent to our contin-
vation of the work he had begun on the search for and possible
identification of element 94, cur group turned its major efforts
to this problem.

Our first bombardment of uranium oxide with the 16-Mev deu-
terons from the 60-inch cyclotron was performed on December 14,
1940. Alpha radicactivity was found tc grow into the chemically
separated element 93 fraction during the following weeks, and
this alpha activity was chemically separated from the neighboring
elements, especially elements 90 to 93 inclusive, in experiments
performed during the next two months. These experiments, which
constituted the positive identification of element 94, showed
that this element has at least two oxidation states, distinguish-
able by their precipitation chemistry, and that it requires
stronger oxidizing agents to oxidize element 94 to the upper
state than is the case for element 93. The first successful ox-
idation of element 94, which probably represents the key step in
its discovery, was effected through the use of peroxydisulfate
ion and silver ion catalyst on the night of February 23-24, 1941,
in a small room (no. 307) on the third floor of Gilman Hall on
the University of Califorria campus in Berkeley.

The plutonium isotope of major importance is the one with



mass pumber 239. The search for this isotuope, as a decay product
of Np???, was being conducted by the same group, with the collab-
oration of E. Segre, lu\ultaneously with the exgenments leading
to the discovery of plutonium. The isotope Pu? was identified,
and its posasibilities as a nuclear energy source were established
during the spring of 1941, using a sample prepared by the decay
of Np??? produced by neutrons from the 60-inch cycletron, and it
was later purified by taking advantage of the then-known chemis-
try of plutonium. Using neutrons produced by the 37-inch c¢yclo-
tron in the University of California Radiation Laboratory, the
group first demonstrated on March 28, 1941, with the sample con-
taining 0.5 microgram of Pu?*?, that this isotope undergoes slow
neutron-induced fission with a cross section even larger than
that of U?*%,

The early work of the chemistry group at the University of
California formed the basis for the later development of the pro-
cess used in the separation of plutonium from uranium and fission
products in the large manufacturing plants. This process was
based upon the use of the two oxidation states of plutonium, and
a great deal of our earliest work was concerned with the study of
these states on the tracer scal~. The conception and early de-
velopment of the process for use in the large~scale manufacture
of plutopium ip the plants ip Clinton, Tennessee and Hanford.
wWashington took place at the war-time Metallurgical Laboratory of
the University of Chicago.

On December 19, 1942, S.G. Thompson, who was probably the
first to recognize the possibilities and advantages of a phos-
phate process, attempted the precipitation of a relatively large
concentration of bismuth (III) as bismuth phosphate. Upon diges-
tion of the uranyl nitrate solutions ocntaining bismuth {III) and
phosphoric acid at elevated temperatures, precipitation occurred
slowly but fairly completely when the time of digestion was ex-
tended. Surprisingly enough, the precipitate carried more than
98 per cent of the plutonium in a lower cxidation state, and fre-
quent repetition led to the conclusion that bismuth phosphate
presented attractive possibilities as a carrier in a separations
process. This work showed that bismuth phosphate did not carry
the highest oxidation state (VI) of plutonium. It was also found
that bismuth phosphate is a very specific carrier for the sevar-
ation of plutonium from fission products.

The isolation of plutonium at the Metallurgical Laboratory,
after initial contributions by M. Cefola, was carried on chiefly
by B.B. Cunningham and L.B. Werner, who had previously been occu-
pied in the biochemical field. The first pure chemical compound
of plutonium, free from carrier material and all other foreign
matter, was prepared on August 20, 1Y42, after starting with a
plu-onium concentrate in about 10 milligrams of rare earths pre-
pared by A.C. Wahl and co-workers at Berkeley. This historic day
marks man's first sight of the element plutcnium and, in fact,
the first sight of a synthetically produced isotope of any ele-
ment. The first weighing of a pure compound of plutonium occuzzed
on September 10, 1942, when 2.77 micrograms of the oxide (Puo
were weighed by Cunningham and Werner.

From this time until the fall of 1943, cyclotron bombard~



ments were the sole source of plutonium, and over this period of
time about 2,000 micrograms, or 2 milligrams, of plutonium were
prepared. This material was used to maximum advantage by the
ultramicrochemists to prepare campounds of plutonium and to mea-
sure properties such as solubilities and oxidation potentials.
In particular, it was possible--and this was of ipestimable im-
portance--to test the Bismuth PLeosphate Process which was under
consideration for use at Hanford. The varinus parts of the com-
plicated separation and isolation procedures were tested at the
Hanford concentrations of plutonium in the careful and crucial
experiments performed by B.B. Cunningham, L.B. Werner, D.R. Mil-
ler, 1. Perlman, and others. Without the possibility of these
tests early in 1943, I believe it is fair tc say that this pro-
cess, which went into use at Hanford, and turned out ex-zedingly
well, would not have been chosen.

In addition to th¢ need for work with pure plutonium in con-
nection with the separations process, it was necessary to deter—
mine a numoer of the physical and chemical properties of the dry
saits of plntonium and of plutonium metal, Therefore, the study
on the ultramicroscale had to encompass this field of investiga-
tion also. A number of compounds of plutonium were prepared by
reactions involving the solid and gas phases--that is, by dry
chemical reactions. This work was done in collaboration with W,
H. Zachariacen and R.C.L. Mooney of the Univeristy of Chicago
staff, who were able to use the x-ray diffraction technique to
identify or help identify a number of the compounds that were
synthesized and, in many cases, thus to establish their chemical
structures.

During the intervening years, plutonium has been prepared in
ton quantities in nuclear reactors and chemically isolated, usinc
much more efficient procedures.

Continuing investigations of the chemical properties of plu-
tonium in many laboratories throughout the world., as it has be-
come available, has led to the situation where the chemistry of
this relative newcomer is as well understood as is that of the
well-studied elements. Thus, plutonium has the four oxidation
states--III, IV, V, VI--leading to a chemistry which is as com-
plex as that of any other element. In fact, it is almost unique
among the elements in that these four oxidation states can all
exist simultaneously in agueous solution at appreciable concen-
tration. As a metal, too, its properties are unique. It has
six allotropic forms in the temperature range from room tempera-
ture to its melt;ng point (640°C), and some of these have prooer-
ties not found in any other known metal.

The nuclear properties of glutcmxun' Are also very interest-
ing. All of the isotopes from 2?2Pu to ?-®Pu are known. Re-
search in laboratories throughout the world has given us much in-
formation about their radioactive decay, and fission properties,
and their methods of production by nuclear transmutation reac-
tions.

*This work was supported by the Diractor, Office of Energy Res.,

Div. of Mucl. Phys. of the Office of High Energy and Nucl. Phys.
of the U. 5. Department of Energy.



DISCUVERY OF TRANSPLUTONIUM ELEMINTS
A. Ghiorso

Nuclear Science Divisian
Lawrence Berkeley Laboratory
University of California
Berkeley, California 24720

Since 1944 chere have been thirteen elements added to the periodic table
of the clements. Elements 9G and 95, curium and americium, were added in
that order using rather conventionzl methods of nuclear chemistry, but the
work was very difficult because the tools of discovery had not yet been
developed. Bombardments of 23%y by cyclotron and neutron reactor were used
and various laborious chemical procedures were trivd until success was
achieved, spurred on by Seanborg's advocacy of the actinide concept.

By 1949, enough 2“!anm and 2%%Cm had been accumulated from reactor bom-
bardmeat to be able to make short-lived isctopes of elements 97 and 98,
terkelium and californium, by cyclotron reactions; by now more sophistication
in chemical procedures and instrupentation techniques had been acquired, but
the discoveries required great ingenuity by the late Stanley G. Thompson, the
leader of the teams,

Then came the big breakthrough in November, 1952, »hen all the clements
from uranium to fermium, ¢lement 3100, were made in a w.crosecond by the
successive capture of fast neutrons in the world's fivst test thermonuclear
explosion. Over the next few months, both clement 99, sinsteinium, and
fermium were discovered, as well as a number of ncutron-heavy isotopes of the
lighter el#ments. By now the technology had advanced to the point where very
small nunbers of atoms could be isolated and identified with certainty, but
the work was still relatively slow because of the necessity of handling large
amownts of intensely radioactive debris from the huge explosion.

Not long after these dlscoverics, it was found that most of the same
nuclides could be nade in the U.S. high Flux thermal neutron reactors, and
after a short period, these became the producers of the necessary materials
for further element building, In 1955, element 101, pendelevium, was dis-
covered, the product of bombardment of only 10° atoms of 25%s by intense
helium ion bombardment in the Berkeley 60' Cyclotron, the same accelerator
that had been used for the discovery of elements At, Cm, Bk, and Cf. This
became the first time that a new element was produced and identified one atom
at a time. For this purpose, the recoil technique was used for the first
time wherein the transmuted atom was separated from the target by the energy
imparted to it in the reaction.

To go beyond mendelevium required ions heavier than alpha particles
because of the limitation of available target material. In 1957 there were
few machines capable of accelerating suitable heavy fong. One attempt was
made in that year at Stockholm with 1% bombardment of 244,246Cm which un-
fortunately led to an erronecus result. This work was proved to be wrong by
the Berkeley group who used the just-cospleted KILAC to bowbard curium tar-
gets with carbon ions. Further experiments resulted in the discovery of
element 102, and eventually the hame nobelium was proposed for the element.
In 1961, some of the same group succeeded in finding an isotope of element
103, lawrencium, in bombardments of californium with boron ions.
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By now, the instrumental techniques at Berkeley were beginning to
develop a high degree of sophistication since there wzs no possibility of
using ordinary chemical methods for separation of the new products from
target debris. The helium-gas-jet method was soon developed, and this became
the work-horse technique for isolating and identifying elements 104-106 at
Berkeley. At the same time, the method of using spontaneons fission track
dezection was developed at Dubna, U.S5.5.R., ta use in their searches for
these same elements. Thls method is sensitive but not definitive since, un-
fortunately, it is impossible to tell from measurcment of o fission track
alone what the atomic number and mass must be. On the other hand, the
Berkeley group pioneered the use of alpha-alpha correlation techniques which
allow one to link genetically two or more nuclides, and thus cstablish 2
direct decay sequence to known elements. Using our technique, we discovered
element 104, rutherfordium, in 1968, and element 105, hahniua, in 1970, by
bombardments of 24%Cf€ with 12:1% and 13N. Our discoveries have been corrob-
orated by the Oak Ridge National Laboratory, but the SF nuclides claimed for
104 and 10S by Dubna, made by bombardments of 2“2Pu and 2“3Am by Z2Ne. have
not been shown to be due to those elements.

Element 106, no name yet, was discovered at Berkeley in 1974 in 180 bon-
bardments of 24Cf. Approximately simultaneously, Dubna found a short-lived
SF activity in bombardaents of 208Ph with 5“Cr which they attribute to
element 106, By agreement, no name was to be proposed by either side until
the priority and validity of the discoveries could be determined

A claim was made to ¢lemecnt 107 by Dubna, but the evidence was very in-
direct and is not given much credence by most researchers in the field.
Recertly, however, a beautiful exgcriment with SHIP has been performed at the
GS1 WNILAG which has identified 252107 in bombardments of 2%%Bi by >“Cr. In
my opinion, this last group deserves the honor of naming this thirteenth
element beyond plutonium,



THE ROLE OF 2ACHARIASEN IN ACTINIDE RESEARCH*
R. A. Penneman

Los Alamos National Laboratory
University of California
Los Alamos, NM 87545

Professor (Fredrik} William Houlder Zachariasen began, at
age 24, his forty-four years on the University of Chicago fac-
ulty, an academic career which progressed through Professor of
Physics, Department Head, and Dean of the Physical Sciences.
He was a member of the U. S. National Academy of Sciences and
of the Norwegian Academy of Sciences. At age 19 he presented
his first paper before the Academy in Norway. His long career
resulted in an outstanding book and over two hundred publica-
tions, most of vshich were singly authored. They appeared over
a periou of fifty-five years and covered in depth a range of
topics whose central theme was that of x~-ray diffraction, span-
ning bcth theoretical and experimental advances.

For the purpeses of this Symposium and the topic .. this
paper, the focus will be on that part of Zacharlasen's work
which had its pervaslve influence on studies of the 5f elements.
This period began in late 1943 and lasted 36 years, until his
death in December 1979. (His last paper was on the subject of
bond lengths in 5f element fluorides and appeared in 1980.)

In late 1943, 2achariasen began his fruitful involvement
with the Metallurgmal Laboratory of the University of Chicago
at a very critical polnt. The Metallurgical Laboratory was the
focal point for the intensive studies needed for plutonium sep-
aration processes which would be used in the major production
facilities being built at Hanford, Washington and for eventual
metal production at Los Alamos. In December 1941, two weeks
after the Pearl Harbor attack, Nobel Laureate Arthur Compton
started in motion an effort which centered this large scale
project at the University of Chicago. Fermi, about a year
later at Chicago, demonstrated the feasibility of the sustained
nuclear chain reaction,

Although the eventual production of plutonium was thus
assured, there still remained the unsolved chemical problems of
isolating plutonium from uranium and the fission products by
remote handling on a large scale and of preparing pure metal.
Before reactors could be built to produce plutonium, tedious
bombardments of many hundred pounds of uranium by cyclotron-
produced neutrons followed by laborious separations had yielded
a few hundred micrograms of plutonium. By mid-1943, intensive
microscale studies of the chem;stry of plutonium, including the
chemistry of solids containing ii, were well underway. Many
parallel studies were being pursued: The bismuth phosphate,
wet fluoride, dry fluoride, nxalate and acetate procecses, to
name a few, as well as studies of fission products behavior,
micro preparations of plutonium metal, chemical engineering
scale up, and radiation effects (the author became involved in
these latter studies in July 1942 at Chicago}.



Glenn Seaborg, who was to be awarded the Nobel prize, was
in charge of several groups and more than &0 chemists who were
developing with great intensity chemical procedures for extrac-
tion and purification of plutonium. The wartime threat and the
unknown status of the nuclear effort in Germany, the birth place
of atomic fission, hung over every one. Would Germany achieve
success first? German scientific articles| in 1941/42 on the
diffusion length of neutrons and their abseorption showed such
studies to be abrcast of our similar efforts at that time. The
extraordinary complexity and number of phases of metallic pluta-~
nium were stumbling blocks yet to be discovered; unsuspected, as
well, was the nearly constant (~1.V) redox potential connecting
the four aqueous valence states of plutonium.

Thus it was in 1943 that 2Zachariasen came to play his
role in understanding the puzzling »ehavior of plutonium, a
role he was uniquely equipped to fill. Zach, as he was known
to his friends, was already a world figure in x-ray structural
work with his landmark paper on glass structwr«s and somc B0
publications. As a young student of the greac geochemist Gold-
schmidt, he had studied countless x-ray films of rare earth
minerals and compounds; Zach now came to apply his experience
and depth of understanding of crystal chemistry to studies of
the new rare earth series -~ the 5f elements man made beyond
uranium.

He made early and extraordinary contributions to plutonium
chemistry and its separation processes when x-ray powder Qif-
fraction was the only analytical tool available to decipher the
components present in the lucrogram samples of (usually impure)
plutonium compounds. 2achariasen was simply unique in his abil-
ity to derive quantitative information from wihat is usually re-
garded as hopelessly complex data -- a powder diffraction pate
tern of a multicomponent mixture. Be studied hundreds of sam-
ples and provided identification of most of the plutonium com=
pounds and phases important to sepaiation piocesses; he first
deduced from cell constant data on “he dioxides the magnitude of
the 5f element contraction, and labeled them thorides; he first
deduced from meager data alone, the unigue, multiple structures
of plutonium metal. 5Studies of other 5f metale structures would
follow, as would studies of many new compounds. Zachariasen
established a self-consistent set of atomic and ioric radii and
their dependence on coordination number. In the last of his 55
publication years, he formulated and improved his quantitative
relationships involving bond lengths, and their dependence on
the strength and number of bonds. During this period also he
demonstrated that the rare earth element ceriem under high pres-
sure became isostructural with o-uranium, hitherto a nearly
unique structure.

Parallel to these studies Zachariasen made outstanding
contributions to diffraction physics. His work is applicable
to broad classes of materials: oxides, sulfides, nitrides, 5f-
metals, and fluorides; and to broad classes of problems, includ-
ing stacking disorders, diffuse scattering, bond lengths and
radii, extinction. absorption and to structure solving in the
broadest sense. The breadth of his contribution is enormous;
there is hardly a major advance in crystallography in one-half



century that does not bear his mark. No other crystallographer
has dorie as much to expand our knowledge of heavy element crys-
tal chemistry or had such a central role in the early develop-
ment of atomic energy.

* This work was performed under the auspices of the U.S. Dept.
of Energy.
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PHOTOEMISSION TECHNIQUES
Yves Baerx

Laboratorium fUr Festkdrperphysik
Eidoendssische Technische Hochschule 2Z(rich
Hdnggerberg, CH-B8093, Switzerland

The recent development of photoemission technigues and
other related methods has cpened unique possibilities for in=-
vestigating the electronic structure of solids, Many fascinating
properties of the Actinides are relared to the presence of the
open 5f shell. Spectroscopic studles can therefore be expected
to yield a very fundamental contyribution to the undsrstanding of
their electronic structure. A brief presentation >f the ploto-
enmission techniques will be given. In these the photon energy is
a very lmportant parameter since it mainly determines the type
of information which can be obtained. In the high-energy limi%
(XPS} the core level spectra yield a strazlghtforward chemical
analysis. In addition, well resolved spedtra can reveal many in-
teresting aspects of the outermost electrons: the variation or
the charge distribution around the different ators (chemical
shift), ti.z existence of both localized open shell {(multiplet
splitting) and of spin {exchange splitting) and the localization
of ~utermost levels {shake-up and shake-down satellites). The
XPS \zlence band spectra can be usually interpreted as the super-
position of the partial densities of states weighted by the ccc-
responding cross-sections. In the low energy range, the use of
synchrotron radiation allows a detalled investigation of the
electronic states in the vicinity of the Fermi energy. By taking
advantage of the continuous characte. and of the polarization of
this radiation, the dispersion relations and the symmetry of the
electronic states can be now investigated in great detail. Many
other relateu spectroscopies (bremsstrahlung lsochromat spectro-
scopy, appearance potential spectroscopy, energy loss spectro-
scopy, X¥-ray absorption and emission spectroscopy ...) must also
be mentioned since they allow one to investigate aspects of the
electronic structure which are rot accessible by photoemission
techniques.

The aim of this paper is to give a survey of the existing
photoemission studies dealing with Actinides. In view of the
numerous possibilities for investigation which are offered by all
these techniques, only a small propoxtion have sc far be attempt~
ed, This situation is mainly due to the fact that gquite special
and dedicated equipment is necessary to work with highly radio-
active samples. There i1s little doubt that this field will expand
in the next few years since the actinide series offers the unique
possibility to follow step by step the gradual localization of
the 5f electrons. It is predicted in the metals that these states
undergo a transition from extended to localized behaviour between
Pu and Am. This situation which can also occur in the 3d elements

i



(and maybe in Ce) is an extremely interesting subject of compari-
son between theoretical calculations of the electronic structure
and spectroscopic studies, It should allow one to investigate
very closely the conditions determining this transition and the
resulting breakdown of the Koopmans approximation.
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NEUTRON SCATTERING STUDIES OF THE ACTINIDES

G.H. Lander
Argonne National Laboratory
Argonne, I11inois 60439, USA

and
Institut Lave-Langevin
1562, 38042-Grenoble, France

Since the last joint actinide meeting in 1975 a great number of investi-
gations using neutrons op actinide systems have been performed. The relative
weakness of neutron beams, together with their weak 1nt‘=ractwn with nuclei
and/or electron spins, means that large samples must be used, thus often con-
fining experiments to uranium systems, and certainly proh’lbitmg investiga-
tions of transcurium species for the forseeab]e future. The last five years
have seen a rapid increase in the number of experiments on single crystals.
Unfortunately, very few single crystals of transuranium compounds exist. How-
ever, despite these obvious disadvantages, neutron studies have contributed
to major advances in our understanding of Sf systems. The principal reason
for this is the very detailed information in both space and Lime (energy)
coordinates that neutrons provide on the microscope interactions. Some of the
basic principles wil! be explained in this talk.

The unpaired 5f electrons are of major interest in the actinides because
their considerable Spatial extent implies that they way interact either with
neighbouring 5f orbitals, or with other bonding electrons. By virtue of the
neutron magnetc moment, neutrons interact with the resuitant moments of
these unpaired electrnns Experiments at the Centre d'Etude Nucléaires,
Grenoble investigating the magnetic structure of, for example, UAs, USb,

NpAso, and U3Py have used high magnetic fields (!00 kOe) and umaxwl stress
ta sguw that the moments develop compiicated arr S as

competing intgractions, Even in such simple systems as the UX (X N, As, Sb)
we have 13, 2q, and 34 magnetic structures.

Another series of experiments aimed at determining the spatial extent of
the 5f wavefunctions, are performed with polarized neutrons, mostly at the
Instifut Laue-Langevin, on compounds such as URh3, Udes, USn3 and Np0p. These
show the interaction between the 5f and neighbouring atomic wavefunctions. In-
direct evidence for such interactions comes also from studies of the critical
scattering, which examine the correlations between magnetic moments in the re-
gime around the ordering temperature. These experiments, performed at Argonne,
Brookhaven and Chalk River Laboratories, provide conclusive evidence for ani-
sotropic interactions, but the exact microscopic form of these interactions
remains controversial,

The studies above mvo]ve elastic scattering, i.e. they represent a
long-time average and give no information on the excitation spectra. Experi-
ments measuring the inelastic scattering of neutrons are in progress at
Chalk River and ILL. With the notable exception of UPd3, in which 4f like
localized behaviour exists, the experiments have found a complex excitation
spectra reflecting the locallzed itinerant duality of the 5f electrons and,
at least in metallic systems, the interaction with the conduction electrons.

Neutron scattering has alse been used to investigate atomic ordering
processes. The most important discoveries concern the longstanding mystery of
the 43K transition in aipha uranium. Experiments at Dak Ridge and ILL have
shown that at this temperature a charge-density wave appears ing-U, and the

13
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uranium atoms are shifted a very small amount off their normal positions.

Not all the above examples can be covered in one talk. Our object in
this abstract i5s to ilTustrate the bradth of neutron scattering and how the
results have provoked gquestions about current theoretical models of 5f
systems. Some future experiments and the importzuce of extending this work
into transuranium system: will also be discusaed,
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BAND STRUCTURE. STUDIES
P. Weinbsrger

Institut fiur Technische Elektrochemie
Technicul University
Vienna, Austria

By recalling the fully relotivistic, semi- or pseudo-
relatavistic ond non-relotivistic level of effactive one-
electron Hamiltonians, methods for the calculation of the
electronic structure of actinides and actinida compounds
cre reviewed. This survey relctes band structure methods
versus cluster methods, reviews some of the linearized
approaches to band theory and includes a discussion of
mathods for alleys and mixed crystals. Examples will
illustrots common ~-~=ZtZ of thess methads. In particulor
relativistic multiple scottering theory will be used tn
show the ussfulngss of model bond structurs studies of
the elactranic structurs of actinides ond thair compounds.

Tha importance of relativistic effecta f<: L:-th, low-
lying valence bands and typical f-bands will bs discussed
in some detail for NaCl~tvpe Uronium compounds.
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SINGLE CRYSTAL PREPARATION OF
ACTINIDES AND ACTINIDE COMPOUNDS

0. Vogt
Laboratorium flir Festkrperphysik,
E
CH-8093 2Urich, Switzerland

In most cases growing of single crystals is just one part of a lar-
ger scientific program, Before starting a project three important que-
stions have to be asked. 1. What do I want to learn? 2. How do I reaiize
it? 3. How much effort and time does it take?

The crystal grower should be consulted before Jeciding on point 2 and
3. He can estimate the chances to grow crystals of the desired size, and
how much time and effort would probabiy be needed. In many cases it turns
out to be easier, faster and more economical to adapt or improve the
equipment in order to perform the desired experiments on small or very
small crystals {magnetic measurements performed on microgram samples are a
good example) rather than trying to prow crystals of utopical size as re-
quired to- the exist® g equipment.

Much effort ias already beer put into growing single crystals of the
wctinides and their compounds. frystals have been grown of some actinide
metals and their intermetallic compounds with Mn, Co and Ni, as well as
some of their oxides, borides, f%uoﬂE. chalcogenides and pnictides,
Crystal growth of the actinide metals and their compounds is hampered by
their radioactivity (handling in glove boxes), the scarcity of the mate-
rials and the high melting points of most of the compounds (20000 C and
more) causing problems with the crucible materials. A general tendency is
to use Jow-temperature methods in order to aveid part of the difficulties
and to improve crystal perfecticn.

The different methods for growing single crystals are therefore
classified according to the working temperature T in relatici to the mel-
ting point Ty of the crystal.

a) Je=T,
Salt ‘ike compounds can be crystallized at or near room temperature.
Thus Rb U0p{NO3)3 crystals were grown from solution in hot HKQ3.U0z and
Np02 crystais were grown by electrolysis in fused salts solutions,

by T2 T,

Tn this temperature region transport react'lons in sealed fused quartz
tubes (limiting the temporature to about 1200 C) are commonly used.
Transporting agents are HCl, Clz, Bra, Iy, Bra+Sz and TeCly. Crystals
of Uy0, (especially U0z), Uy.,Th,0; and polypnictides and chalcogeni-
des of U were obtained- A modificaion of this method, bar=l on rf-
heating of tungsten plates inside the gquartz tube allows %0 extend the
temperature range up to 18009C. Monochalcogenides and monopnictides
have successfully been grown with this so~called modified van Arkel

technique.
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¢) T.Z& T (T just below or close to Ty)

Crystais can be grown from a low-temperature melt using a flux. Promi-
sing results have been gbtained with the following fluxes: PbF;.8503,
Liz0.2Mo03, Li%D.ZHoa, NaF.By03 and Ga-A1.NpO;, ThOz and ThBg crystals
were grown by this method. Monopnictide and monochalcogenide crystals
are obtained by mineralizaticn. Pressed pellets of the powdered sub-
stances are carefully heated in sealed tungsten crucibles up to almast
the melting temperature and kept at this temperature for several weeks.
Big U0, single crystals were grown by elaborate technique of sublima-
tion.

d) T = Tp (melt growth)

Arc melting is widely used - U0z crystals were successfully grown by
this method. Working in crucibles causes serious problems due .o the
fact that most crucible materials are destroyed by the melt. Water-
cooled crucibles corundum- and tantalum-carbide lined tungsten cruci-
bies were used to grow crystals (by the Czochralski technique or by
direction2) cooling) of U0z, ThOp, UMnp, UQz, UNic and USb. Floating
zone melting was successful for UDp ans UN crysta?s.

The decisive parameter needs not to be temperature in all cases,
pressure can be of equal importance. High-pressure technique was applied
to prepareac-Pu crystals. Oesolving Puls in glass and pulling fibres
avoided oxygen loss and yielded stoichiometric PuDp single crystals en-
capsulated in the glass fibres.
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AB INITIO CALCULATIONS ON ACTINIDE COMPOUNDS*
D. E. Ellis

Physics Department
Rorthuestern University
Evanston, Lllinois 60201
and
A National Lab

Argonne, 1llinois 60439

The evolution of firat principles theories capable of describing the
electronic structure of actinide compounds fe revicwed. Particulzr emphasis
is placed upon molecular orbital and cluster models for gas phase and solid
state systems respectively. Comparisons are made between "direct' methods
hnued upon Dlnc Fock (DF) and local density Dirac-Sln:er (DS) achemes, and

“indirect" ial or per tive sch for baeing a
full many-electron treatment upon the self- con:ls:en: DS single particle
orbitale are discussed.

The nature and magnitude of relativistic effects un chemical bonding and
valence clectron level structures have been subjects of perennial interest,
DF studies on heavy atuom hydridea, using a one-center expanaion tenclmlquel,
have been used to study the relativistic contraction of bond lengcths. Early
belicfs that the bond contraction was simply due to contraction of the under-
lying atomic orbitals; i.c. an overlap effeet, have turned out to be
incorrect. Recent resultsZ,3 vhich throw light on this aspect are discussed.

The development of reliable pseudopotential me:hodsl"s's in a relativis-
tic framework gives hope that rather large syatems (both in terms of atomic
number, and number of nuclear sites) can be treated by considering only
valence electron states explieitly. It ia possible at present to carry out
all-electron calculations on actinide complexes in local density mod:ls, so
interesting comparisons between direct and indirect methods bevome feasible.

Self-consistent DS energy levels and charge distributions are presented
for a mumber of (Aco )2 complexes, where Ac*Th,U Np,Pu, npresen:g:lve of
oxide comp plcally .ccellible "free” complexes’»9, An
effort is made :o correln:e the f-electron occupation and bonding inter-
actions to the variablea; coordinacfon number, formel valency, and bond
lengths, The magnetization denaity in U0, is dis:usased, and preliminary
reaulta on some halidc compounds ate presented.

* Thie work was supported in part by the National Science Foundation,
Grant No., DMR-7925379 and the U, S. Department of Energy.
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COMPLEX OXIDE SYSTEMS OF THE ACT]N[DES'
Lester R. Morss

Chemistry Division
Argonne National Laboratory
Argonne, I1lingis 60439

This article reviews recent research on the structural, spectroscopic.
thermodynamic, and magnetic properties of ternary and other complex oxides
containing actinide ons. Since complex compounds often exhibi® unusual
coordination sites and oxidation states for transition elements, the unigue
properties rot found in ihe binary onides are emphasized. For complete-
ness, a brief summary of propertiss of the hinary oxides is also given.

Since the last comprehensive reviews of actinide complex oxides,’ "
much new research has been published, Complete crystallographic studies have
shown that relatively few complex oxides have sample high-symmetry struc-
tures.’ New spectroscopic techniques (x-ray photoelectron spectra,”
Mgssbauer spectra®) have extended the understandina of electronic Structure
of actinides., The wumber of thermodynamic studies® of complex actinide
oxides hag vastly increased, bringing improved corielation of structure,
coordination numher, acid-base relationships and stability. Magnetic
measurements {susceptibility, neutron diffraction, paramagnetic resonances,
have reached maturity for simple oxides Sut are still Yacking for comple~
oxides.

This article classifies complex oxides Ly structural types and by
relative acidities and basicitias of component oxides. Within this frame-
werk, the recent literature has been assesser to highlight major developments
in complex oxide systems:

(a) Structural studies.’

{b) X-ray photuelectron spectra.®

{c) vitrational spectra.®

{d) Electronic spectra.'®

(e} Solution calorimetry.!!

{f) High-temperature EMF studies.’?

{y) Low-temperatuce calorimetry.??®

{n) Vvaporization phenomena and phase studies.'

(i) Magnetochemistry.!®

Research advances are summarized in terms of the impact on fundamental

.olid-state chemistry and thermodynamics, and in terms of their applications
to nuclear fuels, radioisotope sources, and long-term nuclear waste disposal.

'Hork performed under the auspices of the Office of Basic Energy Sciences,
Division of :duclear Sciences, U. S. Department of Energy under contract
o, W-31-109-ENG-38.
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FISS10N PROPERTIES OF THE ACTINIDES
H. C. 8ritt

Los Alamos National Ladboratory
University of California
Los Alamos, New Mexico 87545

Recent progress in the experimental deteruination of fission barcier
and sc1ssign properties is reviewed. The importance of veformed nuclear
shells in influencing fission decay rates in actinide nucler is
gemonstrated, The dramatic influence of shape symmetries on fission
rates and evidence for ingreasing complex barrier shapes is presented.
Aecent data and interpretation suggest deudbie and lr!p|E peaked fission
barriers and myltiple parallel paths in the saddle point region. These
effects are generally understood in terms of modulations of 8 simple
liquid drop fission barcier by energy deviations of “1-3 MeV due to Lhe
extra stabiiity of some deformed nuclear configurations { j.e., shell
efferts). The scission properties {mass and total kinetic energy
distriputions) for actinide nuclei are alsp reviewed, and jt is
demonstrated that nuclear shells in the nascent fragments near scission
are also important. The most striking effect of this type is inm the
Fernium region wiere fission undergoes a sudden transitioa from
asymmetric tq sywometric mdss divxsfg as tne result of approaching the
doubly magic configuration of two 5n nuclet which have extraoedinary
binging energies. Various recent aad propgsed measurements ta try *o
isolate shell and dyaamic effects in the fragment gistriouticns are alsa
discussed.
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‘THE PREPARATION OF PROTACTINIUM METAL AND COMROUNDS
D. Brown
Chemistry Division, A.E.R.E., Harwell, Oxon, Englamd

Prior ta the isolation of approximately 100 g of 231p, by U.K. scientlsts
in 1960, the preparative chemistry of protactinium had been little investi~
gated and few compounds were known. As a congequerce of the availability of
macro-quantities of a nuclide with a reasonably long half--life world-wide
interest was gencrated in the chemistry of protact.' ium. Much of this was
directed at the preparation of the metal and a wide range of coupounds, and
investigations of thelr chemical and physical properties.

The currently available methods for the preparation of mecallic
protactinium are discussed vogether with publications dealing with its
chemical properties. Detalls are provided of the preparative routes to all
protactinium compounds, particular attentlon being given to those pentahalides
and tetrahalides which are valuable starting materials Eor the preparation of
other ciasses of compounds. Interesting structural aspects are highlighted
and d:fferences botween the chemistry of protactinium (V) and that of uranium
tV) are identified. Brief consideration is given to potentially interesting
areas for future investigaticn.



DEFECT STRUCTURES IN ACTINIDE ~“OMPOUNDS
C. H. de Novion

Section d'Etude des Solides Irradiés
Centre d'Etudes Nucléaires, B. P. n%
32260 Fontenay-aux-Roses, France,

Many of the physical properties of actinide compounds, and
in particular the transport properties {electrical and thermal
conductivity, atocmic diffusion) and the plastic properties, are
controlled by defects in the crystal structure. Among these,
the point defects responsible for thermal disorder and/or non-
stoichiometry  iay the major role. The importance of the radja-
tion-induced point defects on the behaviour of the nuclear
fuels has of course not ta he emphasized.

This paper will be first concerned with the atomic struc-
ture, electronic and thermodynamic properties of the point de-
fects in two main actinide systems : the ~xides with fluorite
structure MOpiy, and the carbides with rocksalt structure
MCi:yx. Indeed, these two categories of compounds may be consi-
dered as "model compounds* for the reatment of non-stoichiome-
try, because of their simple crysta. structure, and because we
have a preliminary knowledge of their bonding. The two systems
are very diffcrent, the first having a large ioni¢ characeer
and being semi-confuctor, the second displaying a predominantly
matallic character. In both systems, the defects responsible
for thermal disorder and non-stoichiometry have been proved to
be wacancies and interstitials of the metkalloid sublattice : but
the electronic structure of the metal atoms near-neighbours of
these paint defects is largely modified compared to what it is
in the pure compounds.

The understanding of the thermodynamic and physical pro-
perties of these compounds at high temperatuwre or off-stoichiu~
metry needs the knowledge of
-~ the formation emergies of the various possible point defects ;
- thelr intryaction energies ; the latter may be separated inko
two contributions : an electronic contribution amd a Strain
contributiou, which includes the change in the average lattice
parameter, and the atomic relaxations near the point defects.

We want to emphasize on the fact that, because of their
large refractory character, it is difficult to obtain these
compounds in true thermal eguilibrium below 1000 °C. In parti-
cular, there is a temperature range in which the metallnid sub-
lattice is ir thermal equilibrium, but where the metal sublatti~
ce must be considered as "frozen®.

1) carbides.

Because of the complexity of their electronic structure,
which displays altogether metallic, covalent and ionic charac-
ter, no general model based on microscopic theories has yot
been developped to calculate properties of the point defects
and describe the non-stajchiometric carbides. On one hand, semi~
empirical models have been used to describe phase diagrams such
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as U-C, with pair interaction potentials fitted to the experi-

mental data. On the other hand, preliminary experimental work

has allowed to ohtain data on :

- the high temperature phase diagrams,

- the short-range ordering of carbon vacancies, especially in

ThCy g«

- tfltexatomic relaxations due to che size effect of vacancies,

- the formation energies of vacancies by quenching and diffusion

experiments,

~ the electronic structure of the largely non-stoichiometric

ThC, _, system .
The "lattice statics" approach of the lattice strains due

to a carbon vacancy in UC, as developped by Lesueur 1 %ill be

discussed.

2) Oxides.

The defect structure of UOp4x, consisting of shart-range
order clustering of oxygen interstitials, has been studied in
details by Willis 2, using neutron scattering technigues.

Because of the predominantly ionic character of UO,, cal-
culations of the formation and interaction energies of point
defects in this compound have been performed in a purely iomnis
approximation, for example by Catlow -°. These will be compared
to the experimental data.

We shall recall our knowledge on the electronic structure
2+x

At last, the statistical thermodynamic models employed to
describe the non-stoichiometric oxides at high temperature
will be discussed.

of UO

3) The paper will then treat more briefly various other
aspects of point defects in actinide compounds :
- non-stoichiometry in mixed oxides such as (U,Pu)oz‘ or
(U,Ce)0p-x, 2x
- migration of the point defects (diffusion),
- radiation-induced point defects ; our lack of knowledge of
basic data such as threshold displacement energies, and low
temperature radiation damage, will be emphasized.

1. D. Lesueur, to be published.

2, B. T. M. willis, J. Phys. 25, 431 (1964).

3, C. R. A. Catlow, Proc. R. Soc. Lond, A 353, 533 (1877).

4. L. Manes, O. T. Sgrensen. L. M. Mari and I, Ray, in Thermo-
dynamics of Nuclear Materials (IAEA, Jillich, 1979} paper
SM-236/6.
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THERMODYNAMIC PROPERTIES OF THE ACTINIDES :
CURRENT PERSPECTIVES

J. Fuger

Laboratory of Analytical chemistry and Radiochemisery
University of Li#ge (Sart Tilman}, R~4000 Likge. Belgium.

The chemical thermodynamic properties nf the actinide
elements and their compounds are being assessed by am interna-
tionai team of scientists uader the auspices of the Internmation-
al Atomic Energy Agency (Vienpa)’ : This undertaking should
result in the publication of fourteen distinct sections. Since
1976, three parts, dealing with the elements, the aqueowvs ions
and miscellanegus compounds, have been published, the other
parts being in various stages of preparation. That study is
carried out in coordination with the U.S. National Buré®u of
Standards, which has isgued since {976 several reports inm the
field of actinide thermodynamics2~% supplementing a comprehen~
sive critical review of thorium thermodymamics®. Tabulation of
thermodynawic data based on these assessments will also be found
in two forthcoming books®»7. Finally, an extensive list of the
thermodynemic properties of the actinides and their compounds
has been published by the USSR Academy of Sciences8.

In view of these many efforts, the present paper will be
limited fn-its scope to three aspects, namely :

}. The review and the evaluacion of a number of Important
results in actinide thermcchemistry that have appea-ed
after the Fourth Internatiomal Transplutonium Elements
Sywposium and the Fifth International Conference an Pluto-
nium and Ocher Actinides (Baden Baden, September 1975).
Vaporization studies on the metals, and enthalpies of forma-
tion of transplutonium aqueous ions, of halides and of
bimary oxides are only 3 few examples of such resulrs.

The identification of areas in which experimental studies
are definitely needed whether the existing data are upsatis-—
factory or simply lacking. This situation ecan be found even
for compounds of the most studied elements of the series,
but it is obvigus that insufficient efforts have been -
directed towards the thermodynamics of compounds of actin-
ium, protactinium and transcurium elements. In particular,
acquisition of sound experimental data on a number of
berkelium and californium species in their exrreme oxida~
rion states is essential as a key to our knowledge of heav-
ier actinides unavailable ip sufficient amounts.

~

3. A brief discussion of the usefulness and limitations of
data analysis for the evalyation and the prediction of
thermodynamic values. The establishment of a network aof
thermodynamic data involving the comprunds of a given
element is an exctremely useful and straightforward method
of identifying inconsistent data. The systematization of
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SPECIFIC SEQUESTERINC AGENTS FOR THE ACTINIDES

K. N. Raymond, V. L. Pecoraro, M. J. Kappel, W. R, Harris,
C. J. Carrano, F. L. Weitl and P. W. Durbin

Department of Chemistry and Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Powerful complexing agents, such as diethylenetriaminepentaacetic acid
(DTPA), are used in decontamination and decorporatiou applications for the
accinides. While there are various chemlcal methods used for the separation,
concentration, and purification of these elements, it has been true that
there are no specific sequestering agents for the actilnides. That is, the
complexing agents such ss DTPA form very strong complexes not only with the
acrinide(IV) fons, bur also most other metal ions with a +2 or greater oxida-
tion state. For some time we have concerned ourselves with the design and
synthesls of compounds which would be specific for the actinide(1V) {oms.
Much of this work has been recently reviewed.' ® Our initial approach to
this problem has bren the recognition of the chemical and biological simi-
laricties of Fe{ILII1) and Pu{IV). Our test of the degree to which we have an
actinide-specific complexing agent has been based on studies in which Pubt (s
a biological contaminant. Under physlological conditions, plutonium exists
primarily in the +4 oxidation state. The chemical similaricies of Pu{IV) and
Fe(II1) extend fron their similar charge per radius ratios, through thelr
similar hydrolytic and hydroxide solubillity properties, to thelr coordination
behavier by the serum iron transport protein transferrln. Indeed, Pu®* ts
transported In che blood plasma of mammals as a complex of transferrin and is
bound at the some site that normally binds ircn. It can thus be anticipated
that coordinating groups or ligands which have a high afflnity for hlgh-spin
ferric ion will show a similar affinity for Pu(IV) — and the design of mulri-
dentate specific sequestering agents based on such units can be envisaged.

Microorganisms have evolved low-molecular-weight chelating agents which
use primarily hydroxamate or catecholate functional groups to solubilize
ferric ton.* 1n particular, enterobactin, a tricatecholate compound, forms
the most stable known Fe(I1l) complex, with an approximate formation constant
of 1052.% Using enterobactin as a prototype, but recognizing that a pre -
ferred coordination number for plutonium will be 8 rather than 6 [as for
Fe{EI1)], we have synthes{zed a series of tetra catechoylamide (CAM) ligands
which are specific for Pu(1lV) and other actinide(lV) ions. These ligands
have been designed to facilitate the furmation of the Dyy trigona.-faced
dodecahedral cooidination vaironmen: we cbserved in structural studies of
several [An(catecholate)4]%” complexes.®'7 1n addition, the length and sub-
stitution pactern of the organic backbone has been varied to optimize the
thermrdynamic and bilological properties of the ligands. A number of these
tetra catechoylamides sequestering agents are shown in Figure 1.

An lmportant consideraticn for metal lon decorporation therapy is the
relacive affinicy of the ligand for the target metai lon as compared to its
affinicy for essential biological metal fons which are present in the body.

A series of complexometric studies have examined the degree to which the newly
synthesized compound. bind such biological lons. Neither Ca(II) nor Mg(II)
are bound to any significant extent.® The strongest complex 1s formed with
Culsz), but even this complex 1= approximakely 1016 times less scable than
the corresponding ferric chelate under physiological conditions. The complex~
ation of ferric ion 1s not considered a problem, since this occurs only for
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Fig. 1. Structures of the naturally accurring iron Seques-
tering agent enterobactin (A) and the bionimetic synthetic
tetracatechoylamide analogues 3,4,3,4-CYCAM, R = 3, u = &,
n=3; 3,4,3-LICAMS (€), m = 4, n =3, X = H, Y = S037:
3,4,3-LICAMC (D), m = 4, n = 3, X = COzH, ¥ = B,

the relatively small amount of labile, high-spin Fe(I1l) present in vivo. It
is established then thar lh:se ligands demonstrate great spnciftcuy partic~
ularly when compared to DTPA,® the ligand currently used to treat actinide
contaminarion {a humans.

Since plutonium does follow ferric ion metsbolic pathways in the body,'
we are concerned with 1ts mode of coordination and binding by serum iron
transport proteins. The similarity of the cuordination chemistry of TR{IV)
and U(IV) with that of Pu(IV) have made both uranium and thorium convenient
models for plutonium binding in bilolegical systems. Ia particular, hecause
of its simple redox chemistry, Lhorium has Fzen widely used. To test the
degree to which it is in Eact a good medel for Pu(IV) in such syatems, wve have
investigated the bindlng of Th(IV) to transferrin using difference ultraviolet
upeciroscopy. It has been found that Th(IV) is bound in each of the two sites
of transferrin as a monohydroxo specles., More important, the two sites differ
in the manner in which the Th(IV) is bound. In the C~terminal site two tyro-
sines are bound to thorium, whereas there is only cne tyrosine involved at the
N-terminal site. This may be associated with the fact that the C-terminal
site is slightly larger than kle N-terminal site, Since Pu{lV) is smaller
than Th(IV), it should fit easily into both sites and this may explain the
difference that has been observed previously in the in wive disctribotion
between Th(IV) and Pu(IV).'? The in vivo evaluation of CAH ligands in mice
and dogs has shawn that the CAM ligands are indeed effective sequestering
ageats for Pu(lV).'*»*“ Chemical modificacions of the catechol rings substan-
tially increases the water solubility of the tetra catechoylamide compounds,
increases the acidity of the catechoyl rings, and decresses the sensitivity
of the ligand toward air oxidatfon. While sulfonation increased the effec~
tivenesg of the ligands For Pu(IV) removal, Lt was found to have some toxic
side effects in test animals over prolonged periods of administratien.!?® Incor-
poration of a carboxylate group iastead of a sulfonate group accomplishes
these same chemical modifications of the ligands described above, but has been
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found to produce compounds whick maintain their effectiveness without any ob-
served side effects.’™ A summary of the actinide sequestering properties of
tetrameric-catechoylanides is given in Table I.

Table 1. Summary of actinide sequestering properties of
tetraperic catechoylamides.

Cyelic

3,3,3, 5-0vcaM Mobslizes Pu but deposits ft in kidnevs

3,2,3,2-CYCAMNO7 Very toxic

3,3,3,3-C¥CaMS } Sulfonction increases acidity and solubilitv,

2,3,3, 3-CYCAMS prevents Pu deposition in kidneys

Linea~

2,3,2-L1CAMS Least effective of linear compounds

3,3,3-LICAMS } Longer chain length, 3light improvement,

4,3, 3-LICAHS still not very effective

4,4, 4-LICANS Slightly toxic Longer centrai bridpe

3,4, 3-LICAMS Derivative of spermine alves optimum geometry
(a n.tural product) l

3,4, 3-LICAMC Most effective agent to date, 731 Pu(I\)

reryval. Non-toxir.

Less tonstrained linear structures are seperior to corresponding vvelic com-
pounds.

* This work was supportéed by the Director, Office of Energy Research,
office of Basic Energy Sciences, Chemical Sciences Divisinu of the U. S.
Department of Energy under Contract No. »=-7405-ENG-44.
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CHEMICAL PROBLEMS ASSICIATED WITH REPROCESSIHG
A. CHESHE

Division a'Etudes de Retraitement et des Déchets et de Chimie Appliquée
Département de uén e Radioautif
Seryice des Etudes de Procédds
B.P.6 - 92260 Fontenay-»ux-Roses - France

After 3 general introduction giving an overview of the production of LHR
fuels for the mexl decades and the programs of fast breeder reactors, the
actual status of reprocessing plants in operation and in project is given.The
chemical process is basea on the Purex process whose main featares are des-
cribed.

v.ing as a reference thirty years of experience cf reprocessing of natu-
rai uranium metallic fuels, 4ne exanines for LWR and FBR fuels what are the
major changes and their co-.sequences on the process chemistry.

For a same mass of uranium, the presence of larger quaatities of plute-
nium, fission products, transuranium elements associated with a very high
activity is the eSSential factor to be considered. One tries to evaluate the
consequences through the main steps of the classical Purex process : disso-
lution, extraction cycles, effluert concentration and treatment etc ...

In conclusion, a large R and D program has to be pursued. It necessita-
tes a large amount of work :

. to increase the efficiency of fissile products re.overy and purifica-
tion and also of cazeous and liquia offluents treatment,

., to gain a better knowledge of the chem‘stry of fission products :
mainly Ru but also the minor ones : Tc, Pd, Mu etc ...,

. to obtain more data on the behaviour of solvent degradation products
mainly with reaards to plutonium compounds,

. to complete the kinetics studies of redox and extraction processes of
plutonium systems when using short residence time contactcrs in
liguid-liquid extractian,

. to extend studies on the adequate solid rompounds which allow safe
Tong term storage of the wastes.
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CHEMICAL PROPERTIES OF THE HEAVIER
ACTINIDES AND TRANSACTINIDES=

E. K. Hulet

Nuclear Chemistry Division
University of California
Lawrence Livermore National Laboratory
Livermcre, Caléiornia 94550

The chemical properties of each of the elements 100 {Fm) through 1u%
will be reviewed and these properties will be correlated with the electronic
structure expected for 5f .nd 6d elements. A major feature of the heavier
..t nidas, which differentiates them from the comparable lanthanides, is
the increasin. “tability of the divalent oxidation state with increasing
atomic number. The divalent oxidation state first becomes observable in
the anhydrous halides of californium and increases in stability through
the elements to nobelium, where this valency becomes predominant in agueous
solution, In this range of elements, the Il -~ IIl oxidation potentials
decrease from ~+1.5 to -1.5 volts. These observations lead to the conclu-
sion that, in comparison with the analogous 4f electrons, the Sf electrons
in the latter part of the series are more tightly bound. Thus, there is a
Yowering of the Sf emergy levels with respect to the Fermi level as the
atomic number increases.

The metallic state of the heavier actinides has not been investigated
except from the viewpoint of the relative volatility amang members of the
series. In aqueous solutions, ions of these elements behave as do "normal”
trivalent actinides and lanthanides (expect for nobelium). Their ionic
radii decrease with increasing nuclear charge which is moderated because of
increased screening of the outer 6p electrons by the Sf electrons. These
relative fonic radii have been obtained from comparisons of the elution
position in chromatographir scparations.

Completion of the actinide series of elements is expected with the
elﬂ»ent aurencwm éLr) in which the electronic configuration is either
5f}96d7s¢ or 6f177527p. From Mendelev's periodicity and Hartree-Fock cal-
culations, the next group of element is expected to be a d-transition
series corresponding to the elements Hf through Hg. Only the chemical
properties of elements 104 and 105 have been studied and, indeed, they
appear to show the properties expected of eka-Hf and eka-Ta. However, the
nuclear 1ifetimes are so short and so few atoms can be produced that 2 rich
variety of chemical information is probably unobtainable.

In addition to the extraordinary scientific effort required, there
are other serious restrictions to obtaining extensive experimental data
concerning elements beyond Fm in the Periodic Table. Experiments can be
done with only a few atoms at a time; thereby excluding the measurement of
many fundamental and important physical constants, atomic and molecular
structures, magnetic properties, and other properties requiring macroscopic
amounts of the element. Furthermore, there are some doubts abaut the de-
ductions and conclusfons drawn from obse-ving the behavior of less than one
hundred atoms. The question of whether this behavior is representative of
the true chemica) properties of an element will be discussed.
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Because chemical research in this region of elements has progressed
only with the development of techniques that are somewhat unique in the
field of chemistry, a few of the unusual methods used in the past will be
described.

*This review was performed under the auspices of the U. S. Department of

Energy by the Lawrence Livermore National Laboratory under contract No,
W-7405-ENG-48.
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PREPARATION OF TRANSPLUTONIUM
COMPOUNDS AND METALS*

R. G. Haire

Transuranium Research Laboratory
Oak Ridge National Laboratory
Oak Ridge, TN 37830

Studies of the transplutonium elements since their discovery 3-4 decades
ago have progressed from tracer-level investigations to a status where weigh-
able quantities of elements through einsteinium permit thke preparation of
both compounds and metals. At the present time, and for the foreseeable
future, actinides beyond einsteinium in the series wil) only be available to
the extent of 1010 atoms (4 pg ) or less, which precludes the use of micro-
chemical techniques that have been appTied to the first five transplutonium
elements

The preparation of transplutonium compounds and metals,and the subsequent
research on these materials,require specialized techniques and facilities,
and their inherent radicactivity and accompanying heat usually complicate the
project involving them. Several ingeneous microchemical techniques have been
developed for handling and investigating only a few ug of these elements,
some of which are still employed taday even though larger quantities of the
elements are available. In some instances it has been possible to prepare
samples and collect diffraction data on as little as 10 ng of material. Qne
of the pioneers of actinide microchemical techniques was the late B. B.
Cunningham. Among his contributions was development of the single ion-
exchange resin bead technique for tha concentration and manipulatinn of ug
amounts of the actinides. The ability to quantitatively transport individual
pieces of material containing ug amounts is often a prerequisite for carrying
out the necessary chemical/physical operations. However, the bead technique
is 1imited to ~10 ug nr less, and has not been successful for the high specific
activity encountered with 283 . Thus, it became apparent that another ap-
proach was required. A microprecipitation process using teflon molds was
developed which allows the preparation of as 1ittle as 20 ug or up to multi-
mg pieces of transplutonium oxide or fluoride.

The success and/or value of an experiment often depends on the quality
and purity of the sample material being studied. In the United States the
Department of Energy’s program for transplutonium element production is
carried out at tue Oak Ridge National Laboratory and these elements in rela-
tively pure form are available to researchers. Normally, the researcher must
be concerned only with the additional purification necessary to attain the
ultra-purity required for the particular research project, rather than recover
and jsolate these elements from reactor targets. However, as a result of the
quantity cf the material available and/or the in-growth of daughter products,
the fina) purification and the sample preparation often became “an integral
part of a study. This is especially true with studies of 253Es a5 the rate
of daughter in-growth is approximately 3% per day.

The number, type and complexity of compounds that can be prepared is
mainly limited by the ability and imagination of the researcher. Often the
preparaticn of a compound on a ug or mg scale is carried out in the solid
state but prepara“ions have alsa been done in solutions, the vapor state and
in molten salts. Some examples of these preparations will be discussed but
the major emphasis wy11 be placed on the preparation of oxides, halides and
metals, since the majority of the work has been done on these substances
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and they are also used as starting materials for other syntheses.

The oxides of the transplutonium elements were some of the first com-
pounds to be investigated due both to the inherent interest in them and their
relatively simple preparation, Although the sesquioxides and dioxides (except
€s0p) of the first five transplutonium elements have been well established,
efforts are still being made to understand phasc behavior, explain the trends
observed in the melting points, and toinvestigate oxides with O/M ratios be-
tween 1.5 and 2.0. There is also interest in stabilizing higher oxidation
states of the transplutonium elements by employing ternary oxide systems and
using oxide samples to ascertain the effects of radicactive decay. Magnetic
susceptibitity measurements provide valuable information on these oxides and
these data can serve as reference values for comparing susceptibilities in
other transplutonium compounds. In al} of ‘hese studies it is necessary to
prepare and be able to transfer readily the oxide of interest. Some of the
techniques that have been and are currently being used for preparing and
handling these oxide samples will be discussed.

Although the anhydrous halides of the transplutonium elements can be
prepared by several preparative methods, the treatment of an oxide with a
hydrogen halide at elevated temperatures is often the preferred method. The
iodides can not be directly synthesized in this manner; it is necessary to
first prepare a lighter halide and treat it with hydrogen iodide. The jodides
can 2ls0 be conveniently prepared by reacting the elements directly and in
the case of Aml; this is the best procedure to gbtain its Tow-temperature
crystal form. '?o assure the highest quality product, it is preferable to melt
the halide being prepared under the hydrogen halide. Unfortunately, such
melting often precludes the subsequent transfer of the halide product and
additional synthesis with this material or the study of it then must often be
done in situ, The preparation of fluorides involves treatment with HF, Fj,
CIF3, etc. which is carried out best in nickel or monel equipment. For many
studies this necessitates the subsequent transfer of the product to other
containers. The preparation and quantitative transfer of an oxygen-free
Flyoride is very important in one method used for preparing the transpluto-
nium metals, The fluorides or ternary fluoride compounds are also attractive
for preparing higher oxidation states of the transplutonium elements. Some
of the recent investigations using anhydrous halides of these elements include
studies on the structural and chemica) consequences of radicactive decay and
the determination of their magnetic susceptibility behavior. The preparation
and handling of these transplutonium halides will be reviewed.

The preparation of transplutonium metals on a microscale is more diffi- *
cult than for many other compounds due primarily to the reactivity of the
products. Although in principal several preparative techniques could be used
for making these metals, in practice only one of two different synthetic
routes are normaily considered. The first of these is a reduction of the
transplutonium oxide by lanthanium or thorium metal followed by the volatil-
{zation and subsequent condensation of the actinide metal. The second method
is the reduction of a transplutonium fluoride with 1ithjum metal, followed by
volatitization of the excess reductant and 1ithijum fluoride. Each procedure
has some advantages and some disadvantages. The method of choice depends on
several factors, which include the volatility of the actinide metal being
prepared, the quantity involved and the desired physical form of the product.
The purity of the transplutonium metal is always of prime interest and im~
portance. Their purity is probably more difficult to determine than for many
other compounds due to the possible presence of hydrogen, nitrogen and oxygen.
The small guantities of metal normally available, especizlly for the trans-
curium wmetals, preclude analyses for these three contaminants. Their presence
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or absence in the product is often estimated from the appearance and physical
properties of the metal, and the reported purity of the metal is normally
based only on the total cations present as determined by mass spectrometry.
The discussion of the transplutonium metals will address this question, the
methods of preparation and the products that have been obtained, and some of
the current research interests in these metals.
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NEW ELEMENTS IN THE TRANSFERMIUM REGION
Yu.Ts.0ganessian

Joint Institute for Nuclear Research
Dubna, USSR

The discovery and 40-year studies aof the chemical and
radicactive properties of nctinide elements from Np to Md have
‘greatly contributed to the development of natural sciences.
During the }eSt 25 years, main efforts in experiments to synthe-
size new elements have been concentrated on advance 1n the di-
rection af transmerdelevium and transaccinide elements. While
most of actinides can be accumulated i1n relatively large quan-
tities 1n high-density neutran fluxes (powverful reactaors, ther-
monuclear explosions, ete.}, the transactinide region has been
reached by the nev means -- accelcrated heavy ions.

Heavy 1ons have made it possible Lo extend the Mendeleev
Periodic Table from element 11 to element 107, produce and in-
vestigate several dozens of ney isotopes sver the entire ranpe
of transuranium elements. Those studies have substantially added
to the knovledne of the radiococtsve properties of the heaviest
atomic nuclei and led to the very impartant conclus.on thol the
stability of transactinide nucle: crucielly depends on sponta-
neous fission. The studies of the chemical preperties of element
104 (kurchatovium) have puermitted the direct verification of one
af the basit implications of the Periadic Law, follovring which
the actinide ceries ends with clement 103 and, as a resu't, a
drastic change in chemical properties takes place as ogne goes
to element 104. Fipnally, the development of knowvledge aboul nucl-
car stgbility against lission has given rise to the hypothesis
concerning the possible existence of superheavy elements in the
region of magic numbers Z=114 and N=184 (Fig. 1). Subsequentlvy,
this hypothesis has obtained a fairly deep theoretical substantia-
tion. The problem of the existence of superheavy elements radical-
ly influence: the foundations of modern nuclear phy;ies and
nuclear chemistry, thus considerably enhancing the importance of
further progress in the reg.. nf transactinide elements.

An analysis of cross sections for formstiion JF knoun aetini-
de and transactinide nuclei in different nuclesr processes
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involving heavy iona up to 2}EU, as well as the direct consider-
ations of the results of synthesis ol elements thrpuzh 107 show

that fusion reactions are likely to remain the most efficient
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ories for the synthesis (Fig. 2). Among these reactions, of
sperial interest are those induced by the 48[:6. SOH, f"'Cr

and other ions, which allov ane to produce moderatcly excited
compound nuclci with a wvide range of Z and N. In rcrent years,

it has been ascertained experimentally that the use of hcavy

1ons with mass A¥50-60, in combinetion vith Pb-Bi targelts,

leads to formatiun of transactinide elements and isotepes wvith
2=10£-107. There are suffizient grounds to assume that just this
type af fusion reactions, in somevhat different target-projectile
systems, ts most promising for producing the heavicr transactinid-
es with Z up to 114-116. The adveni of a new generation of high-
current heavy-ion accelerators, such as SUPCRHILAC, UNILAC and
U-400 allows ane, in our vicv, to substantially extend rescarch

into this ficld.
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ISOTOPE IDENTIFICATION IN THE TRANSFERMIUM REGION
BY a-a CORRELATION AFTER IN-FLIGHT-SEPARATION

G. Minzenberg, S. Hofm‘ann, W. Faust, K. Glittner*,
F.P. HeBberger, W. Reisdorf, C.C. Sahm**, K.H. Schmidt,
H.J. Schétt, B. Thuma***, D. Vermeulen**, and P, Armbruster

Geselischaft fur Schwerionenforschung mbH,
Planckstr. 1, D-6100 Darmstadt

The investigation of the heaviest nuclei formed in fusion reactions
does not only require more and more sensitive detection methods but aiso
demands the extension of the explorable haifiife range especially te short
halflives. Up to now reaction products are mostly stopped in catchers and
gases and transported out of the active target region to the detector
positions. These experimental methods are 1imited to seconds or milli-
seconds and have the disadvantsge of being sensitive also to nuclei
formed in other reactions than fusion.

Separation of the unslowed fusion products, taking advantage of
reaction k1nemat1cs,extends the explorable halflife region to the micro-
second region and provides a separat'mn of the nuclei to be investigated
from background. The results from this experimental techmque, obtained
in the transfermium region,will be presented and discussed in the frame
of the currently used methods.

Nuclei formed in fusion reactions have the full momentum transfer
from the projectile. They recoil in beam direction with a well defined
velocity which is considerably lower: than that of the projectiles and
differs substantially from that of other nuclear reaction products. This
velocity is changed only s1ightly by neutron evaporation during the de-
excitation of the compound system or by energy loss in the target. Hence,
fuiiunlproducts can be separated efficiently in-flight with a velocity
filter?.

The separated nuclei are implanted into a surface barrier detector
which is sensitive to a decay and spontaneous fission. We use an array of
7 position sensitive detectors: A1l decays of a certain nuc]eus implanted
in the detector have to be observed at the same pos,twn . The time dis~
tances between the signal from the evaporation residue impinging the
detector and subsequent decays allow. to evaluate the halflives of the
evaporation residue and eventuai daughter decays®. A time-of-flipht
measurement in combination with the energy signal from the nucleus
stopped in the surface barrier detector allows to check its velocity
and to estimate its mass roughly. Decays of the implanted nuclei are ob-
served in anticoincidence to the time-of-flight or during the 15 ms inter-
vals between the 5 ms beam bursts of the accelerator.

New 1sotopes can be identified’ by a decay chains ending in known
a-transitions. As few characteristic correlations are sufficient for an
identification, this method is sensitive to evaporation residues from
fusign reactions formed with cross sections even below nanobarns. The
in-flight-separation allows to investigate nuclei with 1ifetimes down to
microseconds.

. znswgogggestsgated fusion reactions of “%Ar, 5°Ti, and S“Cr with targets
0 = an
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With “®Ar on 2°®Pb we observed al1 known deexcitation channels of
2n to 4n evaporation leading to 2“*~2““Fm reported by various authors, With
“%Ar on 2°¢Pb we found the new isotopes 2“*Sm and 2*3Cf, for 29°Bi irra-
diations we observed firstly 2*7Hd. In ‘hese experiments, where most of the
observed isotopes are well known, formation cross sections range from
1.5 nb to 15 ab, halflives range from ms to s and nuclei undergo either
o decay or spontaneous fission, we chuld prove the sensitivity of our ex-
perimental technigue and the high background suppression of the velocity
filter especially with respect to a-active transfer products near Pb.

For S9Ti on 9%Pp the isotope “5%1(4 is formed, which due to results
from Oganessian® et al. undergoes spontaneous fission with a halflife of
about 5 ms., This result indicates a change of the spontaneous fission half-
life systematics valid in the actinide region and hence has been questioned.
We irradiated at various energies and observed the well known o decay of
2%7104% indicating the 1n channel and at increasing projectile energy a
spontaneous fission activity with (B.1%}:3) ms halflife and an excitation
function of less than 10 MeV width, indicating the formation of 2°°104 via
I neutron evaporation, The observed formation cross section of (6%%) np
also agrees well with the results from Oganessian.

In an irradiation of 2°7Pb with °Ti we found the expected o decay
branch of 2%%104 discovered in Dubna by its spontanzous fission, and also
spontanecus fission of corresponding halflife.

In the fusion reaction of *°?Bi and S°Ti we intended to investigate
the o decay of the isotope 2°7105 to which a spontanecus fission activity
of 5 5 has been attributed. This isotope plays an important part in the
assignment of 261107 by Oganessian et al. In irradiations at various specific
energies between 4.55 MeV/u and 4.95 Me¥/u we observed a decays of 257105
and 58105, identified by a-a correlations and also spontansous fission.
The exact halflives and decay eneryies of 25“s253Lr have been determined
and will be presented.

By fusion of *“Cr with 2°°Bi element 107 could be produced. We ob-
served Tive a decays of (10376:35) keY energy and (4.72%:3) ms halflife
and one decay of (9704:50) keV and (115?%%? ms, partly correlated to de-
cays of 29105 and 25“Lr, observed in the °9Ti on 2°°Bj {rradiations. Some
of the chains ended in known transitions of 2°°Md and 25°Fm. We assigned
these decays to the isotope 252107. The spontaneous fission activit{ ob-
served by Dganessian et al. in the same reaction and assignred to *°1107 was
not investigated in our experiment, which was performed to collect as much
information as possible on the a decay of 82107,

* Now Kraftwerk-union, D-6050 Offenbach
#*  Technische Hochschule, D-6100 Darmstadt
#** 1], Phys. Institut Univ, Giessen, D-6300 Giessen
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SOLUTION CHEMISTRY OF THE TRANSPLUTONIUM ELEMENTS
3,P.Myagoedov

V.I.Vernndsky Institute of Geochemistry and
Analytical Chemiatry, Academy of Sciences
of the USSR, 117334 Yorobievskoe Shosse
47a, Moscow, U.S.S5.R.

Discovery of the possibility of exisience of some transplu-
tonium elements (TPE) in unusual oxidation states is the great-
est achisvement in the study of chemical properties of transplu~-
tonium elements in aqueous solutions. During the time since the
International sympoasium on chemistry of TPE in Baden-Baden
(1975) Am(VII) /1/, Cm(VI) /2/, CE£(IV) /3/ were otiained for
the first time. At the same time stabilization conditions of
am(XV,V,VI), Cm(IV) and Bk(IV) were found, new methods of their
preparation were suggested and their stability was atudied.
These remarkable achievements are associated with the use of
such compounds for the stabilization of TPE in unusual oxida-
tion states aa unsaturated heteropolytungstates, phosphoric
acid, alkaline and carbonate solutions.

The use of phosphortungstate ions /1’!11(:’39/~7 and
/P2W17061/'1° /4/ in the presence of which oxidation-reduction

potentials of M(IV)/Me(III) couples are shifted for Pu, Am, Bk
and Ce by 0.9~1.0 V into a more negative region /S/ has permit-
ted to obtain rathor stable golutions of Am(IV), Cm(IV), Tb(IV),
Pr(IV) and for the firat {ime - solution of Cf(IV). The stabi-
1ity of these lons was investigated and the reduction of Am(IV)
was phown to take place mainly under the action of radiolysis
products, whereas Cm(IV) and CZ(IV) are reduced by water.

In the presence of E‘IOP2'1 061 americium may be quantita-

tively oxidized to Am(IV) or Am(VI) depending upon existing
conditions, even in 3-6 M HII‘O3 /6/7.

Various methods were developed for the preparation of
Am(IV), Am(V) and Am(VI) in phosphoric acid solution under the
action of various oxidants inoluding elecirochiemical oxidation
/7/. Pure Am{IV) is formed on the amode in 10-15 M H3P04 and

is later reduced to Am(III) and is diaproportioning with the
Am(III) and Am(VI) formations under the decreasing of 1131704

concentrstion. The spead of Am(IV) disproportion strongly in-
creages under the decreasing of the solution acidity and beca-
use of this during the electrochemical oxidation only Am(VI)
is being formed under the concentratica of HBPO4.<.2 | 8

The reaction involving four americium ions in different
astates of oxidation: Am(IV)+Am(V)=+=Aa(III)+An(VI)} was the
firast to have been studied experimenteally. The reaction of
Am(IV) with water was established to be the main cause of its
reduction in concentrated HJP(J4 solutions.



Am(VII) was initially obtained in 3-4 M alkaline solutions
in the course af oxidetion of Am(VI) at 0°C under the action of
ozone or 0= ion radicals formed during ~irradiation of the
solution saturated with nzo /1/. It can be also produced by dia-
proportioning Am(VI) in <12-18 M NaOH.

The utilization of concentrated cerbonate solutions in which
oxidation-reduction potentials are shifted into s more negative
region by 1.7 V seems to be very promising fur the ptabiliza-
tion of the highest oxidation states of TPE. Pr(IV) and Tb(1IV)
h;ve 7g7n recently produced in a 5.5 M potassium carucnate solu-
tion .

The method of the impulse radiolysis with a rapid spectro-
photometric recording of short-lived products is used very exten-
gively nowadays along with the utilization of chemical oxidants
and reductants and electrochemical methods 2er the preparation
of the TPE in unusual oxidation states. This method waa used for
the preparation of Am(II) and Cm(II) as well as for the prepara-
tion of Am(IV) and Cm(IV) in perchlorate solutions /9,10/.

A-Decay can also be used as an oxidation procesa, thus
permitting to obtain an experimental evidence of the existence
of hexavalent curium /2/.

The investigution of the oxidation and stabilization condi-
tions of TPE in highest oxidation states has permitted %o deve-
lop efficient methods for isalation, separation and determina-
tion these elements. In the report behaviour of Bk(IV), Am(V)
and Am{VI) during extraction uaing organophoaphorous extract-
ants, primary, secondary and tertiary amines as well as qua-
ternary ammonium bases; in ion exchange using organic ion ex-
changers and inorganic sorbents; in extraction chromatography
and during precipitation by various precipitates will be dis-
cussed.

The inveatigations of TPE reduction to s lower oxidation
gtates are still in progreas. The results cbtained through the
use of radiopolarographic and radiocoulomeiric methods are sum-
marized in the report /11/. The oxidation poteniial of
Fm(II)/Pm{III) couple (found to be close to ansmlogaus Yb poten-
tial) was determined experimentally through the use of the co-
crystallization method /12/. The investigations to prepare
Md( I} in various conditions were being continued. The possibdbi-
1ity of Md(I) existence in the solutions was indicated in 1972
in the co-crystallization experiments of Mikheev and coworkers
/13/. However, possible existence of Md(Y) was not confirmed
in gubsequent work /4,5/. In a new series of the Mikheev and
coworkers experimenteis was shown that 1zendelevium is reduced
t0 a monovalent state and co-crysiallized with ¥aCl and KC1
in the presence of Bu{Il) /16/. On this basis an efficient
method was developed for the separation of Md from Pm and Es
by co-crystallization of Md(I) with ¥aCl in water-etbanol
golutions. Separation time is 5-7 min and fac%or of meparation

of Md= 105 /17/. The solubility of MdCl as well as interaction



distances were shown to lie between the appropriate values of
NaCl and XCl /18/. Thus, monovalent Md is analogous to the ions
of alkaline metals (Na, K) by its propertiea as also No(II) is
similar to Sr end Ca /19, 20/.

In conclugion, some methods af chemlcal and radio-
chemical determination of Am in presence of Cmand BK
are discussed.
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SOLUBILITIES OF ACTINIDES IN
NEUTRAL OR BASIC SOLUTIONS

8. Allard

Cepartment of Nuclear Lhemistry
Chalmers University of Technology
$-412 96 Giteborg, Sweden

Long-lived actinides and their daughter products would be among the
radionuclides that would dominate the biological hazards from the nuclear
fuel cycle. It is of prime importance that the chemical behaviour and mobil-
ity of these elements in the environment are well understood in order to
allow predictions of path ways and doses to man from actinides released in
nature. Thus, there is a renewed interest in the solution chemistry of acti-
nides in natural waters, which are essentially neutral or slightly basic so-
lutions. The speciation and solubility of actinides in neutral or basic
aqueous solution with particular emphasis on environmental waters, are dis-
cussed in this paper.

There are many recent compilations and critical reviews of formation
constants for accinide complexes with anions in natural waters (e.g. hydrox-
ide, flguride, sulphate, phosphute),'7 and work on the important casbonate
system,v and on macromolecular acids {e.g. humic and fulvic acids)” are 1n
progress. Considering known or estimated actinide complex formation con-
stants far these anions and their expected concentration ranges in natural
waters,10 it can be concluded that the speciations and solubilities of acti-
nides in undisturbed natural waters are almost entirely related to
- hydralysis, including formation of palynuclear complexes
- complex formation with carbonate, and possibly
~ complex formation with organic macromolecules.

Of prime importas~e is naturally also the redoxpotential of the water, deter-
mining the valence state.

In a gcologic system the total analyvical concentration s also related
to the properties of solids present, since particularly hydrolyzed cationi-
actinide species in sowtion tend to be strongly adserbed on exposed oxide
and silicate surfaces.!2-14 Also the presence of strongly complexing anions
in the lattice of water exposed solids {e.g. phosphates) will lead to an in-
crﬁased surface adsorption, thus influencing the analytical concentration in
solution.

A prabable set of complex formation constants and sc’ubi'ity products
are suggested, based on measured, or in some cases estimated data, and ex-
pected actinide speciations and selubilities are calculated for various
waters. The distribution of actinide species between agueous solution and
exposed solid surfaces is discussed. Calculated data are compared with ex-
perimental solubility data available in the literature. Some examples of the
effects of e.g. chelating agents on the total actinide solubility are briefly
mentioned.

1. R. M. Smith and A, E. Martell (eds.) Critical Stability Constants. Vol.4:
Inorganic Complexes (Plenum Press, New York, 1976).

2. D. Rai and R. J. Serne, Pacific Northwest Laboratory report, PNL-2651/UC-
70 {1978).

3. D. Langmuir, Geochim. Cosmochim. Acta 42, 547, (1978).
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ORGANOACTINIDE CHEHISTRY‘
Tobin J. V rks

Department of Chemistry
Northwestern University
Evanston, Illinois 50201

The arganometallic chemistry of the actinide elements has been the aub-
ject of incressingly intense research activity during the past several
years.!"3  Thia activity reflects a realization that these important ele-
ments have been largely overlooked during the flowering of contemporary
organotransition metal chemistry, and that exciting new vistas in structure,
bonding, and stoic ‘iometric/catalytic chemical reacivity await exploration.

The purpose of this lecture is to review recent developments in the
organometallic chemiatry of the 5F elements, Our effort at North'istern has
focused largely on the chemical and physicochemical properties of metal-to-
carbon and metal-to-hydrogen sigma bonds {(fundamental building blocks of
synthetic and catalytic organometallic :hemistry),l"‘ vhile thrusts else-
where have deal* with other ligand systems (e.g., cvcl ventadienyl, cyclo-
octatetraene, dialkylamide, etc.}, The research at “ir “wastern has been
conceptually motivated by the properties of actinide .as which we consider
to be unique: large ionic radii, 5f valence orbital: ~“..gh oxophilicity, and
high kinetic lability. It is seen that if the actinide ion coordination
sphere is properly "“tuned," it is possible to capitalize upon the aforemen-
tioned properties and to develop organometallic compounds with rather
extraordinary reactivity.

The cyclopentadienyl, pentamethyleyclopentadienyl, and homoleptic organo-
actinide hydrocarbyls A-D

|
)]
AR MR,
R
g B
M = Th, U

R = alkyl, aryl, alkenyl, or alkynyl group



range from thermally scable but relatively unreactive triscyclopentadienyls
(A), to thermally unetable tetrasikyls (D). The chemistry of the pentamethyl-
cyclopentadienyl derivatives B and C is by far the most diverse, Unusual and
instructive reaction patterns include vigorous C-H, H-H, €O, olefin, acety-
lene, and €0, activation. Much can be deduced about the bonding in these com-
pounds Erom X-ray and neutron diffraction, infrared, Heman, NMR, and optical
spectroscopy, magaetic susceptibility, and He~i/Me-1 photoelectron

spectroscopy.

*  'his work was supported by the National Science Foundation under grant

CHEB009060.
1. T. J. Marks and R. D. Fischer, eds., Organometallics of the f-Elements
(Reidel Publishing Co., Pordrscht, Holland, 1979).
2. T. J. Marks, Prog. Inorg. Chem., 25, 224 (1979).
T. 4. Marke and R. D. Earast, in Comprehensive Organometallic Chemistry,
eds., G. Wilkinson, F.G.A. Stone, and E.W. Abel (Pergamon Press, Oxford,

in press).
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STATUS OF SUPERHEAVY ELEMENT RESEARCH
N. Trautmann

Institut flir Kernchemie, Universitss icinz
D-6500 Mainz, FRG

A review is given on the search For superheavy elements in nature and
on recent attempts to produce them by nuclear reactions. Most of the searches
in nature produced negative results but there are at least two observations
which might give evidence for the existence of superheavy elements in nature:
i) the detection of a spontaneously fissioning activity in the water of the
hot springs of the Cheleken peninsula and ii) the determination of weak
spontaneous fission activities and of an excess of neutron-rich xenon isotopes
in meteorites of the type of carbonaceous chondrites.

For the synthesis of superheavy elements in the laboratory mainly two
processes have been attempted: fusion and dzep-inelasti. reactions. A number
of fusion reactions have been studied among them the reaction between 28Cm
and “8Ca which provides the closest approach to the predicted island of
relatively stable nuclei around atomic number 114 and neutron number 184. A1l
these experiments have fajled, delivering upper limits for production cross
Tections between 4x10-3< and 2x10-35 ¢m2 in a half-life range of 107% s to

0 yr.

A search was made for superheavy elements in damped collisions of two
uranium nuclei using different techniques. No spontaneous fission actirity
that could be attributed to the decay of superheav; elements was found at
upper cross section limits of 10-32,710733 and 10-25 cm? for half-lives from
1 to 100 ms, 100 ms to 2 d and 1 d to 1 yr, respectively. The status of the
most recent experiments where targets of 248Cm metal were bombarded with
238Yy-ions is discussed.
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PREPARATION OF ACTINIDE METALS

J. €. Spirlet

Commission of the European Commumities
Joint Research Centre
Karlsruhe Establishment
European Institute for Transuranium Elements
Postfach 2266
Federal Republic of Germany

The actinide elements forma unique series of elements with prover-
ties changing from those of the transition elements to those typical of
the localised partiaily filted shell. In the Ffirst part of the series
{from Pa to Pu) the 5f electrons are similar to the d electrons in the
transition metals, in particular they hybridize with the 64 and 7s
electrons and participate in the chemical bond. Lanthanid: behaviour
appears at americium with well localised 5f electrons.

This situation complicates the work of the metallurgist who has to
diversify his efforts into different preparation, refining and crystal
growth techniques mastering those typical of transition elements as well
as those typical of the Janthanides to produce a sufficently large spectrum
of samples of the different elements,

Thorium and protactinium metals are cttained by a van Arkel process
starting from the carbides. The van Arke) process allows an excellent refin-
ing of the metal and small single crystals {up to 30 mm®) are produced.
Uranium, negtunium and plutonium re prepared by the calciothermic recuction
of the fluorides and refined by electrolysis in molten salts. Stariing
with americium, tne typical lanthanide metal preparatiop protesses are
used, {metallothermic reduction of the oxide by lanthanum (Am, Cf} or
thorium (Pu, Cm) or of the carbide by tantalum (Pu.Cm) followed by the
evaporation of the met+1 in vacuum).The metals are refined by evaporation
in high vacuum and large single crystals are obtained by physical vapour
trameom i,
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EFFECT OF PRESSURE ON THE FERMI SURFACE OF tIrz

J, E. Schirber”

Sandiz National Laboratories
Albuquerque, New Mexico 87185

and
A J. Arka™

Materials Science Division
Argonne National Laboratory

Argonne,

Minois

60439

The effect of pressure on the two smallest cross sections of the Fermi
surface of Ulry (branches a and y in Fig, 1) has been determined from de

Haas-van Alphen measurements in solid He to ~ 4 kbar,

In this measurement!

the position in field, or the phase of a single oscillation, is measured as
the pressure is varied and is related to the derivative of the cross sec-

tional area by the simple relation

din Fdp = B/

where F i5 the frequency in Gauss a~d P is pressure.
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Fig. 1.

We find that the a frequency (2,14
x 105 or 0.0057 atomic units)
decreases rapidly with pressure:.  dzn
o/dP = -1.9 ( 0.2) x 1073 kbar"l. The
Yarger y frequency also decreases but
al the lesger ratg: dzn o/dP = -1.8 (%
0.4) x 1077 kbar~%, Such a decrease
would be consistent with the cursory
abservation that the comparable
frequencies in isostructural and iso-
electronic URhy (lattice constant =
3.991 Avs 4.053 in Ulr) are much
smaller so that the effect of pressure
is to decrease these surfaces.
However, in addition to quantitative
differences between the two materials,
there are 1<) some qualitative dif-
ferences in the Fermi surfaces, Direct
comparisons may not be possible.

The band structure calculation for
UIry (shawn in Fig. 5) has been
extremely successful€ in mapping out
the large M-centered pieces of Fermi
surface {frequencies g; in Fig., 1),
The solid lines in Fig, 1 in fact are a
result of a theoretical calculztion and
they are within a few percent ¢f

5%



experiment, 7Yhe calculation has beenﬂess successful for the é-frequency,
while the & and y frequencies are not.found in the present calculation at
2ll. Since the band structure calculation is not self-consistent it is not
surprising that it fails to satisfy all parts of the Fermi surface.
Relative shifts in the bands cgn be obtained by slightly changing the elec-
tronic potential. It {s known” that by assfgning some s-electron character
to Ir (~ 0,2 electrons/atom} the r- and (or) R-centered d-bands can cross
Ep. In a1 likelihood, the o and y frequencies are due to hole pockets
artsing from these bands. Our present pressure derivatives should be ahle
to distinguish between the two sets of hole pockets in more detailed
calculation,

ENERLY (Ry}
[=3

Fig. 2.

We were unabie to shift the beliies of the large multipiy-connected
electron surface g; because of their sensitivity to orientation. Nor were
we able to separate the ¢ or & frequencies from the stronq harmonics of §
sufficiently to obtain pressure derivatives. Clearly these would be useful
in any future calcualtions as a function of atomic spacing, HWe believe
however that enough data already exists to make clear identifications.

*Work supported by the U.S. Department of Energy under contract AT(29-1)-789.
**Work supported by the U.S. Department of Energy.
. J. E. Schirber and R. L. White, J. Low Temp. Phys. 23, 445 (1976).
2. A. J. Arko, Proc, 2nd Int. Conf.ion Electronic Structure of
Actinides, eds. J. Mulak, W. Suski and R. Trdc {Wroclaw, Poland
1980), p. 309.
3, A. J. Arka, M, B. Brodsky, G. W..Crabtree, D, P. Karim, D. D.
Xoelling, and L. R. Windmiller, Phys. Rev. B 12, 4102 {1975).
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ANGLE RESOLVEO PHOTOEMISSION IN UPdy*
A. J. Arko and L. W. Heber

Materials Science D.vision
Argonne National Laboratory
Argonne, IL 60439

We have made angle resolved photoemission measyrements in UPdy {using
16.8, 21.2, and 40.8 eV incident photon radiation and a standard Vacuum
Generators ADES-400 spectrometar) in order tu verify the expected non-
dispersive nature of the localized f-level, versus the dispersion of the
fill:d d-bands.

Neutron scattering experiments of Murray et al.! hase shown that hex-
agonal “Pdy ethibits well-defined magnEtic excitations which are consistent
with crystal field transitions in a &f con{iguration. In addition,
specific heat measurements of fndEes et al.t show that the y-value of Updy
can be no larger than SmJmole”'K~™¢ indicating a low density of states at
Ep. A1l this goints to a localized f-1evel near Ep which apoarently has
been observed by Baer and Ott” in their XPS measurements {feature A in
bottom spectrum of Fig. 11. Their identification of the f-level was based
on a comparison with isostructural Tth; which contains all features in the
XPS spectrum except feature A.

Single cry " were prepa-ed by an rf heated floatina :ore
technique and {0001} face was cut from the ingot and mech-
anically poli-. ¢ , of the surface was accomplished in situ by
argon ion spuitey . annealed at = §00°C. Auger spectros¢opy and LEED

were used to characterize the surface and orient the sampic in sitw aleng
the (10T0) and (1120} azimuths.

Qur UV photoemission spectra from the {0001} face of UPdy at normal
emission are shown in Fig, | {cu~ves 2-4) for 3 photon energids in
the [1120] azimuth. Shoulder A is clearly observed in the 40,8 ev snec}rum
but not at lower emergies. This is Consisvent with previously observed
energy dependence for f-electron photoabsorption cross-sections and can be
identified unambiquously as an f-level. Peaks H and J in the 16.8 eY
spectrum (curve 5) are seen only at low photon energies and I:”#O. and are
1ikely due to uranium 7s levels,

Peak positions {relative to E¢) are plotted versus the parallel com-
ponent of momentum {k;|) in Fig. 2, Note that shoulder A at -0.7 eV is
totally noa~dispersive within eaperimental error. This total lack of
dispersion s consistent with a localized f-level and indeed may prove
useful in future measurements tq determ. 2 the degree of locatization,

There is small but definite dispersion in the d-band spectra (-2 to
-5 e¥). We have connected the peak positions with lines which we helieve
are a reasgnable repre entation of the band structure. However, without a
band structure calcularjon we cannot be certain that we have connected the
data points properly.

There is almost complete correspondence in peak positions between the

21.2 eV and the 40.B e¥ spectra for peaks A-E. Indeed, even the 16.8 eV
peak positions correspond except that additional peaks F, G, H and J are
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observed. Thus, we believe that peaks in the spectra correspond to peaks
in the one-dimensional densities of states. A band structure calculation
would prove most useful. A first glance might indicate that peak J closely
corresponds to the localized f-level observed with 40.8 e¥ light, but the
clear dispersion of this branch (J) rules out the correspondence. It does
however raise interesting questions as to why there is no hybridization.
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“Work supported by the U.S. v.partment of Energy.
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PHOTOEMISSION SPECTROSCOPIC STUDY OF THE URANIUM
INTERMETALLIC COMPOUNDS USig, UGes, UAz, and UFe,*

0. P, Karim and D. J. Lam

Materials Science Division
Argonne Hational Laboratory
Argonne, IL 60439

This study examines the electronic band structure in the valence band
region of the cubic taves phase compounds UALy and UFEZ, and the Cuaku-type
compounds USi3 and UGe3, using bath x-ray photoemission spectrascopy (XPS)
and uttraviolet photoemission spectroscopy {UPS}. This combination of
techniques enables us to observe the valence band features using a signifi-
cant range of photon energies, 21.2 and 40.8 eV from a He discharge UV
source and 1486.6 eV from an Ag anode x-ray source. This can aid n peak
identification because initial states of different orbital angular momentum
character have phutuemissioy cross-sections which exhibit different depend-
ences on excitation energy.

The measurements were taken on a Physical Electronics model 544
spectrometer equipped with an auxiliary rare-gas discharge lamp. Bar
shaped 6amp1es were prepared which could be fractured in ultra high vacuyum
{~ 10729 torr} to expose a fresh clean surface for examinaticn.

PS soectEa on UAF.Z have been previously taken and discussed by
Haegele et al.“ We have extended the data to include an XPS valence band
spectrum {Fig. 1). (A1l spectra are presented with arbitrary relative
scaling.) The spectra show a narrow peak at Ep which graows relative to the
other features with increasing photon energy indicating probable 5f
character. A partially fH’Ieg narrow 5f band at Ep would 2}so account for
the very high y value of 142.

Figure 2 shows valence band spectra of UFe, taken at three different
photon energies. The He(l} and He{I!) spectra show a prominent peak about
1 eV below Ep together with a narrow shoulder ?t Ep. Features at similar
positions were seen by Naegele et al. in UCo,,“ however, in Utuz the narrow
peak at Eg grows substantially upon qoing from Hell} to He{1l) whereas in
UFe, th2 fveight of the shoulder remains about half that of the peak at 1 ev
in both spectra.

Figure 3 shows XPS valence band data on UGej and USij. The overall
similarity is striking. Both reveal a narrow strong peak at Ep with a
shouider on the high binding e-ergy side. The peaks at Ep are alwost
certainly 5f in character becoming progressively more prominent in going
from tel(l) to He(I1I) to At K photoemission spectra (UPS data no. shown).
The presence of 5f states at%p is also sonsistent with the rather high 4
values of 20.4 in UGeq and 14,0 in USi4." The only noteable difference
between the UGe3 and asi3 spectra is tﬁe more prominent shoulder in UGe;.

These photoemission spectra will be analyzed in terms of the known
physical properties and electronic structures of these compounds.
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ITINERANT Sf-ELECTRON BEHAVIOUR
IN USny and U0.15Ce0_855n3+

Wolf-Dieter Schneider and Clemens Laubschat

Inscatut fidr Atom- und Festkdrperphysik
Freie Universitiit Berlin
D-1000 Berlin 33, Fed. Rep. Germany

Many uvranium-halogenides, -chalcogenides, and -pnictides as
well as -intermetallic Ill-group compounds show typical 7 ev-
satellicte structures in the photoemission spectra. Recently it
has been shows that these satellites are due to two hole final
states in the photoemission process and that their presence is
an indication for a 5f-localization in these compounds‘. The
reason for the increased 5f-localization as compared to a-~U and
to uranium-transition-metal-compounds was mainly ascribed {aside
from increased interactinide spacings and therefore reduced
5f-5f overlap) to a decrease of the f-d hybridization in these
cgapounds.

In this contex* the compounds USnjy and C, .15¢€p_g53n3 have
been investigated by means of X-ray photoelectron spectroscopy
{XPS). These compour is crystallize in the CujAu structure with
lattice constants a=+.626 A and a=4.720 A, respectively. The
samples have been prepared separately in an arc furnace under
reduced Argon atmosphere, have been mixed appropriately, remelted
several times and annealed for one week at 800°C. An X-ray struc-
ture analysis yields reflexes which are in accordance with the
‘i‘terature for USny and pure CeSny-.

The XPS-measurements were performed with a VG-ESCA-3 elec-
tron spectrometer with a resolution of about 1 eV mainly due to
the inherent AlKn; 5 X-ray linewidth. The base pressure in the
spectrometer chambéf was about 4 x 10710 Torr.

Fig. 1 shows the XPS-valence band spectrum of USn,. Formally
it can be described by a superposition of the valence gand spec-
tra of a-U and Sn where the sharp structure in the vicinity of

Ep can ke ascribed to the 5f-electrons, the shoulder at approx-
imately 3 eV to the U6d and Sn3p and the hump at about 7 eV to
the Snls electrons. Fig. 2 shows the U4f region of the two com-
pounds USnjy and U0 15Ce0. 55n3- The energetic line positions at
377.4+0.2 and 388.4:0.2 ee show that uranium (and Ce) have a
valency of 3+ in these compounds. Both spectra show a satellite
structure 15.2 eV below the main iines which by compirison with
the Sn 3d spectra (not shown) can be attributed to v -.mon
losses.

Both core-level spectra show no sign af a 7 eV satellite
indicating a predominantly itinerant character of the 5f elec-
trons tn these compounds. Since a direct 5f-5f overlap due to
the large interatomic U-U ~pacings {4.6 . and 6.5 A mean
separation, respectively) can be =xcluded, a strong hybridization
of the 5f states with conduction electron states is concluded
to take place. Bandstructure calculations of Arko and Koelling
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on the isoelectronic and iso-

structural compound UGe, pre- T T T
dict a strong 5f-4p hyb;idi:a—
tion caused by the contribution U Sn,
of the 5f electrons te¢ 7-bonding
with the Ge 4p orbitals. Thus
the present measurements seem

to confirm this model: In
analogy to the f-d hybridization
in uranium-transition-met.l-
compounds an f-p hybridization
in USn3 and U, ;5C€y, g5Sn,; leads
to itinerant 3f electron be-
haviour.
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X.F.5. STUDIES ON BINARY AND TERNARY URANIUM EOM?OUNDS
IN THE SOLID STATE

Elisabeth THIBRYT®, Jacques J. VERBIST

Facultés Universitaires Notre-Dame de 1a Paix
Latboratoire de Spectroscopie Electronique
rue de Bruxelles 61, B-5D00 NAMUR, Belgique

The contribution of X-ray phetoelectron spectroscopy te the knowledge of
electronic ctructure and chemical bonting with uranium is analyzed, mainl;
from unpublished results obtained with ~anochromatized Al ¥a radiation.

The compounds studied are oxides, halides and oxyhalides ; also chalco-
genides and pnictidei Samples (often difficult to prepare) were obtained
from various sources', and had to be handled under inert conditions. In spite
of this, surface oxidation remains a major difficulty of this research.

The results will be analyzed in a threefold way, taking into account
all aspetts of the experimental data which make X.P.5. a powerful technique :
simultaneous observation of core levels - with their satellites - and valence
tevels ; surface =plectivity.

1. An approach to defining ionicity as a function of ¥ 5f electronic
populations, using different degrees of oxidation and di¥ferent halides.

2. R discussion of bonding in the uranium - oxygen system, as a function
of the proportion of oxygen : degrees of oxidation, role of urany! groups.

. A summary of contamination problems, and some conclusions as to their
interest for the understanding of s0lid state chemical properties.

* Holder of a fellowship of 1.R.S.1.A.{Belgium) from 1975 10 1978.

1. We gratefully acknowledge in particular the cooperation ~ith Drs.H.NOEL
anJ J.C.LEVET, Université de Rennes, Laboratoire de Chimie Mingrale B
(France}, and Dr. R.TROC, Institute of Low Temperature and Structural
Research of the Polish Academy of Sciences, Wrocfaw {Poland).
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ANGLE RESOLVED PHOTOEMISSION OF UOZ'
B. W. Veal, A. J. Arko and L. W. Weber

Materials Science Division
Argonne National Laboratory
Argonne, IL 60439

Angle resolved photoemission spectroscopy (ARPES) taken with 21.2
{Hel) and 40.8 fv {Hell) exciting radiation were obtained on single crystal
samples of UDp.* Spectra wer: taken on 1ightly sputtered samples that
showed a simp;e LEED pattern characteristic of a cubic surface.

The dotted lire of Fig. 1 shows a smoothed energy distribution curve
(EDC) for hv = 40,8 ev taken at 18° from the {100) sample normal., The
salid curve is the (smaothed) second derivative. The sharp peak at L.§ eV
(dots) s a localized 5f electron peak, The broad band centered near 5 eV
binding energy contains electrons that predominately eriginate from 0 2p
orbitals. Features in the normal spectrum (dots} are weak but they are

adequately enhanced in the second derivative.

Second derivative minima {arrows in Fig. 1) are monitored as a func-
tion of electron emission angle to estabHsB the region of the Brillouin
zone from which the electrons were excited.® The plane T X ' X' in Fig, 2
shows the region pf the Brillouin zone examined in this study. For a given
6 (which defines , the crystal momentum paralle) to the sample surface}
the spectrum mnit\”-s those electron states along a line parallel to the rX
line,

Figure 3 shows a composite of the second derivative minima, taken at
various electron emiscion angles, plotted versus El . Data for both Hel
(squares} and Hell (dots) radiation are included. A significant amount af
dispersion occurs in the "0 2p" bands., Symmetry should occur abaut the X'
point shown as the dotted line in Fig. 3.

The nondispersive Sf maximum is located at 1.5 eV {solid line). A
prominent shouider appears in the second derivatige EDC's at 2.3 eV, This
nondispersive feature may be associated with the F7,5 final state multip-
let of the luchzed 5f level; the strong peak at E = 1.5 e¥ being associ-

ated with the “Fg,, muitiplet.
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Angle integrated spectra for UD, are reported by J. Maege » in the
discussion section of B. W. Veaf, J. de Physique, Collog. 40, C4-184

{1979},
See T. Grandke, L. Ley and M. Cardona, Phys. Rev. B 18, 3847 (1978)

for discussion of ARPES technique.
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ENERGY DEPENDENT PHGTDEMISSION OF o, NpO2 AND PuOZ:OZp AND Anb5f
CONTRIBUTION TO THE VALENCE BAND

J.R. Haegele and L. Manes

Commission of the European Communities
Joir * Research Centre
Kar*sruhe Establishment
European Institute for Transuranium Eleme.its
Postfach 2266
0-7500 Karlsruhe
Federal Republic of Germany

tnergy dependent photoemission measurements of the valence band region
(UPX, XPS) have been published only for U0,1:2:3,4, To the best of our know-
ledge, only one XPS study has been pub1ish€d5 for the oxides of the trans-
uranium elements. These data are int?rpreted mostly on the basis of the final-
state multiplet structure of the "' configuration. Due to the much higher
photoemission cross section cf f than p electrons for X-ray excitation the
contribution of bonding electrons (mainly 02p) to the observed spectrum is
thought to be smal) for oxides higher than U0,

The main aim of this study was therefore to separate the different
contributions of the bonding electrons from the localized f electrons by using
different photoemission excitation energies: 21,2eV(Hel), 40.8eV{Hell} and
48.4eV{Hell*). The photoemission spectra were obtained by using a Leybold
spectrometer with a modified UHV preparation chamber (base pressure 5-107°Pa)
for work under glove box conditions. The energy resolution was 1.0eV for Mgio
excitation, 45 meV for Hel and 85 meV for Hell excitation. The base pressure
in the analysis chamber was 8.10"7Pa. Polycrystalline samples of NpO, and
Pu0,, {iun sputter deposited Tayers*, molten bulk samples**} and sing?e
crygtals of U0, were used. The samples surfaces were cleaned in situ by
different methgds Tike A~* and 0,* sputtering, annealing at different O
pressures and temperatures, and mechanical scraping with an AIZO3 file,

The UPS valence band spectra varied strongly with the surface preparation
whereas the XPS valence band spectrum was not influenced and gave the
published resu1ts5.6. Especially for PuQy the valence band emiss‘on varied
serfously with a surface contamination from adsorbed oxygen’.

Figure 1 shows the valence band for the cleanest An-oxides, These spectra
show for the first time clearly a separation of the “2p" valence band an% the
AnGt Tevel. The spectrum jor 21.2eV excitation for which the 2p cross-section
Ts much larger that that for 4f electrons is dominated by 2p emission as seen
in Fig.1. Only weak structures occur at about 2eV and 6 to 7eV. For higher
excitation energies these structures become stronger. Especially the 2eV peak
is dominant at 88.de¥ excitation, showing the effect of the 1ncreasing cropss-
section for 5f electrons. Thus the f-character of this peak is clearly
identified.

Due to lacalization of the AnSf electrons in the oxgdes a final-state
multipiet structure is expected. Theoretical calculation®, predict 2,” and 6
emission lines for UDZ' Np0, and PUQZ respectively which are not obse. vad in
the spectra, Only for Pu(!2 ghe Hell™“sp~otrum shows a second strong line at
the bottom of the valence“band, in addition to the 02p and PuSf peaks, This
jndicates a 5F emission. Assuming the final state multiplet theﬁry to be
valid, this peak way be attributed to the 4F state whereas the G state could be
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hidden in the 2p emission. Multiplet components are presumabiy not resolved
due te strong phonon broadening. A muré detailed comparison with multiplet
intensity calculation®s8 will be given; covalent contribution by 5f elactrons
to the bonding will be discussed as weil.

Figure 2 shows the actinide 4f core levels and its satellites. The main
satellite for ali oxides is separated by 6.9eV from the Andfg,o peak on the
nigh binding ene: Jy side. The intensity of this 1{ne varied with the surface
conditions for Pulp: the higher the O1s to Pudf intensity -ifio the higher
is the 6.9eV peal. This gives further evidence th:t the 6.9V peak has to
be assigned to an exgi&ation from the p valence band to an unoccupied
localized An5f level®»7(shake-up). The second satellite (16.0-17,0eV) is
assigned to an energy loss process. The close similarity of the spectra for
V0, NpD, and Pul, supports the assumption that the valence band is essen-
tigﬂy tﬁe same fgr the three oxide.

* We are thankful to Dr. J. Kwinta, Paris, for providing the Np0, and Pub

films. 2 2

"*We are thankful to Dr. K. Richter and Dr. C. Sari for prov* “ing bulk
samples of PuOZ.
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ELECTRONIC STRUCTURE OF UO,

Michael Borin
Los Alamos National Laboratory
Universily of California
Los Alamos, NM B7545
and
D I}. Koell:ng
Solid State Division

Argonne National Laboratory
Argonne, Il 60419

eral

wre have calconlated the electronic structure of UG, using se
titterent techmiques in order to interpret and cnrr('lﬂge XPS, UPS and
BI% duts on this compound.

First a self-consistent~field (SCF) energy band calculations was
prrtormed wsing the LAPW (non-muffin tin} mc':ho(L’ Next a SCF Multi-
ple Scattering X cluster? calculation (UO_®") was performed. Both
valculations were relativistic. 2% Transifion state energies? were
calenlated an the cluster Lo obtain some estimate of relaxalion ener-
gi1es.  The resuits of these calculations were compared with prevines
band® and cluster? calculations on this system.

Usang our < alculatijonal results we have tried to interpret and
correlate the tollowing experimental data:

(1) The optical gap® and the densiLy of stales of the unoccupied
Irvels as seen in the BIS experiments.?

(2} The structure in the :alence Band {oxygen=-2p) as scen 1n
the UPS datal® and the Sf peak.!®

{3) The XPS peaks below the valence band {6p and 25).%}

4) The XP$ data in the 5p and 5s region (atomic origin).!?

5) The XPS data in the 4f energy region (bulk effects).!3

Using all this information, we can comment un the role ot the 5f
electrons in Lhis system (localized-vs-nonlocalized).
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SUGNIFICANCE OF 6¢ V5. Sf ELECTRONS 1N ACTINIDE SYSTEMS
B. Reib}, D.E. Eastman, and N. Mirtensson

iBM T.J. Watson Research Center®
Yorktown Hcights, New York 10598

and
0. Vogt

Laboratorium fiir Festkérperphysik”
FTH Zirich

Similar to the 4f electrons in the rare-carth series, the actinides and
*herr compounds are believed to be determined by the 5f electrons.!s” In
ontrast to this belief, we have found in a systematic study of single
crvstal U and Th pnictides and chalcogenides using high resolution

£ « 150 meV) photoemission with synchrotron radiation (10 eV < hv = 130 ev)
thet the 6d electrons also play a significant role and can strongly influence
rhe electronic propertics near EF. Furthermore, they are crucial in under-
tanding the complex magnetic behavior in these compounds. Our results in
pvarticular are:

a) Me can distinguish 5f and 6d emission and have determined their
< wrgetic positions via hvu-dependent photoemission measurements including
resonant 5f photoemission at the 5d - Sf threshold.

b) For the first time we observe differeat photocmission density of
states for U-pnictides and -chalcogenides {see e.g. Fig. |). We find that U
has a guasi-localized 567 configuration (features B and C} in resonance
with itinerant 6d states {e.g. feature A) that become increasingly filled in
going from USb to UTe,

¢) We find a simllar filling of 6d electrons at Ef with increasing Th
concentration in UxThi-xSb. A4ssuming that the 6d-moment is polarized
antiparallel® to the 5f-moment, we can explain the decreasing ordered
moment M for 1.0 z x 7 0.3. In particular, we see no evidence for a valence
change towards an U-f2 configuration as proposed by Cooper et al.5 to
explain this decrease of M,

Work supported in part by the Air Force Office of Scientific Research
under Contract No, FY9620-80-C0025,
- Work sponsored by the Swiss National Science Foundation,
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2, The Actinides: Electronfc Structure and Related Properties, ed. by
A.J. Freeman and 4,8, Darby, Jr. (Academic, New York, 1974} .
3. R. Baptist et al., in Ref, 1, page 63.
4. B. Reihl et al., J. Magn. Magn. Mat. 13, 132 (1979).
5. B.R. Cooper et al., J. Magn. Magn. Mat. 15-18, 1249 (1980).
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Energy distribution curves at hv = 45 eV for USb, USh -Te j,
and UTe at room temperature. The curves are not no. .ljzed.
Zero energy corresponds to the Fermi leve. of UTe. The
spectra arc aligned so that peaks {B) coincide. The result-
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IMP ,RTANCE OF FINAL STATE COUPLING
-N THE 5f +6d EXCITATION OF UO,

W. Reim and J. Schoenes

Laboratorium fir Festkdrperphyecik, ETH-Zlirich,
CH 8093 zirich, Switzerland

High field Faraday-ratation and magnetic circular dichro-
15m D measurements (up to 100 kOe) of U0z in the photon energy
range between 1.4 and 5.4 eV are reported for different tempe-
ratures below and above the Néel temperature Ty = 30.6 K. The
measurements have been performed on thin films prepared by evap-
oration of UOz-single crystals trom a Knudsen cell unto heated
rused guartz substrates.

The absorptive part of the off-diagonal conductivity tcnsor
clement

= £ -
Re = (n kD)

has been derived using the measured magneto-optical and optical
data. The resulcs for an external magnetic field of 40 kOc¢ and a
temperature of 33 K are shown in Fig. 1. Th~ inserted vertical
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bars represant the calculated relative magneto-optical oscilla-
tor strenghts which will be discussed helow.

1t has been shown that lp the energy range of our experi-
ments transitions from the 5f2 ground state into &d states predo-
minate 1. oaly at the high energy side at about 5 eV an onset of
p-d transitions is expected 1,2

Due to the lack of results for the coupling mechanism in the
5f6d final state, we have used in our calculation both possible
approximations, namely LS- and jj-coupling. Fig. 2 displays the
energy level scheme of the 5fl16dl mu.tiplet for both treatments
1n a second order perturbit.on tolculation. The spin-orbit para-
meters ‘5¢ = 2173 cm~l, %gd = 3200 cm~! and the Slater-Condon
[y ters oF aud TY jiave been derived from Y%t ie lon spec-
troscopic measurements 3,4, The LS-coupling treatment shows no
agreement w.cn the experiment., The magneto-optical oscillator
strenghts displayed in Fig. 1 by the vertical bars represent the
1j-coupling calculation which reproduces very well the two domi-
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nant structures at 3.25 and 4,15 eV. The peak at 5.1 eV cannot
be explained in terms of a 5£2-5£16d4l transition but has to be
assigned to p-d transitions in agreement with optics) r=ectros-
copy 1 and XPS-BIS measurements 2.

Thus our magneto-aptical study shows the importance of the
coupling between the extited and the remaining S5f electron in
the final state and it evidences that this coupling is of the

ji-rype.
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OPTICAL STUDY OF THE ELECTRONIC
STRUCTURE OF UPd3 AND Tth3

J. Schoenes

Laboratorium fir Festkorperphysik, ETH-Zirich,
CH-8093 zilrich, Switzerland

K. Andres

Zentralinstitut fUr Tieftemperaturforschung,
Bay. Akad. wissensch., D-8046 Garching, Germany

Z. Zolnierek

Institute for Low Temperature and Structure Research,
Polish Avademy of Scilences, Wroclaw, Poland

The intermetallic compound UPd3 has attracted considerable
interest the last few years due to: i} the observation of non
magnetic phase transitions at low temperatures 1,2, and i) evi-
dence for a localized 5t2 ground state provided by inelastic
nevtron scattering 3:4 and electron spectroscopy 3 experiments.

We present the first optical investigation of UPd3 together
with the isostructurai ThPd3. From the former material both a
single crystal oriented perpendicular to the hexagunal c-axis
and a polycrystalline sample have been studied. ThPd3 was only
available in polycrystalline form.

The near normal incidence reflectivity has been measured at
room temperature fron 0.03 to 12 eV. The reflectivity spectra
have been Kramers-Krouis transformed to obtain the complex dielec-
tric function, the optical conduactivity, the energy loss and the
number of electrons contribnting to optical transltions as func-
tions of the photon energy.

Fig. 1 displays the real part »f the optical conductivity
{€ull line) and the energy loss function ({(dashed line] for the
UPd3 single crystal. The optical conductivity shcas extremely
weak intraband transitions at low energies but strong interband
transitions with structures at 1.8, 2.8, 4.5, (6.5) and 7.5 eV.
For ThPd3 the same structures are found with the exception of ihe
weak structure at 6,5 eV which ls not resolved. Subtracting the
aptical conductivity spectrum ol ThPa3 from the one of UPd3 one
finds a further peak near 1 eV for UPd3 whose presence is also
evident 1f one compares directly the reflectivity spectra of the
two materials. The peak at 1 ¢V is attributed to transitions from
the 5E2 state of uranium to empty 6d states forming the conduc-
tion band. The other structures present in both compo'ads are
assigned to trans::ions between the occupied 44 valence bands and
empty p,s conduction bands derived Erom Pd.

It 1 noteworthy that the optical conductivity and the Xps 5
spectra of UPd3 are nearly identical in respect to the shape as
well as to the energles of the structures. This indicates that
the final states play a minor role for the observed excitations
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in agreement with our assignment of rather free electron like

p- and s~ character to these states. In addition it follows that
the finul states of the optical excitations are very close to Ep.
The gsmall intraband contributions tc the optical conductivity of
UPd; compared to the one of pure Pd 6 evidences the filling of
the Pd 4d band in UPd3 in agreement with XPS and Bis 5. The four
electrons per formula unit in excess of the [Kr14dlO configura-
tion of PA° and the [Rn]5f2 configuration of U4+ give rise to a
plasma excitation as shown by the maximum at 9 eV in the energy
loss function (Flg. 1).
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CALCULATED ENERGY POSITIONS OF THE 5f LEVELS
FOR THE HEAVIER ACTINIDES

B. Johansson

Institute of Physics
University of Aarhus
DK - 8000 farhus Denmark

The recently growing interest in applying photoelectron spectroscopic
methods to actinide materi»ls has mainly been concentrated on Th- and U-
compounds. In the near future, however, these methods might be expected to
become more extensively applied also to the heavier actinide systems. Thus,
for example, it becomes of consicerable interest to calculate the position
of the 5f level for the trans>lutonium metals. Such a calculation is per-
formed in the present contriibttion, where a similar method is applind ax
was earlier used successfully for_the calculation of the position of the
4f level in the lanthanide met:1s.' Also the positions of the 5f levels
for surface atoms relative to bulk atoms (so-called surface shifts) are
considered.

1. B. Johansson, Phys.Rev. B 2), 1315 (1979).
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COHESION AND ELECTRONIC STRUCTURE OF THE ACTINIDE METALS

H.L. Skriver+. B. Johansson++, and 0.K. Andersen’®t

"Rise National Lakaratory
DK-4000 Roskilde, Denmark

++Physics Department
University of Arhus
Denmark

Hrlax—Flanck—Insti tut fiir Festkorperforschung
Sktuttgart, Germany

applied the local spin gdensity (LSD) formalism in

&7 ac

wWe have1
caleulations® of ground gtate proposties for the series of ac
tinide metals Fr-Ct, Lw. The self-consistent energy band problem
resulting from the LSD formalism was solved Ly the rela ivistic
LMTO method. This allows us to interpret the cohesive properties
as functions of atomic volume in terms of a few physically sig-
nificant gquantities. The figure shows partial and total pres-
sures, S-, p-, d-, ang f-occupation numbers, and the spin peclar-
ization m as functions of atomic radius for those actinide metals
which are close to the point where the 5f-electrons have their
localization-gelocalization transition.
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We present the calculated band structures in terms of plots
o2 band edgesa as funct;ons of ‘atomic radius. We show occupation
numbers, state densities at the Fermi level, Sf-bandwidths, and
totzl and projected state denaities as functions of atomic
number.

The fundamental question of localized versus itinerant be-
haviour of.the 5f-electrons is discussed in terms of the effect
of spin-polarization on the partial pressures. We find that the
elements beyond Pu have a spin-polarized ground state, and that
they i1l undergg Eirst order phase transitions under pressure
{100 kbar for An“ and 400 kbar for Cm} which will take them from
high volume 'spin-polarized phases to 16w volume non-polarized
phaseg. The results may beinterpreted in a Stoner type picture
in analogy with the case of itinerant magnetism in the 3d-tran-
sition metals.

1. H. L. Skriver, O. K. Andersen, and B, Johansson, Phys. Rev.
Lett. 41, 42 (1978).

2. H. L. Skriver, O. K. Andersen, and B. Johansson, Phys. Rev.
Lett. 44,-1230 (1980).!
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THE ELECTRONIC STRUCTURE OF ACTINIDE CAliBIDB
C.P. Mallett

Research School of Chemisatry,
Australian National University,
P.O. Box 4,

Canberra,

A.C.T. 2600,
Augtralie.

The fully relativistic Korringa-Kohn-Rostoker method, with double
group symmetrisation, hac keen used to obtain the electronic band structurea
of the actinide monocarbides that crystallize in the rock salt structure.
These computations, which employed the xu exchange approximation,are self-
consistent, within the usual muffin-tin partitioning of the solid.

The chemical bonding in these compounds is discussed in terms of charge

bet: the ing regions by decomposing the crystal wave
functions and charge densities into thelr atomic partial wave cowponents.
This allows a di i for a particular non-metal constituent,

of the trends in electronic structure and f-electron localisation across the
early members of the actinide series, and complements earlier computations
on UC mnd UM.- Finally, the use of single-site scattering properties,
such as the resonant differential Friedel sums, to give a qualitative
picture of the electronic structure is also illustrated, as earlier work has
indicated that such properties can give a suzgziuingly accurate
characterisation of the electronic structure.

1. P. Weinberger, R. Podloucky, C.P. Mallett and A. Weckel,

J. Phys. € : Solid st. Phys. 12, BOl (1979).

P. Weinberger, C.P. Mallett, R. Podloucky and A. Neckel,

J. Phys. € : Solid St. Phys. 13, 173 {1980} ,

3. C.P. Hallett and P. Weinberger, Phys. Stat. sal. (b) 94, 257 (1379).
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ELECTRONIC STRUCTURE, ELECTRICAL AND MAGNETIC
PROPERTIES FOR THE PLUTONIUM-HYDROGEN SYSTEM*

John W. Ward James L. Smith
Jeffrey 0. Willis Stanley 1. ¥usiewicz

Los Alamos National Laboratory, Los Alamos, M B/545

John M. Hasjchke Angelo E. Hodges
Rockwell [nternational,i Rocky Flats Plant, Golden, CO 80401

The plutonium hydrides represent the “irst actinide-hydrogen system with
apparent heavy rare-earth properties. The effects of progressive electron
localization are first seen in the high-temperature phases of Pumetal and also
in some compounds. f\numher of studies have been reported for the Pu-hydrogen
system in the past,1-3 and results for the P-C-T relalionships, phase diagram
and crystal structures are in general agreement. More receat work has been
concerned with some of the physicochgmical properties of the system, including
NMR studies? and magnetic behavior.

Sample characterization is extremely important in thes: more sophis-
ticatrd studies, and unfortunately all the work has been performed on small
powdeced samples, often sealed in containers and "heat-treated" to a hoped-for
composition. The extreme reactivity of these powdered samples and the strong
tendency toward decomposition can make the identity of the sample somewhat
questionable. !

In the present study, bulk plutonium hydride samples were prepared to
precise 6ct§npositiuns. using the techniques developed by Haschke and co-
workers.%s/  Approximately 15 g sample rods of high-purity e-plutonium were
hydrided in the plastic regidn (350-4500C) at high pressure, and then
equilibrated under controfled conditions of time, temperature and hydrogen
pressure to give a series of five known compositions, which were chacked by
chemical analysis and x-ray diffraction. Upon cenling the initfaciy large
specimens broke into smaller fragments due to internal strain, but many pieces
were large enough to perform the measurements discussed below. The com-
positions obtained were Puly 93, Puly 1p, PuMz 4z, PuHp 53, and Puly gg.
Hand1ling operations were carried out in an argon-inert glovebox. For
compositions below Pulp 75 there is no detectable hydrogen loss from bulk
samples at room temperature, evén over a considerable period of time. The two
Tower compositions had metallic luster and did not eastly shed contamination,
whereas the higher compositionsiwere progressively more friable.

Electrical resistivity

Resistivity studies were carried out on these samples with a 4-terminal 0C
method, using spring-loaded gold contacts. This technique was used ir an
earlier study on the yranivm-deuterium system.B The metallic-appearing Putl} g3
sample produced a curve falling smoothly from~500 ~R-cm at room temperature
to a value of ~70 sflecm at 4 K; @-Pu metal exhibits a resistivity of about 20
stcm at 4 K. This behavior is in marked contrast to the rare-earth dihydrides,
where the resistivity is considerably lower than in the parent metals.

The higher H/Pu hydrides erhibited resistivities that did not correlate
monotonically with composition] these hydrides showed aumerous microcracks
under metallographic ezamination, and thus the variability in absolute
resistivities is not surprising. However, the observed transitions were well-
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defined, reproducible, ané increasingly complex at the higher H/Pu ratios. The
dp/dT value became positive near room temperature for the twd higher composi-
tions, possibly indicative of the onset of semi-conductor behavior. Data for
the Pubp g5 composition are shown in the first figure, as an example.
Transitions were observed in varying degrees at 46-67 K, 107 K and 190 K; only
the first two involve concomitant magnetic efferts.
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Hagnetic_effects

Magnetic susceptibility studies were also performed on a1l compositiens
from 1.4 to 230 K, using the vibrating-sample magnetometer ‘methou.  Sharp
ferromagnetic transitions were noted for all samples, starting at 46 K for
Pul] 93, and reaching 67 K for PuHz gg. The sharp transition in resistivity at
107 K "showed anly a small magnetic infiection, and no magnetic change was seen
in the region of 190 K. = This latter reproducible tramsjtion could be
structural, or perhaps due to the "freezing out™ of the more mobile octahedral
hydrogens. The Curie-Weiss effective moments were 0.86-0.87 ug for all
samples.

ESCA results

Two compositions, PuH] g3 2and Pul _53 were cxamined by x-ray photo-
electron spectroscopy, using a Physica lectronics ESCA-SAM instrument.
Samples were mounted in the fracture stage and specira taken 'in the valence
band and 4f core-level regigns immediately after fracture. Vacuums before
fracture wgre in the mid-10-10 tarr region. [n cantrast to the behavior for a-
plutonium,? the hydrides seem quite stable toward oxidation. The valence-band
spectra are shown in the second figure; comparative binding-energy values for
the 5f peaks are indicated for Puly and a-Pu. The 5f peak: is noticeably
broadened, especially for the higher H/Pu ratio, and the tocation for the more
metallic composition is: slightly closer to the Fermi level.. The hydrogen
bonding band, assuming plutonium behaves somewhat Tike zirconium or the rare-
earths, should be in the range 5-7 eV, i.e., under the tail of the 5f peak. This
resutts in a total spectrum that is somewhat featureless, and probably
represents the sum of several peaks. !
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In summary, although the chemistry of the plutonium-hydrogen system is
quite like the heavy rare-earths, the electrical properties are deciderly
different. The presence of the dominant F-bang in the vitinity of the Fermi
energy must cause several effects in the valence band. Strong electron
scattering should increase the resistivity markedly, and the interactions
between f-orbitats and the hydrogens shouid increase as more hydrogen is
incorporated into the lattice. Since f-electrons bond poorly in cubic
lattices, a lower heat of formation might be anticipated; this seems 1o be true
in the actinide hydrides, as compared to the rare-earths (e.g.aHy (Pulp) = 37.0
kcal/mol vs about 50 for mosti rare-garths).

* This work is nerformed under the auspices of the U. 5. Department of
Energy.
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THE 5f1 CONFIGURATION IN CRYSTAL FIELDS OF DODECAMEDRAL SYMMETRY
Hu=D, Amberzer

Institut fiir Anorganische und Angewandte Chemie, Universitat Hamburg
D~-2000 Hawburg 13

%, Grape and E. Stumpp

Anorganisch-~Chemisches Institut, Technis¢he Universitat Clausthal
D-3392 Clausthal-Zellgrfeld

3

The 5f° configurntion of highly coordinuted uranium (IV) exposed
to effective crystal fields (= GF) of D symmetry has been the suuject
of several studies 173, In spite of compnrnBle coordinutiun polyhedrn
around the UIV central ion in UCly, Th3ry:U™* and Zr§iOy:UY* the
derived CF parameters were not only widely different in magnitude but
also different in sigr 6,7, Moreover, three attempts of interpreting
the optical sgegtru of UCly have resulted in three very different para-
meter sets 1¢21°, Insertion of none of these prrameter sets into the
energy matrices of the isomorphous f1 system PaCly reproduces success-
fully its zero-phonon abgorption spectrum, In contrast to this finding,
the CF parameters of UCLE™ and PaClg”™, respectively, are of compnrable
sugnitude 7.

1n a CF of D. d symRetry, the 12 configuration splits into as muct
as 70 CF sgtntes, %he absorption spectra of dodecahedrally coordinated

£¢ systems exhibit not only numerous bapds of zero-phonon transitions,
put also rany additional signals of wibronic nature. An identificaticn
and correct assignment of all observed bands is oftpn very complicated
and is (besides possibly incorrect energy natrices *) suggestsd to be

the main reaspn for strongly different parameter sets of UCYy 1,3,6 or
2r$iGL:UM+ 247 respectively, in the literature.

The £1 configuration offers, if exposed to a dodecahedrnl CF, thre
advantage of producing only seven Krawers pairs, the misanosignoent of
whiclh is somewhat reduced. On the other hand they give rise to only
six linearly independent energy differences to extrasi the five CF
paraseters and the spin orbit coupling parametar respectively., Ab=
sorption spectra taken by commercial spectrometers usually start at
€ 3000 nm so that the first and second excited CF states of dodeca-
hedrslly coordinated protactinium (IV) compounds cannot be observed.

In contrast to this situation, five non-phomor transitions of
dodecahedral uranium (V) compounds should become observable owing to
incrensed CF parameters. As the spin orbit parameters of U’ compounds
do not vary very much, these five linearly independent energy differen-
ces should offer enough information to evaluate heve the five CF para-
ceters of interest.

Appraopriate systems for CF studies of 57 systems exposzd to m CF
of Doy symmetry are the cospounds AUFg (A= X, Rb, NEK,) which crgstallize
in the RoPaFg-type structure 6+9, Unlike in PaCly where all eight
ligands are bridging, only four are bridging in AUFg; the coordination
polyhedra arouad the central ions of both compounds are however com-
parable. For this reason the CF parameters of FRbUFg and PaCl, should be
comparable too, if an appropriate scaling factor is accounteg for,
owing to the larger CF strength of the F ligands and to the higher
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oxidation ntate of UV,

It had been our aim to derive, by interpreting the zero-phonon low
tempernture absorption spectrum of RbUFg, a versatile master CF para-
meter et for dodecahédrally coordinated Iy systems, We hoped that this
reduced pararmeter set will, together with !éf = 1523 cm‘1, roughly re~
produce the experimental CF splitting of PaCly with satisfactory
accuracy, By a better fit of the absorption spectrum reparied by Brown
et nl. 0, we nlse hoped to evaluate @ more refined parameter set, It is
further intended to tgst the ndequacy of this parameter set for other
AnCly, compounds (An = U, Np) by inserting the derived parameters of
FaCl4 into the energy matrices of UCl4 and NpCly, respectively, and to
conpare the caleuloted aptical and magnetochemical properties with the
expericental results.

The room temperature absorption spectrum of RbUFE gives rise to
esrentinlly five relutively broad bands that envelope both the purely
electronic and some associated vibronic tramsitions, After cooling with
1:inuxd helium a rich vibronic fine structure aprenrs in addition to the
considerably more intense purely electronic peaks. Simple model calx
tulartjons on the basis of the angula overlap model indicate that 3,
and ﬂé respectively, should hnve nepative and 3f ponitive sagns; BY
and 3¢ should be different in sign. #ith o cpfeg ratio of 0.h413 and
eg = #3540 em=? {ns found in the case of the octahedral campound CeUFg)
tud by dnmpine the influence of the more distnn& ligrnds by a factor of
C,4 nz well as by increasing the CF parameter B and reducing B (as
compured with the predicted values on the basis af the angular overlap
radel) we arrived at the following sesuence of CF statea:

BN) < 2t < BUR) < &) < 6(F) < Bl < s(f;)

This seguence agrees well with a proposal by Mackey and Yance far
2r510,:05* 11, accepting the senuence E(N) < E(M) < (/) < 2(F) <
2(f.) for the observed zero~phonon trancitions of AbUF, in’the reglon

avobe 40%C ep™1, we have been able to fit the observed partial crystal
field splitting pottern by means of the following parnmeter set:

n

0 o LI .0 b -
s = 1965, By = ~2500, By = 715, B, = = 11000, Ay = ~270, B; = 7850
To tesf the auality of this parometer set, the [}, state predicted
at 1542 em  was searched in the low temperature IR cpectrum. The
carrecponcing zero-phonon peak was indeed found at 1555 co~! accom-
pnnied by some vibronic side bands.

Multiplving cach component of the CF parameter set of RbUF. by &
factor of 0.35 and adopting ( = 1573 ¢m~’, the partial crystnE field
splitting zattern of FaCly coﬁ{d be sntisfactorily reproduced, 3etter
apreement between experinmental and caleulated vnlues was achieved by
the slightly modified set:

0 L0 4 ) u -1
3, = -625, 3, = 250, By = X 2300, B, = 250, B¢ = 1 160 om

#ith this parameter set, a non-dagnetic grourd state followed by
na close lying first excited CF-doublet is predicted for vcxk. Setween
both states second order Zeemmn effects are expected, which is in
agreement with the observed TIP between 4.2 and 30 K and the Curie-
4ieiss behaviour above 80 K, The applicabability of the CF parameters
of Paclh on the absorption spectra of uc1“ and lipCly ia presently
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tested by Kanellakopulos and his group.

Experimental and Calculnted CF Splitting Patterns of Rhui‘6 and PaCl,

RbUF6 PaCl,
exp. cale, exp, calc,
™~ 12500 12494 6790 6790
7

fe 11001 11007 6271 6271

F7 7952 7951 e, 5550 5573

r, 7087 7121 5320 5316

r; 4599 45498 - 1270

r, 1555 1549 - 339

I 4 4 o o
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4. 4.G. Hecht and J.3, Gruber, J, Chem. Phys, 60, 4872 (1974),
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SPECTROSCOPICALLY PURE BIS(PHTHALOCYANINATO) COMPLEXES OF TH(IV), PA(IV) AND
U{iV), THE INTERPRETATION OF THEIR ELECTRONIC SPECTRA AND THE PREPARATION OF
A MONO(PHTHALQCYANINATO) COMPLEX OF TH(Iv)™

F. Lux, 0. F. Beck and H. Kraus

Institut fur Radjochemie
Technischie Universitdt Minchen
0-B046 Garching

As the first phthalocyaninato compounds of the a noids, the bis{rhtha-
locyaninato)actinoid(IV) complexes AnPcy {An = Th, Pa, U, Np, Pu, Am) . .
prepared in our Jaboratory some years ago 1-%, For subsequent syntheses of
the thorium and uranium compourds by other authors see Ref. “:3.

The synthesis of ThPcy and UPc, has been reinvestigated in order to find
the optimal conditions for @ new preparation of PaPc;, With the modified meth-
od the cumpounds are obtained with a reproducible yield of at least 60 %. Two
essential points were the use of Anl.«4CH;CN as starting material (previously
Anly)

Anl..-4CH5CN 16 PoK APcy + 2 1, + side products
1-chloronaphthalere, 250 °C, 1lh

PDN = o-phthalic acid dinitrile

and the application of an improved sublimatior procedure for the purification
of the complexes. It was essential to remove free phthalocyanine {(HiPc) as
completely as possible since this compound disturbes an exact investigaticn
of the AnPc; spectra.

The three types of phth]ocyamnes have cheracteristic bands between 600
and 700 am “: HyPc two main absorption bands {two mab), mono{phthalocyaninato)
complexes one b, bis{phthalocyaninato) complexes one rmzb and one satellite
band {sat) on the long wave length side of the mab. In the range of this sar
there lies one of the two mck of HjPc.

The purification was performed by sublimation at 107> Pa in a temperature
profile with three clearly defined zones (520 °C/350 °C/room temperature).
the spectra of the resulting AoPc, samples, the mab of HzPc can be detected
only in the 4th derivative. We call such samples “spectroscopically pure”.

Using the new methods of preparation and purification, 112 mg spectro-
scopically pure PaPcay have been prepared ®. X-ray powder diffrzction shows the
compound to be isostructural with ThPc; and UPc, . The Tigand spectrum is
typical of AnPcy complexes.

MO schemes have been described for HaPc and for mono{phthalocyaninato)
complexes ®. The existence of rab and saz in the spectra of bis{phthalocyanin-
ato)lanthanoid complexcs was explalned in one publication by the theory of
molecular excitons ®.

In order to interpret the electronic spectra of AnPcz (An = Th, Pa, U},
we applied in a first step symmetry considerations. According to smgle crys-
tal X-ray analyses, the mono{phthalocyaninato) complexes (of the d-elements)
have the symeetry D, %9, ThPc; and UPc, the symmetry D, and nearly the same

structural datait-1%" The latter complenes are of the sandwich type, the two
ligsnds are rotated by 38° and;37°, respectively. PaPc; is isostructural with
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them, as already mentioned. On account of D n’D" the one map in the spectra of
mono(phthalocyaninato) compiexes is sph‘tteé into one mad and one acr in the
AnPc, spectra. Considering the structural data af ThPca, PaPc, and UPcy one
has to expect that the degree of splitting for the three compounds Should be
nearly the same. In the room temperature spectrum of UPca, however, the saz
seems ta haye a longer wave length (+20 nm) thanithe aqe in the spectra of
ThPca and of PaPcy: the three —mb have nearly thé same position (see table).

Positions of the characteristic bands in the spectra of AnPcy
Spectroscopically pure compounds, l-chloranaphthalene, 293 X

Main abserption band Sateilite band
ThPcy 545.5 nm §82 nm
PaPcy 641,5 nm 580 nr
[11:1.9% 642.5 nm 708 nm

In the low temperature tpectrum {80 K, 2-methyltetrahydrofuran) of UPca
ane can see a shaulder on the short wave length side of that bana which has
been called so far the sar of UPcy (see figure 1). The 4t! Jerivative of the
spectrum '“ shows that this shculder has nearly the same positiun as the ga:
of ThPca (+3 nm}. Obviously, the band in the UPcy spectrum which has been re-
garded so far as szt consists of two bands 2t least. One of them is the snoul-
der appearing in tne low temperature spectrum, which,on account of its posi-
tion, can be designated as the real sz: of UPz,. The other banu (or bands)
could be assigned tO unresoived sirong 5f transitions {see figure 1).

4 639 am 638.3 nm

0 500 600 ™ 80C nn &00 00 &0 700 800 rs
Figure L. TaPcy UPc,

In a second step the results of the lgw temperature measurements have been
interpreted by the theory of molecular excitons. The values of the intensity
ratios mzb/eas calcuiated from the angles of rctation of the two Tigands agree
satisfactorily with the experimental ones.

Of the mono(phthalocyaninato)actinoid complexes there has been so far on-
1y reported the spectroscopic indication of a thorjum compound 3, but no de~
tails of its isolation have been given. We have prepared ThPcla(py)a by reac-
tion of Thi, with the stoicheiometric amount of PDN {Th:PDN = 1:4) in a melt
af o-terphenyl at 230 °C for 9 h, followed by extraction of the crude material
with pyridine and vacuum drying (10-2 Pa) of the stbstance precipitated in tne
extraction flask., The yield of analyticaily pure compound was 41 %. The complex
is extremely sensitive to moisture. Its electronicispectrum is typical of
mono(phthalocyaninato) complexes (see figure 2).
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Figure 2. ThPcla{py)a in pyridine
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A ANALYSIS OF THE INTENSII1ES OF TRANSITIONS OBSERVED FOR THE HEAVIER
ACTINIDE AQUOD IOWS* |

W. 7. Carmall and J. V. Beitz

Chemiztry Division
Argonne Nationa) Laboratory!
9700 South Cass Avenue
Argonne, I11inois 60439

The Judd-Ofelt theary fer calculating 1ntensitie$ of transi<jons within
the fM-configuration has been shown to be in excellent accord with the aque-
«u3 solution spectra of the lanthanides.!’? However, 11ttle prograss has
veen made in develuping a systematic treatment of the comparable spectra for
trivalent actinides. R2cently, we were able to measure fluorescenc~ 1ife-
timey for transitions observed in Cm+{aquo),’ Blk3*(aquo) and Es**(aquo).
This led us to reexamine the interpretation of the solutior spectra of these
elements to determine wnether in 1ight cf both our present understanding of
the enerqy ievel schemas," and recent additional studies of the solution
spectra of Bk'* and Cf’* with much larger samples than were nreviously avail-
able, a systemaiic interpretation of heavy actinide transition intensities
could be developed. The effort was successful, and tHe results will be
comunicated in this paper.

Consistent analyses of the atomic energy level parameters for bk**{aque)
and Cf**{aquo) were carried cut usiny a method of successive approximation
based on intensity calculations.® These results together with a previously
published analysis of Cm”(aqun)ES were used to improve the estimate of the
atomic parameters for Es**(2quo),” and compinte a systematic intensity analysis
for the heavy actinides. The resulting calculations of total radiative
transition rates, Ar{¥J}, for the observed fluorescing states have been used
a< one basis for interpreting the relative ratec of nor-radiative relaxation,
w%wz,zsince the total fliyrescerms Jifetime of a state (:T)" = Ap(w) +
Wr(va}. !

In addition to the intensity analysis of the f ~ f transitiaons, new
insights into the structure and inte:sity relationships in SfN-Tid-confiqu~
rations were obtained; 1 o fi-1d vransitions could be clearly identified
in both Bk**{aquo) and Cf¥*(aqua). The Jowest state (spin-forbidden, ’Dz in
Bk**{aquo), has a factor of 20 greater intensity than its analogue in Tt°+
(aquo). This is approximately the same factor gbtained by cumearing the
relative intensities of f - f transitions in Bk *{aquo} and Tb'*(aquo).

*This work was performed under the auspices of the Offfce of Basic Energy
Sciences, Divisjon of Nuclear Sciznces, U. S. Department of Energy, under
contract number W-31-109-ENG-38. '
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2. W. T. Carnall in Handbock on the Physics and Chemistry of Rare Eartts,
eds. K. A. Gschneider Jr. and L. Eyring, Vol. 3 (North-Holland Fuhlishing
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5. W, T. Carnall and K. Rajnak, J. Chem. Phys. 63, 3510 {1975).
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URANYL NITRATE 'PHOTOCHEMISTRY AND APPL]CATIONS
2 TOA FHOTOGALVANIC EEFECT

. K. Arv1s, G. Folcher, :8 H1cke1,..l Paris
DEpartement de Phys1co—Chimie
Centre d'Etudes Nuciéaires de Saclay
91191 Gif-sur-Yvette: cedex
BN France

—
o

C G\annutn
Inshtut de- v:hume des substances nature‘l'les
NRS
91190 Gif-~sur-Yvette,- France

The uranyl ion UOS* s ‘well known For the charactenst'lc Tuminescence and
the pover t6 oxidize a“wide range of molecules” or ions of its excited state(1),
On the other hand, there is a cons1derable interest in the visible light
redox photoreactions, !

He have demonstrate that in aqueous solution the fluorescence is quenched
by NO3 anion and that U0§* excited is able to’oxidize the NO3 in NO3-.The
nature of the excited species is discuted, In acetonitril solution "NO3*
radicals have been detected by EPR spectroscopy.

An application of the uranyl .photo chemhtry to.solar energy conversion
has been found(2} : a photogalvanic cell comprising a solution of uranyl nitrate
in acetonitril w\th a platinum and graphit electrodes. This cell produces a
voltage of 0. 6V.in open circuit and a power of 100uM by square cm of irradiated
electrode. This'effect is stable for hundred nours and depends on wave lenght,
Ho0 concentration of ‘the solution, cell geometry.

The suggest mechanism relies on the N03- oxydation and H202 production in
the liquid Jayer in the neighbourhood of the platinum electrode.

1. H.0, Burrows, T.J.. Kemp, Chem, Soc. Rev., 3, 139, 1974,
2. G, Folcher, J. Paris, Nouv. J. Chim. & para'ftre {1981).



OBSEAVATION OF ELECTRON PARAMAGNETIC RESONANCE |
OF TRIVALENT URARJUM IN AN ORGANOMETALLIC COMPOUND

E. Soulié, G. Folcher, H, Marquet-Ellis

Département de Physico-chimie
Centre d’'Etudes Nucléaires de Saclay
91191 Gif-sur-Yvette cedex
France

|

A broad rvesonance signal on a frozen solution of {(CsHg)3 U(tht)
has been observed at very low temperature (7K) with g = 3.5.! This campound
was prepared(1} by photolysis of {CsHg}z U(CH3) dissolved in tetrahydrofuran.
An analogous spectrum has also been obtained at 7K with a fluoride of 2irconium
and uranium, UZrF7(2Z), in which the trivalency of uranium is|well established.

Since there are no EPR transitions, neither for uranium (V1), nor for
uranium {IV) except in very exceptional cases(3). and since the g-factor of
electronic resonance of pentavalent uranium is always lower than 1.4, and
generally lower than 1, observation of a resonance signal of:uranium around

3.5 or 4 appears as characteristic of the trivalent state, Contrary to
ele:trumc absorption Spectroscopy, EPR thus allows unambigu us assignment of
the valence three to uranijum in {CsHg)3 U{thf). The only other absolute proof
of valency is by electrochemistry but this requires a pure compound. Thus EPR
is the anly methad which permits the identification of the valency of uranium
when the compound under study can not be isolated. This is the case with the
product obtained through reduction of {CsHg)z U(CH3) by LiCHj in tetrahydro-
furan{5) ; proton magnehc resonance enables to suggest the formula
{(C5Hg)3 U{CH3)1™ Lit (thf) for the latter.

1. E. Klahne, C. Giannotti, 6. Folcher, . Marquet-E11is R.D. Fischer, J.
Organometal. Chem. 201, 399, {1980)

2. G, Fonteneau, J. Lucas, J. inorg, Nucl Chem., 36, 1515, {1974),

3. E. Soulié, G. Folcher, B. Kane]lakopu]os J. Canadien Chmne 58, 2377, (1980).

4. L.A, Boatnér, MM, Abraham, Reports on Progress in Physics, 41 87, (19 8}.

5. G. Folcher, L, Arnaudet, H. Marquet-El%is, a paraitre,
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OXIDATION AND;HYDRIDING OF URANIUM
STUDIED BY POSITRON ANNIHILATION*

R. H, Howell, C. Cblmenares and T, McCreary

Lawrence Livermore National Laboratory
University of California
Livermore,:California 94550

f.sitron annihilation anal{sis has been used to explore the inter-
stitial/vacancy complexes!>?+?+" that control electrical conduction in
uranium oxides, and should also be present during the oxidation of uranium
metal under different environmenta] conditions. Because ur:nium hydride may
play a role in the oxidation of uranium in water vapor, we -ave also studied
this compound. Clean uranium powder samples were exposed tc dry oxygen, dry
hydrogen, water vapor in a si:tic gode, and water vapor in flowing nitrogen
gas.

Both the positron lifetime and positron doppler broadening profile were
measured in each of the samples. Distinct annihilation lifetimes in the
positron lifetime spectrum were associated with samples treated in dry oxygen,
water vapor in a flow system, and hydrogen. The strength of the lifetime
component associated with oxygen and water vapor in a flow system grew to
saturation as a function of the exposure of the uranium sample. A much
'longer-hved component was measured for samples hydnded in dry hydrogen or
hydrogen in the presence of water vapor (H:0{v) in a static system). Indivi-
dual, distinct features could not be identified for each of the annihilation
conditions in the doppler measureménts, However, the overall behavior of the
doppler profiles has the same general features as those found in the life-
time measurements.

The results of this study indicate that positron annihilation amalysis
is specific to the charged species associated with oxidation or hydriding
conditions for uranium., The close similarity of the lifetimes, identified
with oxidation of the metal in dry oxygen and water vapor in a flow system,
suggests that the positrons are annihilatiny at a common species in the
uranium oxide. One feature of these samples is that they were ail prepared
in an environmental regime, i.e., reactant {ype [0,, H.0{v)] and pressure,
where a single defect complex has been postulated to contro) the oxidation.*
Qur results indicate that a common defect or defect complex is invelved in
the oxidation process, and that this complex is identified as the annihi-
lation site of the positrons.

* For submittal to “Actinides-1981" Conference, Pacific Grove, California,
September 10-15, 1981.

* Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract Number
W-7405-ENG-48.

1. C.R.A. Catlow, Proc. Royal So¢. London A, 353, 533-561 (18977).

2. B.T. Willis, Acta Cryst. A-34, 88-90 (197 8]_.

3. C.R.A. Catlow and M.J. Norgett, J. Phys. C: Solid Statn Phys. 6,
1325-1339 (1973).

4. C.R.A. Catlow, J. Phys. Chem, L. ds, 38, 1131-1136 (1977).

5. C. Colmenares, R, Howell, andiT. McCreary, "Oxidation of Uranium Studied
by Gravimetric and Pns1tron Annihilation Techniques,” Sth SUBWOG-12B
and 10th DOE Confe nce on Surface Studies, Livermore, CA, March 1D-13,
1981, UCRL-preoprint 85543, April 1980.

98



ABSORPTION OF SYNCHROTRON RADIATION
BY URANIUM COMPOUNDS

S. Imoto, C. Miyake, H. }\dal:hi.+ and Y. Hinatsu

Department of Nuclear Engineering, Faculty of Engineering
Osaka University
Yamadaoka., {565) Suita, Osaka, Japan

K. Taniguchi

Department of Soulid-State Elecironics
Osaka Electro-Communication University
Hatsumachi, (572) Neyagawa, Osaka, Jagan

K. Fujima

College of General Education
University of Tokyo
Komaba, (153} Meguro-ku, Tokyo, Japan

Photoabsorption measurements of metallic uranium and some
vranium compounds have been performed with synchrotron radiation
as an intense and continuous photon source.

The X-rays generated in the SOR-ring at the Institute for
Nuclear Study, University of Tokyo, are made monoenergetic by
a Vodar type monochromator with a concave 2400 lines/mm grating.
The radius of Rowland circle is 2 m and the resolution is about
15 meV. Transmitted photon is counted by a windowless Be-Cu
prhotoelectron multiplier with CsI coating at the first stage.
The counting is recorded for a fixed count of menitor clectron
beam.

Film samplus have been prepared by the following procedure.
Carbon is evaporated on the sodium chloride film previously
evaporated on a glass plate. The plate is immersed in water and
the floating carbon film in a thickness of 100-150 nm is picked
up on a sample holder with a hole of 7 mm in diameter in the
center. Metallic uranium, uranium dioxide or tetrachloride is
then evaporated on the carbon film. The thickness was 24, 85
and 65 am for U, u02 and UC14, respectively.

In the case of uranyl nitrate, the solution in PVA is doped
on the polvstyrene film on a glass plate and the solidified
nitrate film is then transferred on a sample holder as in the
case for other samples.

Fig. 1 shows the absorption spectra for these samples. The
general structure characterized by two distinguished peaks is
common all spectra and has also bf_en observed. for metallic
uranium and uranium tetrafluoride “. The spectrum of UO, shows
a close similarity particularly with that of UCl,, suggesging
that valency of uranium plays an important role ﬁpo‘n the
detailed structure.
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Since the threshold energy of the smaller peak (peak A},
about 98 eV, nearly coincides with the binding energy of S5dg 2
measured by the ESCA for UO; (96.4 eV), this peak is attribuéed
to the 5d5/2 —+ 5f transition. The absorption due to 5d3rp— 5f
transition is then estimated to be found at about 8 eV higher
than the peak A, becauvse the binding energy of 5d3/2 is 104.8 eV,
The peak is expected to be smaller than the peak A owing to
smaller multiplicity for 3=3/2 than for j=5/2. Shoulders appear-
ing at about 197 eV in the spectra of UJz, UCl, and vranyl are
considered to indicate this absorption.

Atomic spectra calculutinn for the transition 5d — 5f has
been made on tetravalent uranium, As the dominant transitions
are 5(2(3H4)—ﬁ 5d95r3(3G5, 3Hy, 315), we have calvulated energies
of levels Mncluded in these terms 2nd intensities for the transi-
tions. Tentatively it is assumed that Fy = 200 cm~!, hydrogenic
values for Fq and Fg and £ = 9.5 Fp in the intermediate coupling
scheme. Interactions between 5d and 5f are neglected and the
spin-orbit splitting of 5d is assumed to be 8.0 eV.

The calculated spectrum, neglecting minor peaks, is shown
in Fig. 2. Major veaks denoted as a, b, ¢ in Fig. 2 are, respec-
tively, 41 s2¢ *I1172. “X13/2 termp appearing in 53 configu-
ration eacg coupled with 2D5/2 in 5d9. Thus these peaks
correspond to transitions from Sdssz to levels in 5£3. The peak d
is due to coupling of 4Ig,, with  2D3,5. The shape of the
peak A with high-energy tail for UOz and UClag seen in Fig.l would
be explained by this transition scheme.

As for the peak B, though it involves the absorption due
to 5d3,2 =» 5f transitions, the mair part remains unexplained
at present. Transitions 5d — 7p, 8:» and 6f would contribute
to the peak.

+ Present address: Hyogo University of Teacher Education,
Yashiro, (673-14) Kato-gun,Hyogo, Japan.

1. M.Cukier, P.Dhez, B.Gauth& et al, J.Physique 39, L35 (13/8)

2. J.P.Connerade, M.W.D.Mansfield, M.Cukier and M.Pantelouris,
J.Phys.B: Atom.Molec.Phys. 13 L235 {1980)
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RAMAN SPECTROMETRIC STUDIES OF "CATION-CATION™ COMPLZXES OF
PENTAVALENT ACTINIDES 1IN AQUEOUS PERCHLORIC SOLUTIOHS*

B. Guillaume’, G. M. Begun, and f. L. Hahn

Trensuranium Research Laboratory
Oak Ridge National Laboratory
Oak Ridge, TR 37830 {USA)

The initial report abcut the existence of complexes of pentavalent
actinides, AnO2*, with other muttiply charged cations (cation-cation compiexes)
was made Dy Sullivan et al.l in 1961. Several different techniques hive been
used to study these compiexes,l-9 such as proton spin relaxation and potentio-
metric titrationsl, electron paramagnetic resonanceB, infrared spectroscapy®.
and Mossbauer s:ectruscoyy.9 To a large extent, absorption spectrophotometry
ha< bean used to measure the strengths of the complexes. with shifte in the
.avelengths of electronic transitions ‘aken to be evidence for cnwglsxanon.
1-3.8" The nature of these complexes, however, is still not clear.””

Raman spectrometry can often be used to detect the formation of compleres
i splution from changes in vibrational spectra. Although the Raman scatter-
ing of actinides (in oxidation siates V, ¥i, and VII) in solution has been
reparted, no Raman studies have previously been made of cation-ration complexes.
We have used this technique to study the formation of such complexes of NpOg’
ir acidic aqueous solutions.

To obtain quantitative Raman analyses, the non-complex:ing perchlorate
jon was used as an internal standacd in our solutions, with the 4 band at
627 cm! being chosen 2s the reference. In a given series af spectral deter-
minations, the perchlorate ion was maintained at constant concentration. The
acid concentration and icnic strength were also kept constant. By normaiiz-
ing the neptunyl bands to this internal standard, the effects of such experi-
mental factors as sample ¢ell variations, cell pasition, laser pewer fluctua-
tions, and absorptivity of the sample werz eliminated.

As seen in Fig. 1, in dilute solutions containing neptunium, - 0.2M in
HpDy*, only the symmetrical stretching vibration, .). of Up0y* at 767 cm-1 is
Raman active. At higher lipD,* concentrations, from 0.3M to 1.2M, two rew
bafids appeared at 180 and 738 em=!. The band at 180 cm~! can be assigned to
v5. the bending vibration of tre linear triatumic {0=Hp=0}* ion. We attri-
bute the band at 738 cm-! to an associated neptunyl-neptunyl species. A
further increase in neptunium concentraticn, above 1.5M, leads to a fairly
compiicated spectrum in the range 650-850 emmd. AL least six overlappin
peaks can be distinguished, approximately centered at 685, 712, 738, 76/, 783
and 820 cm-1,

A ;l)’lot. of the Jogarithm of the relative intensity (normalized to the
627 cm~1 peak) of the peak at 738 .m~1 versus that of the Hp0y* peak at

767 em-1 is shown in Fig. 2. The results indicate formation of a previously
unke.own neptunyl species. The points obtained in the range 0.1-1.0 M Np{V}
lie on a straight Tine with a slope close to 2, indicating that twa neptunyl
groups are involved in the reaction (i.e., dimer fgrmation). The systematic
deviation abpve the line of the points with log Rp>0 is interpreted as indi-
cating that higher polymers than ti:2 dimer are foirmed at large NpOp* concen-
trations. This conclusion is consistent with the observation {Fig. 1) that
above 1.5M concentration;, additional pesks appear in the vicinity of the vy
band of Np02+. From these data, we derive a value of the formation cunstant,
Kz/r = 0.69 + 0,27, where T is the activity coefficient ratio.
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The effect of acidity on the neptunyl dimerization was also studied. At
mast, there is & varfation of ~20% in the intensity ratio of the dimer to
monomer peaks for a change in acidity from 0.1 K to 2.65 K, indicating that
protons are not strongly involved in this association reaction. This regult
is markedly different from that found for polymerization of Pud+ and UDz¢* at
higher pH values, where polymerizatior proceeds by hydrolysis and so depends
sensitively on (H*].

The Raman spectra of dilute neptunium(V) perchlorate solutions are also
markedly modified by the addition iof uranium(Vi}, at %p{V) concentrations
below those where dimerizatjon is observed. Upon addition of 2M U0p¢*, the
v band of Np0z* at 767 cm-! decreases in intensity and a new band Centered
at 741 cm~? appears, This resuli is s'wong confirmatory evidence for the
claimed formation 8 of a complex of Np(V)-U(VI}. The values of K/I cbtained
for this complex, by taking either the Raman data or zbsorption specirophoto-
metric data for the same solutions, 2re in excellent agreement with each
zther. The value for this constant. extrapolated to [U{VI)] = O, is

2.1+ 0.6.

In summary, the present work demonstrates that Raman spectroscopy is a
powerful additional technique for investigations of complexes of pentavalent
actinyl ions with other multiply charged cations. We have confirmed the
existence of the Np(V)-U{V]) complex, and have found evidence for the forma.
tion of Hp(V)-Np(V) dimers and even higher polymers. We are also_investigat-
ing the applicability of Raman speciroscopy and other techniqueslO to the
question of the structure of such complexes.

* Work sponsored by the Division of Chemical Scicnces, Office of Basic
Energy Sciences, U.S. Department nf Energy, under contract W-7405-eng-26
with Union Carbide Corporation, and by the Centre d’'Etudes Nucleaires,
Fontenay-aux-Roses, France. .,

t  Buest Scientist on assignment from Centre d’Etudes Nucleaires, Departe-
ment de Genie Radfoactif, Fontenay-aux-Rases, France.
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INVESTIGATION OF “CATION-CATION* COMPLEXES OF Np0Op* SOLUTIONS
BY LARGE-ANGLE X-RAY SCATTERING

8. Guillaume”, A. H. Narten, and R. L, Hahn

Transuranium Research Laboratory
Oak Ridge Naticnal Laboratory
Oak Ridge, TN 37810 (USA)

As part of the study of cation-cation complexesl of neptunium(v), Np02+.
we nave used the technique of wide-angle X-ray scattering? to determine the
pair distribution functions of the jons in selution. Our aim in this work was
to learn if a well defined distance could be formed for nearest neighbor
actinide atoms in the solution. Finding such a characteristic distance would
provide strong evidence For a chemical association between the actinide ions,
and serve as verification of the existence of cation-cation complexes of
NpOy*.

Five different solutions containing either Np0p C104, U07(C104); or both
of these campounds, were prepared. C10g~ ion was used because of 1ts weak
complexing ability. A1l of the solutions were acidic, with HCI0s concentra-
tions varying from 0.07 to 0.2 M. A special sunple holder was constructed so
that a mimmum volume of solution, ~lml, could be used {to minimize the
hazard of radicactive contamination) while exposing a surface area -2 cmé to
the Mo K-X radiation.

Oetails of the X-ray scattering apparatus and data analysis are given in
Ref. 3. The angular distributions of the scattered radiation were analyzed
to give structure factors, S(k}, where k = 4~ sin 6/>. These were then
Fourier transformed to give the radial pair distribution functions, G(r),
where G(r) is related to the prohability that if one atom is at r=o, a
second atom will be found at a distance between r and r+dr.

The resulting radial distributions so obtained were found to contgin
several peaks, including those that were attributable to the C1-D (1.58) and
-0 (2.3‘&% distances in the €104~ on.® It was also goted that the usual
structure? found for }iquid water, with a peak at 2.8A, was severely perturbed
by the presence of the lTarge actinyl and C10s~ ions, The radial distribu«
tions, from which the known contributions due to C104- have been subtracted,
are shown in the figure. The peak at 1.BA {s the actinyl-oxygen distance in
the 1inear NpOp* and UD,2* jons; this value agrees with the distances deter-
mined for solid neptuny?(v) compoundsb and for solids and solutions contain-
ing the uranyl(vi} fon.?

The feature in the radial distributions that we wish to draw attention
to is the peak at 4.2A that is found for solutions 1 to 3, which contain
either conceatrated Np(V) or both Np(V} and U(¥1). Solution 4, which contains
0.5M Np02*, has 2 small peak at this distance, while solution 5, containing
UQp2* only, does not. There is some indication, for suhfticns 1 to 3, that
the intensity of the peak at 4.2A increases with increasing actinide ion con-
centration. However, the intensities of these peaks are 5o iow that a quan-
titative dependence upon concentration cannot be gstablished.

We interpret the peak at 4.28 as representing the nearest neighbor
distance between actinide atoms in the catica-cation complexes, The fact
that the peak also appears in the 1.7M solution of Np{V), in the absence of
u(v1), indicates that self-association of Np0p* jons occurs at high concen-
trations. This result supports the conclusion derived independently from
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Raman scatteringl that a dimer of Np(Y) is formed in such solutions.

it iy noteworthy that the actinide-actinide distance that we find, 4.24,
<o~perable to the value of' 3.94 reported as the U~l; drstance for solutions
tontaming polymers of hydrolyzed uranyt(Vl) species.’»2 A paint of distinc-
tign between the two sets of results is that the uraniur stomns n the polymers
are 11ined by GH™ bridges, while the cation-cation compleses are formed in
atrongly acidic media, where hydrolysis is not possible.

*  Kork sgensored by the Division of Chemical Sciences, Gffree of Basic
Erergy Sciences, U.S, Department af Energy under contract W-7405-enq-26
with Union Carbide Corporation and by the Centre d'Etudes Nucleaires,
Fontenay-aux-Roses, France.

- Guest 5cientist on assignment from Centre d'Etudss Nucleaires. Departe-
ment de Genie Radicactif, Fontenay-aux-Roses, france.
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FLUORESCENCE STUDIES OF AQUO TRANSURANIC IONS*
James V. Beitz, W. T. Cainall, Dennis W. Wester, and Clayton W. Williams

. Chemistry Oivision
Argonne National Laboratory

1 9700 South Cass Avenue

' Argonne, I11inois 60439

We have begun a systematic Study of aquo An?* jon fluorescence in H,0
and D,0 solutions based on our pioneering work concerning aquo Cm3* fluores-
cerce.! 1In this study we seek to define the parameiers which detarmine the
fluorescence properties of! actinide ions in aqueous soiutjon. This work is
providing a basis for assessing fluorescence detection of trarcuranic ions in
aqueous solution and iinpacts on efforts to understand non-radiative decay of
excited electronic states.’ Based on previous studies of aquo Ln** fon
fluorescence? we might expect that solvent deuteration {lowering vibrational
mode frequencies) ana the energy gap between the emitting electronic state to
next lower electronic state would also be key factors in determining the
magnitude of non-radiative decay rates of aquo An®* jons.

Using selective Taser'excitation techniques similar to those used to
study aquo Cm** fluorescence,! we have measured the fluorescence emission
spectra and lifetimes of aquo Es¥+ and aquo Bk**. An important feature of
this technique is the use of laser excita®ion at a waveiength much shorter
than that at which the actinide fon fluoresces. Both directly scattered
laser light and Raman scattered lzser 1ight from solvent modes were therefore
easily blocked from reaching the photomultiplier. The nitrogen laser or
Nd:YAG laser pumped dye laser excitation pulse was of a few nanoseconds dura-
tion, The dye laser was tuned to an optical absorption maxima of the acti-
nide fon of interest and passed through the high purity quartz cell containing
the sample solution. Fluorescence at 90° to the laser beam path was collected
by a Tens system, bandpass filtered with glass filters (1ifetime measurements}
or a sca-ning monochromator (emission spectra measurements) and imaged onto
the photocathode of a cooled photomuitiplier. A boxcar integratar and chart
recorder were used to acquire fluorescence emission spectra, A digital
transient recorder-signal averager system (10 ns resolution) ws used to
measure fluorescence lifetimes.

The results obtained for Bk3* and Es®* are collected in Table I along
with our earlier work on q‘n’*. The optical properties, including free fon
energy levels, of these and other An3* and Ln3* species have recently been
reviewed.3 Except for aquo Cm** in D,0, the purely radiative iifetimes for
the emitting transitions of the species shown in Table I are sufficiently
long that the observed fluorescence lifetimes are simply the inverse of the
non-radiative transition rates. The non-radiative decay rate for aquo Cm3*
in D;0 is 5.1 x 102 s=! based on a radiative decay time of 1.8 ms.! It is
apparent from the results shown in Table I that solvent deuteration substan-
tially diminishes the non-radiative decay rate of Cm3* and Es3*. Undoubtedly
the same is true of Bk but imp>svements in instrument time response will
be necessary to study the fluorescence lifetime of aquo Bk®* in H,0.

From the data in Table I we see that the aquo An3* non-radiative decay
rate depends nearly exponentially on tii energy gap of the particular actinide
ion, The same factors, soivent vibrational mode frequencies and energy gap,
identified as important in determining non-radiative decay rates for aquo Ln3*
ions are also ‘mportant in determining aquo An" nan-radiative decay rates,
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TABLE I. Fluorescence Properties of Aquo Transuranic Ions

Observed i Non-Radiative

Emission Fluorescence Decay Estimated
Band {nm) Lifetimed . Rate Energy Gap
a peak  Fuim {n5) s {kismole)
M 553 g om0 (0,00 ' 5.1 x 10 203
852 (1,0) 1.5 % 1w
W e 22 0100.00 (0,00 1.0 x 107 66
Bx3 qore 1z 2.80.1 (00) 3.6x0° 08

0.1050.08 (4,0) 9.5 x 10°

%0ata from Ref. 1.

bSo'lvent indicated in parenthesis. Typically 0,5 M HC1 or 0.5 ¥ DC1 was used
to prevent hydrolysis.

Comparison of aquo Ln3* and aquo An3* non-radiative docay rates at com-
parable energy gaps is instructive. Stein and Wurzberg's measuramasis” for
Tb3* and Dy3* and Heller's measurements® for Nd3* provide acuo Ln®* ion cata
at roughly comparable energy gaps to those of (m3*, Es3*, and Bk3+, respec-
tively. Using these Lnd* data, the An*/Ln3* nan-radiative decay rate ratins
vary from 2.8 to 22. Ever, larger ratios result if the Ln3* non-radiative
decay rate virsus energy gap data are extrapoiated to the exact An3* energy
gaps. We conclude that while the key factors influencing non-radiative decay
rates for aguo Ln3* and aquo An¥t ions are similar, the And* species interact
more strongly with their immediate_environment, poss1b’ly reflecting the
greater radial extent of thr 5f An* electron wave functions as compared to
the Ln”* 4f electron wave functions.

*Hork performed under the auspices of the O0ffice of Basic Energy Sciences,
Division of Nuclear Sciences, U. S. Oepartment of Energy, undo~ contract
number W-31-109-ENG-38.
1. J. V. Beitz and J. P. Hesgler, Nucl. Tech, 51, 169 (1980).
2. For a recent review of Ln* fluorescence see & W, T. Carnall in Handbook on
the Physics and Chemistry of Rare Earths, eds. K. A. Gschneid.r Jr. and
L. Eyring, Vol. 3 (North-Holland Publishing Company, Hew York, 1979)
p. 171.
3. J. P. Hessler and W. 7. Carnall, ACS Symposium Series 133, 349 {1980},
4, G. Stein and E. Wurzberg, J. Chem. Phys. 62, 208 (19757.
5. A, Heller, J. Mol. Spec. 28, 101 (1968).



EPR INVESTIGATIONS OF 243cm,: 244cm, AND 238y
IN LuPO4 SINGLE CRYSTALS

M. M. Abraham, L. &/

Solid State Division
= Qak Ridge Natiomal Labaratory
Oak Ridge, Tennessee 37830

Boatner, and M. Rappaz*

The natural mineral monazite is characterized by an established long-
term stabjlity under a variety of geological conditions. Additionally, many
monazites contain appreciable amounts of uranium and thorium, and this mater-
jal is apparently relatively resistant. to a-particle and nuclear recoil radi-
ation damage. Accordingly. lanthanide orthophosphates that are synthetic
analogs of monazite could well répresent ideal hosts for the immobilizaton of
w-active actinide wastes. These phosphates may be divided into two classes:
The compounds LaPOy through GdPO4 which have; the monoclinic "monazite"
structure, and the.orthophosphates of the second half of the rare-egarth
senes [TbP04 through LuPOs) plus ScPOy and YP04, which have the te‘ragonal

"zircon" structure.

A flux technique has been used to grow single crystals of every lantha-
nide orthaphosphate {except PmPOg), as well.as ScPO4 and YPO4 and extensive
studies of the chemical and physical properties of mixed host- 1mpurity
systems are underway. These investigations include examinations of iron-
group, rare-earth, and actinide impurities fn order to abtain information
regarding their valence states, crystalline site symmetries, and other solid
state properties. .

Electron paramagnetic resonance (EPR} s‘pectroscopy has been used “:
characterizing orthophosphate-urpur'lty systems since the number of observed
EPR transitions and their position as a functiun of the strength and relative
orientation of the magnetic field can’te used to determine the valence state
of the paramagnetic impurity, the’site occupied by the impurity, and can pro-
vide nform;tion regarding the local crystal structure. Previous EPR studies
of Gd " (4F7) in_the. orthophosphate hosts have established that while the
impurity jon is located in the substitutional rare-earth site, the crystal
field 'lnteractiug, which splits the:$=7/2 ground state, Es positive for the
monociinic hosts! and negative for the tetragonal_hosts.Z In the present
“work, the actinide analog of Gd3* (i.e., Cm3¥, 5F7) has besn 1ncorpgrated
‘in the tetragonal host.LuPD4 and the EPR spactra of both 233Cm and
were observed. The I=5/2 nuclegr spin of the 243-Cm isatope allows a posi-
tive identification to be made, and Fig. 1 Shows the spectrum observed at
T = 4.2 K with the magnetic field applied parallel to the crystal tetragonal
¢ axis. <The g value in this parallel orientation is 7-98(1) while the cor-
responding value in the perpendicular orientation is 4.09 (4). These values
cannot: be fit to the doublet wave function d[ £ 7/2> +g|¥1/2> to give
a consistent L nde g-factor but can be fit to the doublet wave function
ol t 5/2 >+ g| ¥ 3/2 > yielding a Landé g-factor of 1.92, Further verifica-
tion of this doublet identification comes from the absarvation that lowering
the temperature to « 1.5 K reduces the intensity of the EPR signals, clearly
indicating that this is an excited doublet. . Therefore, the sign of the
crystal field interaction for the 5f/ ion in the tetragonal 5uP04 host s
negative and is the same as that found previously for the 4f7 ion.

The EPR spectrum of U+ 4n LuP04 has a'lso been observed ap i was foung to
be very similar to the previously reported spectrum of its 4f analog Nd3+



Figure 2 shows a graph of g2 platted versus cos2¢ where © is the angle be-
tween the agplied magnetic field and the tetraggnal cr,»tal field axis. This
plot was used to determine 2 value of 0.98(8) for gJ_and a value of 3.14{2}
for gy«

Additional investigations of Kp and other actinide impurities are in
progress.

2 ~T T T T
LuPO, Cm 28,2 1 Lupg,
|
=42 K 506 T2a.2K
1e:932 GHz or 12304 GHz y
Ho—— 97 3138 /
Wee gx 0.976 p

0s 06 08 |;0
cos2 8 Hlle
Fig. 1 Fig. 2

*  Research sponsored by the Division of Materials Sciences, Gffice of Basic
Energy Sciences, U.S. Department of Energy under contract W-7405-eng-26
with Union Carbide Corporation.

+ Present address: Ecole Polytechnique Fédérale de Lausanne, CH-1007
Lausanne, Switzerland.

1. M. Rappaz, M. M. Abraham, J. O. Ramey, and L, A. Boatner, Phys. Rev. B
23, 1012 (1981).

2. ?.Qgggpaz, L. A. Boatner and K. M. Abraham, J Chem, Phys. 73, 1095

1

3. M. M, Abraham, L. A. Boatner, C. B Finch, R.'W. Reynolds, and W. P.
Unruh, Phys. Lett. 44A, 527 (19

4, M. M, Abraham, L. A_B'oatner, H. Rappaz, in Nuclear and Electron Spin
Resonance Spectroscopies Applied to Materials: Science, eds. E. N.
Kau;r;gnn and G. X. Shenoy, vol. 3 (Elsevier .w. th Holland, Inc., 1981),
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UP CONVERSION AND AESOLUTE
OSCILLATOR STRENGTHS OF U4t IN ThBr‘ SINGLE CRYSTALS

M. Genet, S, Hubert
Laboratoire de Radiochimie, Institut de Physique Nucléaire
B.P. N* 1, 91406 ORSAY Cedex (France)

F. Auzel
C.N.E.T., 196 rue de Paris, 92220 BAGNEUX (France)

We have recently found that infra red excitation of ThBr, and ThCl
gingls cryatals doped with utt or Np4* give strong emissionsa in ?he visible
range even when ions were unintentionally introduced as traces, This not so
common anti-slokes fluorescence called "up conversion" or APTE effect
(Addition de Photons par Transport d'Enérgie} has been discovered fifteen
years ago using 4f elements (1} {2} and to the best of our knowledge is men-
tioned here for the first time in connection with 5{ elements.

Results given in this paper are only dealing with ThBr, : U‘“ (~0.1%)
cryetals. Tetravalent uranium in single crystal as well as in microcrystalline
powder form of ThBr, acts as an up converter, Absorption of two (or more; :
IR photons by one or two consecutive U4* ions is involved in reaching an
excited state which by spontaneous decay gives rise to a visible fluorescence.
In the case of 'l'th-4 : U4+. IR excitation with A > 8200 A& at room temperature
gives an emission band between 6700 A to 7200 &. The intensity variaton of
this red emiassion with respect to IR excitation intensity is found to be quadra-
tic. According to theoretical considerations (2) this indicates that excitation
is obtained by a two photon mechanism, Exporiments are in progrees with
various U4? concentration in ThBl‘4 crystals to determine whether this ab-
sorption takes place on one or aeveral uranium ions,

With ThBr, : U4+ erystals, the same red fluorescence is readily
observed using a classical UV excitation (3}, Whatever the excitation UV or
IR, a weak green emission is also obaerved (~ 5200 A) at 77 K. probably
connected with the phase transition of the, matrix which appeared below 92 K.
Evidence of up-conversion at very low concentration levels could be an indi-
cation of strong oscillator atrengths : in a dipole-dipole interaction model,
the energy transiert probability is proportionnal to the produst of osciitator
strengths of the involved traneition (2}). This consideration induced us in
meaning oscillator u:::niths of U%in ThBr, (4). Calculationa of absolute
oscillator strengtha of U * have been obtained Ly graphical integration of
absorption spectra at room temperature fecorded with a double beam CARY 17
spectrometer. The considered apectral range lies between 1.3’.& and 0,45 Mo,
The uranium concentration in ThBr, crystal were done by o(-c:\unting activity
«11 uranium chemically separated from thori by anion hang, hnique.
Application of Judd theory leads to the determination of the T), parameters
and to the theoretical values of Table I where unresolved terms are taken
together, One can note that f numbers are large for 5f heing of order 10-4
inetead of 10-5 for U3+ (5) and 1076 for Prot (6).

|
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Table I

Observed and calculated oscillator strengths of U“’ transitions in '.l‘hBr{

Level assignment Energy Center of band £ 4
region {cm=1)[energy {em-1) exp. cal.
Cryst. Cryst, Cryst,
3 3
F;' Fq 7810-10100 8547 2.80 2.84
3“6 10100-13330 1 1.0% 0.83
3};‘0, IDz. !G-l 13330-16500 14724 2.93 2.87
’p, 16500-18700 17391 0.99 1.47
116 18700-22200 19342 2,84 2.64
*p, 22200-25000 0.06
1
SO 0.095
L. 4
rms deviation x 10 0.40
:
Ty, 0B T =56 T,=2.2; T, 0
" = 5.6 5 Ty=2.2; T o

F. Auzel, C.R. Acad. Sci. Paris 262B, 1016 (1966} and 263B, 819 (1966).

2. F. Auzel, Proc. IEEE 61, 758 (1973).

3, M. Genet, P, Delamoye, N, Edelstein and J. Conway, J. Chem, Phys.

67, 4, 1620 (1977).

4. F. Augel, S, Hubert, M. Hussonnois and P. Delamoye (to be published).

5. R.G. Pappalardo, "Luminescence of Inorganic Solide", Edited by

B. di Bartolo, Plenum Press, 1978, p. 175.
6. R.D. Peacock, Structure and Bonding 22, 83 (1975).
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ABSORPTION AND EMISSION STECTRA OF Pa‘“’ IN 'l‘hCl‘1

J.C. Krupa, M. Hussonnois, M. Genet and R. Guillaumont
Laboratoire de Radiochimid, Inatitut de Physique Nucléaire,
B.P. N° 1, 91406 Orsay Cedex (France)

The problem of interpreting optical data on ions in the solid state
can be facilited by the proper choice of the host material . In the case of
Patt (5 [l) the use of thorium tetrachloride as a crystal matrix was enhanced
because of the following favorable factors :

1 - ThC14 is optically inert from ‘“e cut off of the crystal near
0.3 pm to more than 2,5 run and chemicatly inactive towards the oxidation
state of PalV,

2 - ThCl, can be prepared in large opticzlly clear single crystal
{1). The crystalline structure is tetragonal allowing the observation of
polarized spectra.

3 - The thorium ion - which presents 2a ionie radius litde bit
larger in size than that of F’a‘H - is at a site of relatively high symmetry,
D,4. The absance of inversion centre allows electronic transitions to be
inause vompared with vibronic transitions,

The ahsorption and emission spectra were recorded at a number of
temperatureshetween 4.2 K and 300 K in the infra-red region (] wm - 4.5 rfn).
At 4.2 K, four main absorption bands were observed with accompanying vi-
bronic lines which have been assigned, The band structures are not yet well
explained, Some extra lines can be due to the phuse transition which occurs
at 70 K in ThCl, (2) and be interpreted as different sites of the same symme-
try. According lo the selection rules asuociated with the D, symmetry for
electric dipolar transitions, e expect two transitions clearly g polarized
(P, &I, and r‘_l - r'7) and two common transitions, g~ and W
(ry S

One of the most important fact is the obaervation of a strong
fluorescence line, at 4 912 ¢cm=!, which appears at low temperature and
becomes more and more intense as the temperature is decreasing. A second
weaker emission line, at 4076 cm~!, completes the fluerescence spectrum,
These two lines were used in the identification of the low-lying states.
Selective ekcitation of the four main absorption bands (usirg a 1 kw tungsten
lamp as IR gener.lor and a monochromater for the wavelength selection)
shows that all the four ZF.I 2 slates give the same [luorvecence lines which
are originated from the lo\/l’:sl 21-‘7/2 state,

The electronic states resulting from a 51’l configuration restricted
ta D. symmetry can be described by considering the spin orbit and the crys-
tal hzgld interactions, The hamiltonians are :

HBs 0. = $17

a2 2, 4 4, b 6 _4 4 4 6,.6 b
HC.F. = Bo co+BOC0+BOCO+Bq(Cq+CA4)+B4(C4+C_4)

1114



A priliminary calculation, starting from an initial ¢stimate of the crystal
field parameters found for U4+ in ThCl, leads to a satisfactory agreement
between experimental and calculated level ecnergy values, The seven crystale
field-split levels have been assigned and a leaat square (it gives a mean
energy deviation of 62 cm™!. The values in em~! of the parameters obtained
from the fit are lieted in the [ollowing table :

Fo= 365171
BZ - - 1135.00
Bd = 1742.14

4

Bg = - 2360,90

Bi = - 2557, 74
6

Bé 75,00

lf = 1518.00

: +
Further experiments are in progreas on ThBr  : pa’ . These new results
will help us to confirm the first indexation given in this paper.

1. M, Hussonnois, J.C. Krupa, M, Genet, L, Brillard and R. Carlier,
J. Cryst. Growth 51 {1981) 11-16.

2. S. Hubert, P, Delamoye, S. Lefrant, M. Lepostoliec nd M. Hussonnois,
1. Solid State Chem. 36 ({981) 36-44.
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u** ABSORPTION AND EMISSION
SPEGTRA IN THE INCOMMENSURATE PHASE OF ThBr,

P. Delamoye, J.C. Krupa and R, Guillaumont
Laboratoire de Radiochimie, Inatitut de Physique Nucléaire
Universit€ de Paris Sud, B, P, N* I, 91406 ORSAY Cedex (France)

J. Conway and N. Edelstein
Materials and Molecular Research Division, Lawrence Berkeley Labo: atory,
University of California, Berkeley, California 94720

-ThBr (D at RT} is used as host substance for high resolution
spectroscopic nmgwa g‘t 1eiravalent actinide ions substitued for Th*', The
crystal symmetry aite of the Th4+ jon is D At T 94 K, ﬁ-ThBr under-
goes a structural phase transition (1). Sin Zle crys!al neutron diffraction ex-
periments have subse uently. :revealed the existence, below T of satellite
reflexions at h k4 3 {1 - )v.llh = 0.063, indcpendant of temperature.
No lock in phase is obnerved down to 4.2 K (2), The low temperature struc-
ture is then incommensurate with a modulation along the four-fold axis.

The cxistence of a modulate phase was firat auspected on the basis
of the optical emission and ahsorption spectra of Ut Absorption spectra of
u#* over the 4000-2000 cm~! range were measured at temperamre down to
4.2 K. The spectra obtained consisted of many rgore lines that could he rea-
sonably expected from splitting of J states of 5 { configuration by D, crys-
tal ficld. In addition anomalous ahuor‘ruon line shapes were observed sugges-
ting the presence of a continuum of U4* sites (fig. 1A). A dye laser has been
used for fluorescence experimentis by resonant excitation of u** ions in
ThBr,. Scanning the excitation radiation through the absorption line width
while fluorescence was observed (Fig. 1B} has put into evidence two sets of
lines. One set can be described as many broad continuum of sharp lines
limited by two edge singularities whose line shapes can be quantitatively
described by taking into account a sinusolda’ modulation of the U4+ gite along
the € axis. The other set corresponds to lines belonging to U%tinarl 2d
symmetry. A ncw crystal field calculation has been made for these enefgy
levels (3),

{1} S. Hubert, P. Delamaye, S. Lefrant, M. Lepostellec and M. Hussonnois,
1. of Solid State Chemistry 36, 36-44 (1981).

(2) C. Zeyen and R. de Kouchkovsky, ILL Report 1980.
(3) P. Delamoye, to be published.
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ABSORPTION SPECTROPHOTOMETRIC CHARACTERIZATION OF OIMORPHIC
BERKEL [UM-249 AND CALIFORNIUM-249 TRICHLORIDES AND
DETERMINATION OF THEIR RELATIONSHIP THROUGH BETA DECAY*

J. R. Peterson, J. P. Young‘. D. D. Ensurj, ang R, G. Haire

Department of Chemistry, University of Tennessee, Knoxville, TR 37916
and Transuranium Research Laboratory {Chemistry Divisisn),
Dak Ridge National Laboratory, Oak Ridge, TN 3783(

The preparation of UCl13-type hexagonal Bk6131 and CfC132 have becn
reported. Subsequently single crystals of CfC13 were used to ectablish the
cxistence of a new PuBr3-type orthorhombic phase and to refine tte structures
of both crystallographic forms.? We have utilized our microscope-spectropho-
tometerd to obtain absorption spectra from microgram-sized samples of BkCl3
and CfC13 exhibiting each structure type. A P.Cl3 sample of each structure
type was monitored spectrophotometrically to follow the isgrowtk of califor-
nium into BkC13 via beta {6”) decay [ti = 314 d]. He report here: (1) the
existence of PuBr3-type orthorhombic {denoted ortho) BkCl3: {2) the spectral
identification of ortho BkCl3 and CfC13 and that of UC)3-type hexagonal
\denoted hex) BkC13 and CfC13; (3) the chemical consequences of the »~ decay
of ortho BkC13 and hex BkC13;5 and (4) the temperature relationship between
these ortho and hex trichloride phases.

The microscale preparation of halide samples suitable for absorption
spectrophotometric analysis are given elsewherc. The _hloride samples were
seutad in silica capillaries under 3/4 atm HC1 gas and stored at room temper-
ature. Phase changes were brought about by heating (and subsequently cooling)
a chloride sample in situ by means of a resistance-heated platinum wire coil
located externally to, and coaxially with, the sample-containing capillary.
Standard X-ray powder diffraction techniques were used to acquire sufficient
data from the macrocrystalline sampies {a consequence of melting the samples
to maximize optical transparency) to confirm the structure type.
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Theoretical powder diffraction patterns of hex CfCl3 and ortho CtCl
Fig. 1} were calcuiated for CuKi radiation by the computer program PDNDg
.»ing reported structural parameters3 but including no correction for sample
absorption. Confirmation of the hex CfC13 structure was based on the presence
¢ the four strong diffraction lines at 20 = 13.9, 24.1, 35.7, and 43.5° and
*ne concomitant absence of the characteristic diffraction lines of ortho CfCly
4t 2o = 15.1, 20.7, 26.4, 34.2, and 40.0°. Confirmation uf the ortho CfCly
~tructure was achieved by a reversal of this procedure.

Absorption spectra of hex CfC)3 and ortho CfCl3 are presented in Fig. 2.
“hey are easily distinguished by the different shapes (symmetric vs asymmet-
#vc; split vs unsplit) of the f-f absorption bands at about 16.2, 13, and
11.4 x 105 m-l. A camparable Set of absorption spectra far BkCla will be
cresented. This is the first report of PuBr3-type orthorhombic BkC13.

Absorption spectra from a sample of hex BkC13 and from a sample of ortho
BkCi3 were obtained over a period of several years to monitor the ingrowth of
the californium daughter. The spectium of the californium growing into the
hex BkCl3 matched that of hex crc13 shown in Fig, 1. In the case of ortho
8%C13, the spectrum of ingrown californium matched that of ortha CfCl3 in
Fig. l. [n both cases the aged Bkclg samples were also examined by X-ray
powder diffraction to confirm that the structure of the ingrown CfC13 was the
same a5 that of the parent BkCl3. Thus, two investigative methods have shown
that both the oxidation state and the local structure (environment} of the Bk
jons are retained by the Cf jons resulting from 8~ dccay in the bulk-phase
splid state. This result agrees with our earlier findings on dimorphic

BkBr3.
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the two crystallographic modifications cou

In the earlier work on dimorphic Cfcl?& the temﬁeratu(e ;e':l’ar.;nnship of‘
not be determined, report of

similar dimorphism in GdC)3 concluded that ortho GdCl3 is the low-temperature
form with a transition {to hex GdCls;) temperature of about 100°C.7 In con-
trast, the results of our thermal annealing and quenching studies indicated
that orthe BkC13 and orthe CfCl3 are the high-temperature forms with phase
transition temperatures close to their melting points, 603 and 545°C,
respectively.
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NEUTRON DIFFRACTION STUDY OF 2>°PuN

. A. Boeuf and F, Rustichelli
Commission of the European Communities J.R.C., Ispra, Italy
and Institut Laue-Langevin Grenoble, France

J.M. Fournier
DRF/PHS CEN Grenoble, France

L. Manes and J. Rebizant
Commission of the European Communities J R.C.
Karlsruhe, Rep. Fed. Germany

The 2 Py compounds have not been studied till now by neutron diffrac-
tion techniqu's due to their very high neutron absorption cross-section
(about 1000 barns). The presence at I[.L.L. Grenoble of a very high flux
reactor and of very perfurmant powder neutron diffractometer equipped with
gulti~-deteccor, gave a good opportunity to undertake the study of such
eaterial.

239PuN has been classified as a paramagnetic material becoming anti-
ferromagnetic at T = 13K due to the shape of the magnetic susceptibility
measurements. The aim of this rxperiment was to determine the neutron scat-
cering iength of 23%Pu for which only one measurement is available in the
literature and to study the negnetic ordering at low temperacure. Ro magoe-
tic ordering has been found at 4K, the limit of the magnetic ordering which
could be detected being liord = 0.2 pg per Pu atom. The neutron scattering
length deternination of 239Pu gave a value slightly higher than the old
value given in cthe literature.

123



STUDY OF A STRUCTURAL PHASE TRANSITION ON A Uan
SINGLE CRYSTAL BY Y-RAY DIFFRACTION

Al Boeuf’, J.M, Fournier®, L. Hanes", F. Rustichelli®

*Comcission of the Eurcpean Communities J.R.C. lspra (Italy) and
Institut Laue-Langevin Grenoble (France)
°DRF/PHS CEN Grenoble (France}
Commisdion of the European Communities
J.R.G. Karlsruhe (Rep. Fed. Germany)

++

UHn is a Laves phue cospound which crystallizes in the Cqug type

cubic -yltew. Low ibilicy have sugges:ed
an annferrougnenc :unntmn around 240 K for cthis compound which is
tic at room ively no magnetie ordering was

found at the transition but a sttul:r.urnl distortion from cubic to a mono~
clinic cell was abserved, This paper reports the results of a y-tay diffrac-
tion investigation of this transition. Rocking curves were obtained as a
function of temperature :h‘rough the transition for the reflections [220] and
[1i13}. Both rocking curves become broader and broader as the temperature is
reduced, implying a very merked pretransitional effect.
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MAGHRETIC ANORMALY IN NEUTRON IRRADIATED US
H.Matsui, S.Nakashima, K.Katori, M.Tamaki and T.Kirihara

Department of Nuclear Engineering, Nagoya University
Furocho, Chikusaku, Nagoya 464 Japan

Fission fragment damage introduces a great number of defects, such as
vacancies, interstitials and/or cluster of each simple point defect, in a
fissile material. A simple calculation gives that about 108 lattice atoms
are influenced by one fission event, Thus, the crystal structure shoud be
altered. This fact has been confirmed in any fissile material, for example
urenium monacarbide [1] and uranium mononitride [2] which show an elaongation
of the lattice parameter. We reported in a previous paper [3] tvat a magnetic
ordering {AFT1-magnetic structure) of UN varied with fission fragment
damage. Therefore, the magnciic structure should be also uistorted by an
introduction of such defects. In the present ctudy, we examined th, effacts
on magnetic property of uranium monosulphide (US) which has the same crysta)
structure (NaCl-type) as UN, but having a ferromagnetic transition at a
cryogenic temperature.

Fig. 1 shaows changes of the lattice parameter and the electrical resis-
tivity of US just after reactor irradiations. The irradiations were performed
with JRR-3 at below 10D0°C. No remarkable changes are otserved in both proper-
ties below an irragiation dose of 10‘6 fissiun/cms. After that dose, however,

the lattice expands and T T
ceriuiey - 5500
the resistivity increases. 185 us -
In the same figure, we x Resistivity_ g ]
x 7
present the Curie temp- = 9 P 4 5
ratures (T_) of US irra- / 5 b
eracures () oF 85102 w0l e rem ot E
diated to 2 variety of 3 saoetic suscestivi ity
fission dose. T _ were Lo glectrtcal resistivity 'Y
/
obtained from measurements 4
i T / loitice Porameter
of both magnetic suscepti- e . toirice Forowter Lsaso
bitity and electrical —— e — = -
\ 3
resistivity. It seems
- . 10* 10° 107
that a shift of Tc is tissionfcm?
followed to the lattice
expansjon. This behavior Fig. 1 Changes of lattice parameter (r?«).

was quite similar to that resistivity (}!) and Curie Temperature (Tc)
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of UN, though this subst~
ance was antiferromagnet US. Hagnetization
and Ty (the Néel tempera-
ture) shifted more widely
£3l.

Typical examples of
the measured susceptibi-
1ity {magnetization) of ’
US with and without irra-~ o loe S B
diation are i)lustrated
in Fig. 2. The original Terperature, 17K
(non-irradiated) US Fig. 2 Magnetization of US at 4 K6
showed a normal ferromag-
netic behavior and the e
all magnetic parameters Us, Electrical Resistivity

(o utp, T, and 6p) were [y ' //”—’
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in good agreement with
literature data [4]. On
the other hand, the irra- ;
diated US reveaied a big .
"cusp" before the magnetic
transition. And the mag- e
netic parameters were all
changed comparing with

EREREIE IR

4 r ¥ k-1 z
the original. Curious was : PRAERZ 'Z,.! i
a fact that the lowered Fig.3 Resi.tivity (normalized) of US and
magnetization of the irra- the derivatives, dp/dT, at near T,

diated specimens at low
4-sserature turned back to the original value (but not cempletely) by a furth-
er irradiation. o
Dependences of the electrical resistivity on temperature confirmed that
shift of Tc obtained from the magnetic measurement, as shown in Fig. 3, in
which we gave a drawing of derivatives of resistivity to temperature, dp/dT,
near the Curie point. It should be also noticed here that the derivative was
broader shape with increasing the fission dose or numbers of defects induced
by fission fragment damage.
In the:present stage, to interpret the anormaly in the magnetic behavior
of the neutron irradiated US is quite difficult. Daman et al. [4] observed
the big "cusp" in (U, gThy:p)S, and the shift of T, to lower temperatures in
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(U’(Th].x)i corresponded to the lattice expansion by diluting ferromagnetic US
with paramagnetic ThS. Many different models have beep proposed to Interpret
that phenonenon. A&n “interconfiguration fluctuatien mpdel” proposed by the
above authors cauld be probably applicable to our prespat results, comsidering
with a defect structure of the neutron irradiated US. Of course, in order to
get a precise model for that, we need more experimental evidences. such as
magnetic form factor and specific heat.

This work has been performed under the Joint Rescarch Program
of JACRI. Drs. S. Nisu and H. wWatanabe are greatfully acknow-
ledged for the reactcr irradiatipns nf ¢S sampies. e express
our chanks to Drs. C.H. de Novion and J.Morillo {CEN, Fontenay-
aux-Roses), Drs. H. Blank, Hj. Matzke and L. Manes (EURATOM,
Karlsruhe) and Dr. N, Achiwa (TU Miinchen) for their valuable

discssions.
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F1SSION-INDUCED MAGNETIC BEHAVIOR
IN URANTUM MONONITRIDE

M. Tameki, A. Ohnuki, H. Matsui, G. Matsumoto and T. Kirihara

Department of Nuclear Engineering
Faculty of Engineering
Nagoya University
Furo-cho, Chikusa-ku, Nagoya 464 Japan

Uranium mononitride( UN } has the NaCl-type crystal structure and an
antiferro- to para- magnetic transition at 51.6 % 0.5 K (1,2}, Previously it
was presented the variation of the wagnetic erdering of neutron-irradiated UN
by measuring the electrical resistivity( p ) in a cryogenic temperature. It
was found that the transition temperature { T, ) shifted with increasing
fission dose. For a radiation-damaged magnetll‘c metal, the electricail
resistivity( Dtutal(T) ) is expressed as follows;

050tal’T) = Puo(T) * opg * pg * 05 + Dp(T) (M

where each term is corresponding to the electrica) resistivity contributed to
magnetic order, magnetic disorder, fission-induced defects, impurities and
phonon, respectively. All terms could be determined from the experiments.

It is an aim of this work to clarify the magretic disordering in the
fission-damaged UN. The characterization of the samples was already present-
ed elsewhere%z). The measurement of magnetic susceptibility( X ) was done by
an automatically computer-controlled Faraday torsion balance. All magnetic
parameters were calculated and plotted ont with a micro-computer. For non-
irradiated UN, the magnetic parameters are agreed well with another investi-
gation{3). From temperature dependences of the magnetic susceptibility on
various Fission doses, magnetic parameters were calculated and shown in the
table in comparison with non-irradiated ane. It was found that TN shifted to

lower temperature with increasing fission dose. However at 3.6 x lD]B f/:mz.
TN returned to the original temperature. The dependences on fission dose

were interpreted with the fission-induced defects in the same manner to the
electrical resistivity(2).

The magnetic susceptibility( xtotal(n ) for the fission-damaged anti-
ferromagnetism is expressed as follows:

WM =x (1) +x (1) +%, {2)

x tota antiferro para

where each term indicates the contribution to the un-damaged antiferro-,
de_lmage-induced para- and F_'au'h' para- magnetic part, respectively. Compared
with the cryogenic electrical resistivity(Eq.(2) ), Xantiferro(n and Xpara(T}
are corresponding to Dmo(” and (pmd e, ), respectively. From thermal

recovery measurements of the electrical resistivity, it was found that there
were three kinds of defect in the fission-damaged UN. In addition, all
magnetic parameters returned to near the original values after annealing at
850 °C. It could be deduced that Xpara(T) originated in thesa fission-induced

defects. Similarly the decreases of TN and NB would come also from them and
the induced compressive lattice strain. This is consistent with Ty shift
in UN under high pressure{d).
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On tie other haond, the magnetic behavior was treated theoretically with
using the term of spin exchange interaction{ J ). After C.F. van Dooia(5),
we used the molecular field approximation;

KTy = A{ -4); + 64, ) {(3)

and from the RKKY interaction model for the face-centered cubic lattice, we
obtained;

-6.46 x (A7k) dy' = Ty (a)
15.76 x (A/k) Jz' = TN (5)

where J,° = JRKKV(aHZ) and J," = ‘]RKKY(a)' Using these relztions, the
exchange interaction( J,' and J,' ) were calculated and shown in the table.

They decreased with increasing fission doses. This means that the elongatior
of the lattice distance and the increase of the fission-induced defects weak¢n
the exchange interaction between the magnetic spins.

Ia order to evaluate 3 perturba%ion of the magnetic spin ordering in tae
irradiated UN, a reduced magnetic susceptibility concerned to xantiferro”'

in Eq.(2} ( x(T)/x(Tr) } were plotted to the reduced temperature{T/T,) for

the various fission doses. The reduced magnetic susceptibility of t“e fission-
damaged UN increased more rapidly than the non-irradiated one. This behavior
is quite similar to the case of the electrical resistivity. This could be
explained with the term of the fluctuation of the exchange interaction. After
C.C. Tsuei et al.(6), the exchange interaction is assumed to refiect the
structural fluctuation, The degree of the disorder is defined as the root
mean square of the deviation of the average exchange interaction between two
nearest neighbor spins as follows;

82 = <p?syst (6)

In the present case, § means the structural fluctuation which originates
in the spatial distribution of the fission-induced defects( interstitials,
vacancies and the clusters ). It was found experimedtally that & became
large with increasing fission doses. It is consistent with a relationship
that the more rapidly the reduced magnetic susceptibility increases, the
larger & is.

In conclusion, the magnetic behavior of the irradiatad UN can be well
explained with the fission-induced defects and the interactions between
the defects and the magnetic spins. However, by the amorphous magnetism, the
magnetic behavior, above-mentioned, could be also well interpreted experimen-
tally and theoretically(7). The present results are fairly consistent with
that of many amorphous magnetic materials, perhaps because of the similarity
of the crystal structure containing high concentration defects and amorphous
materials.
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Magnetic Parameters of the Fission-damaged UN

FISSION BNSE X, x 10°  Hj, Welss 1,
) , .
) ranstgnt iy 3
ceepansien’ ()
ouss.g/

Non Irradlated 0 2.75 -250 52 -8.0 3.3
.1 10* 0.10 2,49 -180 45 7.0 2.9
5.7 % 10Y7 1.35 2.07 -116 Gy 6.8 2.8
1.8 x 10*® 1.57 1.93 - 99 42 65 2.7
3.6 x 10%8 0.06 2,54 213 53 -8.5 3.
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MEASUREMENT OF THE MAGNETIC
RESPONSE FUNCTION 1N uAs

M. Loewenhaupt
Institut f'r Festkdrperforschung der KFA JUlich
J0ich, Fed. Rep. Germany

G.H. Lander and A. Murani
Injtitut Lave-Langevin
Grenoble, France

A. Murasik
Institute for fuclear Research
Swierk, Poland

One ot the most intriguing features of the 5f electreny in actinide
sys.ers 5 their dynamical susceptibility (h_.§)7 where erergy i- dengtec
by %. and momentus transfer by ¢. The static susceptibility, as measu-ec by
conventional magnetization experiments is the zera freguency response at
q-7, 50 trat the generalized suscep.ibility may be thought of as the mag-
netic response at a specific frequency 2nd momentun transfer. Neutron
scattering techniques permit meaturement of the imaginary nart of the sus-
ceptibihity response (“(fl..0) from whic). the static susceptibility (g}
can be obteined directly using the Kramers-gronig reijation. in st systems
the frequency and momentum rante of the neuiron interaction is wel) matched
'o that of the magnetic electrrns. The ro islts will be dis-ussed in terms
of the scattering law S{f.,0). Since neutron intensities and interactions
are weav, lzrge samples are required and this has so far confined measure-
ments in gutinide systems to U compounds.

We report here measurements perfcrmed on polycrystalline samples of UAs
using the time-of-flight neutron spectrometer IN4 at the high-flux ruactor,
Institut Laue-langevin, Grenable, France. The incident neutron energy was
50 meV and measurements were taken over a wide range of nomentum transfer Q.
Since the neutrons also see inelastic processes involving the nuclei {phonons)
we have measured the same spectra from samples of UAs and ThAs. No 5{ elec-
trons exist in the latter, ailowing 2 simple meastrement of the phonron
scattering, which is the same in both com;2unds. Typical spectra at two values
of Q are shown in the Figure. The strong central line is the elastic incoher-
ent signal. To the right and left are neutron energy loss angd gain spectra
respectively. The apparent lack of symmetry is & consequence of the population
of states, which depends on the temperature of the sample. At high Q the
phonons only are seen, and can be readily modelled with two Lorentzians at
low and high energy to repres~nt the acoustic and optic modes, respectively.
At low Q the magnetic form factor is non zero and we see magnetic scattering
as well as some nuclear. The figures on the left-hand side clearly show this,
and we can fit the magnetic scattering with a Lorentzian function centered at
w = 0. Of particular importance is that, except for a reduction in intensity.
the ineiastic scattering in UAs has much the same shape at 82 and 150K.

Yranium arsenide (NaCe structure, a = 5.78 B> nrders with the type-]
antiferromagnetic structure.l The response function in the paramagnetic state,
a Lorentzian of half width /2 = 13 + ) me¥ (~ I§OK) is similar to that found
for other uranium and unstable moment systems.z' However a very similar,

/2 =10 ¢ 1 meY, response function in the ordered state is most unusual.
Experiments with a triple-axis spectrometer and single crystals of UAs have
failed to find any evidence of sharp {spin wave) excitations,® and the present
study shows that the response is strongly overdamped in erergy. The inelastic
magnetic scattering can be fit with a Lorentzian at all temperatures, the
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ha!f width varying between 8 = ] meV at 5K to 15 « 2 me at 250K. No sign of
any crystal-field excitatiuns below 40 meV has been found at any temperature,

We are also able to obtain a limited amount of Q information. In general
the magnetic scattering falls off with the usual magnetic form factor; how-
ever, in the first Brilluuin zope 8] = {q|, where g is the reduced wave vec-
tor measured from a zone center, in this case the origin of C-space. Our
measurements show an ir,criase in intensity fer the magnetic scattering as Q
varies from 0.8 to 1.5 A-l, The zone boundary at {110} has Q = 1.54 “1. This
shows a tendency for antiferromagne.ic correlations at ail temperatures, aven
though collective excitations cannot be seen,

Thes : results will be discussed in the context of those obtained for
other uranium systems and our current understanding of the dynamics of 5f

systems.
UAsy T=80K
| Q= 09A”
- 5
%
E .
2
a, —_
a° I uasy TEBOK
g - Qu=92&"
§ i ‘
= 0
2 7
w A"

P meV) e [mev

Fig. caption Scattering law as a © “ion of energ{ IOr constant angle
Tor UAs and ThAs. Plots on the right (y 55t9¢=9.2 A”*) are phonons only
and show well resolved acoustic and optic branches. Solid lines are fits to

data. Plots on the left (note ordinate scalc change) show clearly the mag-
netic (-.-.-) and phonon {- - -) contributions.
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A NEUTRON DIFFRACTION STUDY OF THE MAGNETIC ORDERING IN NpAs,
P. Burlet, 5. Quézel, J. Rossat-Mignod
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A. Blaise, J.M. Fournier
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38041 Grencble Cedex - France
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Centre ¢'Etudes Nucléaires, DGR/SEP
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A. Wojakowski

Institut for Low Temperature and Structure Research
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P.0. Box 937, 50-950 Wraclaw 2 - Poland

A neutron diffraction study of the magnetic ordering of KpAsy on a small
single crystal sample has been performed. NpAsp orders at TN = 54 K. In the
temperature range 18 K < T < Ty the magnetic ordering consists of a pure sine
wave modulation propagating along a <l00> direction of the tetragonal unit cell
of the CuSbp-type structure. Over this temperature range the wave vector
remains constant with a value k€ = <0.14, 0, 0> in reduced unit. The mament
direction is parallel to the tetragonal c-axis and the ‘two neptunium Bravais
lattices are coupled ferromagnetically At T = 18 K a first order transition
accurs towards a ferromagnetic state. The magnetic moments remain aligned
along the c-axis and have at low temperature a magnitude of 1.45 % 0.1 ug.
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INVESTIGATION OF THE MAGNETIC PHASE DIAGRAM OF UAs BY MAGNETIZATION
AND HEUTRON DIFFRACTION EXPERIMENTS

-. Burlet, 5. Quézel, J. Rossat-Mignod
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38042 Grenoble Cedex - France

The magnetic phase diagram of UAs has been investigated on single crystal
by mean of magnetization and neutron diffraction experiments. Magnetization
measurements in field up to 200 kOe applied along the three symmetry directions
- 100+, <110> and <111> allow to define the transition lines between different
magnetic phases of different magnetization. Neutron diffraction experiments in
field up to 100 kDe parailel to <100> and <110> axes give the exact nature of
these different magnetic phases.

Whatever the temperature and the magnetic field, all the ordered states
are characterized by longitudinal waves with a wave veEtor k parallel to <100>
axis and associated Fourier Components mk parallel to

Two regions have been evidenced in the (H,T) phase diagram.

n A high temperature region above about Ty/2, in which the magnetic ordering
is collinear. This is unambiguously estabhshed because a magnetic field
appliel along a <110> direction induces a single domain state. Up to 200 kQe
the magnetic structure remains an antiferromagnetic type I (K = <100-) sta-
cking of ferromagnetic {001) plans accordingly to the sequence +-+-, except
in high ficld near Ty and Ty/2 where ferrimagnetic structures are observed

{k = [0031 ++- sequence of ?001) ferromagnetic planes).

2) A low temperature region below TN/2 where the magnetic ordering corresponds
to a 2k-structure j.e. which consists of two coupled wave vectors parallel to
two different <100> axes. Then the easy direction of magnetization is <110> as
established by magnetization measurements. In the neutron diffraction spectrum
it exists at least two perpendicular wave vectors and the intensities of the
magnetic Bragg peaks associated to each of them are ii. well defined ratio. The
magnetic structure is antiferromagnetic with kK =<¥200>,in field lower than
about 70 kOe and it is ferrimagretic in higher field. In that case the ordering
is described by a propagation veéctor EJ. perpendicular to,the field direction
which keeps the value one half and a propagation vector Iy which takes the
successive value k = 477, 5/8, 2/3 at low temperature (T /4 20 K) and only the
value k = 2/3 at higher temperature.
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These results, in addition to the determination of the phase diagram and
the description of the different magnetic structures of UAs confirm the
previous study of uranium monopnictides under an applied stress. In this study
multi-k structures can be accounted for by a competitiun between anisotropic
exchange interactions which lock the k-vector along <100> divections and one
ion anisotropy which favours <110> or <111> moment directions.

Morecver UAs exhibits a unique phase transition between a collinear
structure at high temperatures and a 2k-structure at low temperatures. This
behaviour cannot be understood without including, in addition to crystal field
anisotropy some higher order terms which by their thermal wariation drive the
transition.
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l(d)-f MODEL AND MAGNETISM
F EARROW~-BAND CRYSTALS

B.V.Karpenko

Laboratory of Magnetic Semiconductors
Institute of Metal Physics
Ural Sclence Research Centre
The' USSR Academy of Sciences
620219 Sverdlovsk,USSR

The problem of the indirect exchange interaction of the:
localized spin 5 via conduction electrons ln a crystal des -
cribed by the w(d)-~f Hamiltonian, involving the interelsctron
interaction in the Hubbard approximation, is consldered. In
the case of strong intratomic interaciions ( with the parame-
ters of s~f interaction I and s-s interaction U), analysis of
the high tempsrature eusceptibility expansion and of the effec
tive Hamiltonian makes: 1t possible to obtailn expressions for
the paramagnetic extrapolation temperature T_ and effective

paracugnetic moment Rore for an arbltrary conduction current

concentration 0 < x< 1 'as well as expressions for the ordering
temperature T“, the effective spin moment seff and the exchane

ge Heisenberg parameter J(m-n) in the case of xal,All these
expressions are consoiideted in the table for both signs of I.
The following notations are used: K is the Boltzmann cons -
tant, g the Landd factor. Bnr-n the tranafer integrel between
pites m and n the band width, r the structure
factor equal to 1/24, 1/32, 1/64 for an sc, bcec and fce lattl-
ce respectively. The negative sign of J(m-n) and ‘1‘ reveals
the antiferromagnetic nature of the effsctive coupling.'l'he
spin S dependence of the TN and ‘1‘ tenperatures is unusual.

The spectrum of the states with high multiplicity at infi -
nite I (dou’hle-exelmnge approximation) in the limiting cases
of the electron (ll =1) and one hole in the half-¥illed band

(Bh-‘l) is inveutigated. Por the maximum crystal spin smax and
for Smax'1 the enrgy is the pame: Bt _(B is the transfer integral

between the nearest neighbours, q the quasimomentum, t,  the
usual electron band energy in the B units) at Ne = 1,q -th

at llh=1 for the positive I and ZSth/(ESH) at "e=1’
-ZSth/(ESH) at llh-1 for the negative I.
The crystal wave function has the form
P(Snznx" 1) = §°npn + nzm SomPrm ¢
where Pn is the state with a spin deviation on the pite n
with an electron (hole) om it, Py 18 the state with a spin
deviation on the site n and with an elctron (hole) on the




Le1

Brpresglons for the effectiv- spln moment, the effective exchange Integral, the ordering

teaperature, the paramagneti

temperature and tie effective paramagnetic moment.

Serr J(m-n) ™ — e Pesr
- 28 + 3 .
JK(S(S+1)+x{5+¥4))
2
282 (25+3)x¥? xS . \
50 S41/2 - 5 4{U+2s1) B(S(5+1 Jexgsefa 2
(25+1)°(U+2SI)  3K(2S+1)(Us231)
+ x(1=x)5(8+1) 5
)W
(25+41)21
_ 25-1 ]
K(S(5+1 )-x(5+/4
252 (25-1)eK2 3K( ; +1)~x(5+Y4))
_ m-n o X5(25-1) _ 12
10 S=1/2 "(5g41)2(ya2(5+1)I) IK(2541)(1=(26+1)1) 4(U~2(5+1)1) 8(S(5+1)-x(s+¥2)}

x(1=x)S(5+1)

2 w2
(2541)°1



oite m, Por the sc lattice at lle-1 and positive I, lh-1 and
negative I, for examuple, one has

ey = a(k,q)e~ 10,

Cpg= @06 HRA (1, = £ ) (1B Ly sa ) by, 4

1q(n-m))_

nm
+ b.ae

where &a(k,q) = v'1b2(b1A°(tk - tq) + bg PRt
ten_-n ~n_ f it X/2
2a, = 1 ’-"".J.aq I, (X) 3, (D) I, () ax ;
-] x z

ng
tk = cop kx + cos ky + coa kz’ Jm(x) is the Bessel func-

tion of the order of m, v the dimensionless volume of the
Brillouin zomo;

by = 1/(2541), by = (25/25¢1)"2 for N =1 ana

5y = 1725, by = (25-1)"2(25)" 7 zor n 1.

The solutions for Ne=1 at negative I and for Zlh=1 at
poaitive I have a more complicated Fform. The gtates with
k=q correspond to sma::’ and the stutes with kfq to Smax"1'
The states of Smax'1 with the given q have an infinite de-

generacy. The ferromagnetic states have no energy preferen-
ce as compaered with the spin wave states.
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HpAsz + MAGNETIC FORM FACTOR OF Np AND TENTATIVE CRYSTAL FIELD MODEL

A, DELAPALME
Laboruteire Léou Brillouin
L'Orme des Merisiers
BP n°2, Gif sur Yvecce: {France)

A. BLAISE, J.M, FOURNIER®, M. Mulak®*

Centre d'Etudes Nueldaires de Grenoble
Département de Recherche Fondamentale
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85 X ~ 38041 GRENOBLE, Cedex (France)

J.P. CMARVILLAT, D. DAMIEN, A, WOJAKOWSKI™™
DGR/SEP/SCPR
CER-FONTENAY AUX ROSES

Single cryscal growth of the neptunium compound NpAs, has been achieved
at CEN-FAR.

A quantity of small crystals has been used to wske new susceptibilicy
weasurements on truly single phase samples. Then, the biggest crystals (with
volumes not larger than U.mea) have been used in pelarized nes zcon diffrac-
tion cxperiments to measure the magnetic form factor of th- ap ions.

Hphs, is terragonal, anti-Fe,ds type f1l. The rrfined crystallographic
paraweters at helium vemperature are found as : a = 3.930 {5} A, c = 8.137 (5}
;«‘ z (Np) = 0.281 (3), z (As) = 0,639 (3). This corresponds to a ratio % =
2.07 versus the room temperaturc value given by [1} : -E» = 2.048.

Npas, is ferromagnetic at 4.2 K with a very strong r..gnetic anisctropy.
In the {001} plane and under a 4.6 T applied magaetic field, the susceptibi-
licty is constant and weak : y; # 5.1078 emn/g. Along che easy direction
(c axis), cthe magnetic moment is close to 1.46 g

in absence of magnetic field H, che Curie temperacure T, is about 18 X
12, 3). Under H = 0.3 T, T, was reported at about 22 K {41, The present expe-
riments prove that Tc is shifted up when H increases. Under H = 4,6 T and up
¢o 31.5 K, the saturation magnetizaticn M versus temperature T variation tol-
lovs a linear law ¥ = Mo (1 - 0.0012 ).

In the ferromagnetic region, 5B reflexions until
well a Np"" form factor. The best value of P(Np) to interpret the data, ac~

2-1
= 0.67 & ' fit

sin ®
X

count taken of our previous investipation an Npo2 {3 is ¢

*Universicé Seientifique et Médicale de Grenoble

**0n leave of zbsence from Institute for Low Temperature and Structure Research
Polish Academy of Sciences, HROCLAW (Poland)
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bg} <1.015 (15) x 207 &

A point charge model (PCM) approach based on the valencies pr » Asz-
doesn’'t explain the mgne:ic data s}s:i-facuoril . The ground state wave

Y 8
(in the Ruusel-Suunders l' 9/2 multiplet).

funceion is a|s3> + BI +y| ;
As this'state is found very rick ir Iz-z-o, the! ordered moment is far too

high (= Z.ZuB). The xteaults are only slightly! improved when the charges on
one of the As layers are lowered to take inl:o‘ account experimental stereoche~
mical obsezvlnons.

A crysl:al field analysis has then made Enr the isostructural {with very
close lattice paramater values) U A.sz. Here, 8 good set of eigeniunctions is

easily found for the low lying energy leveis,|providing fair agreement with

all experimental data (mnéﬂétic moments, magnetic entropy,...). Going back
to the crystal field potential, this process leads to some changes in the
parameters without any change in their signs with resgpect to PCH. The wmain
features are all terns negative except the tetragenal sixth order one, axial
sixth order term negligible. The axial fourth. order term ia dominating and
tecragonal terms are important which was not observed in the PCH.

Applying this poteatial to NpAs ) gives how very satisfactory results.
In the ground state, a ¥ 0.7, 8 % 0.6, y # 0.3, a and y have opposite
aigns. The resulting ordered moment directed along the easy axis is now
close to 1.5ug. And the perpendicular component is nearly G aa it is given

by the expression :

g(Z.SBz + 3ay)
where the two terms inside brackets are nearly equal and have opposite signs.

Extension of this model to other An X, compounds is considered.
Refercnces :
[ J.P. Charvillat, D, Damien, Inorg. Nucl. Chem. Letters 9, (1973) 337
[23 M. Bogg, J. ChE 92::, L. Asch G.M.i(alvius.fA.Blaise,J.H.Fournier,D.Damien,
AUOJHKD"SRI 3 Np MBssbauer spectrosvepy inbinary campounds . This Conference.
3] J. Rossat-Mignod, P. Burlet, 5. Quezel, A. Blaise, J.M. Fournier,
D. Daman, A. Wojakowski, Neutron dufrm::mn study of the magnetic
ordering in HpAs2. This Conference.
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{51 A, Delapalme, M. Forre, J.M. Fournier, J. Rebizand, J.C. Spirlet,
Proc. Tnt. Conf. on The Physics of Actinides and Related 4f Materiala,
Zurich (1980). Physica 102B (1580}, 171‘;

[4]

140 }



MAGNETIC AND ELECTRICAL PROPERTIES OF THE NEPTUNIUM BINARY

COMPOUNDS NpSby,, NpTe,
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Magnetic susceptibility, electrical iceistivity and Missbauer eEFfect
measurements in the temperature range 4.2 = 300 K have been carried out on
three different NpX, type binary compounds : NpSb,, NpTe,, NpTe, g. In all
of them, the Np ions were thought to be trivalent (l,2) contrarily to NpAs,

where they are now shown to be tetravalemt (3,4).

NpSh is orthorhembic, LaSbJ-l:ype. Ir orders ferromagnetically below
T_ = 45 K with an ordered moment deduced from magnetization measurements as
I..‘)uB and from Mossbauer data as l.‘iuB. The paramagnetic moment (uP = 2.87uB)
and isomer shift agree with a 3+ valency for the Np ions. The resistivity, as
measured on pressed powder pellets is semi-metallic in character with a maxi-

oum centered at T, and a room-temperature value of 0.02640/cm.

NpTe, and NpTe| g are tetragonal, anti FeyAs cype (like Npas,) vith
slightly different lattice parameters and the ratios % equal to 2.035 and
2.07, respectively, None of them undergoes magnetic ordering down to 4.2 K.
The paramagnetic momente above 200 K are 3.04 and 2.88;;B respectively, still
in fair agreemenl: with the Russell-Saunders (RS} value of 2. 6Eu for a SIA
term (SE configuracion). Mdssbauer isomer shift (measured anly on NpTez) is
in accordance with the 3+ valency. Room temperature resistivity values are
higher than in Npr2 by three orders of magnitude. When the tenperature is
decreased, the resistivity does not change much in KpTe, bur displays a ten~

dency towards semi-conducting behaviour in NpTe, g.

For all three compounds, the inverse susceptibility versus temperature
curves are curvilinear below about 100 K., The cencavity towards the T axis
i especially important in NpTel.a. This behaviour and the low value of the
ordered moment observed in Nprz as compared te the theoretical RS Eree ion
value : Z,ADuB, are analysed successively in a crystal field model and by

delocalization effects of the 5f e¢lectcons.
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A detailed comparison of the observed data is made with the correspon-

ding data measured on the Np“ ions in N‘pAsz (5).

1

n
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FIRST ORDER MAGNETIC PHASE TRANSITION IN THE TETRAGORAL K NPOL

2
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and
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Among the magnetic compounds of the 5f transition metal ions only very
few show a first order mapnetic phase transitlon. Severnl Np intermetallic
compounds were reported to have a first order magnetic rransitioen. NdeJ,
NpCu,Si, and RpS are the only Np intermetallic compounds known to show
discinct first arder transition at low temperatures DR Though much research
is devoted to ihe subject of magnetic phase transition, the reasons deter-
mining in uvhick compound, a first order magnetic phase transition will be
seen, are not clear.

The first order phase transicfen in the intermerallic compounda of Np
couid be explained in terms of the Blume's microscopic mechanism(2) assuming
a aen-Kramers Np ion ground states (NpIII and NpV).

We report here for the Eirsc time a Np nonmetallic oxide boaded compound,
K, Np¥lo, which is a Framers lon (5f!, 2F;,, configuration) and exhibits a
first order magneric phase transition.

The 237Mp Mosshaver studies of the 53.6 Kev, tramsition show a quadrupole
splitted absorption spectrum (eqMf Q= 5B MHz) vith isgmer shift of
- 57 (1) ma/s above the ordering témpetarure T.. When decreaaing the
temperature a sudden onset of magnetic ordering is anhserved am T, = 19.5 (5)K
where at T, * 0.3 K coexistence of the ordered and paranagnetic states is
recognized. Below 19K a saturated magneti: hyperfine gpectra with
En“n”ef{ = 1.09 MOe hyperfine constant, is ‘observed. NQ {somer shift change
Relow Tp is detected. The ordered magnetic moment la thug predicted to be

borg © 0-6 Hp- The susceptibility curves of the K,Np0, above Ty where

analyzed in terms of Curle-Welss Law yielding an effective moment
Votf =1.37 33 and & = ~ 150 K. Below TD a ferromagnetic behavionr was

observed. No sharp transition or anomaly is observed at To,uh~lch is common
for ferromagnetlc transicion.

The present results are discussed in terms of possible cooperative 3)
Jahn-Teller deformation in association of magnetic ordering similar to U(Jz .

Refeiences

(1) J. Gal, M. Kroup, Z. Hadari and T. Nowik, Sol. Stat. Com. 20 (1976) 42I.
(2) Blume %. Phys. Rev. 10 (1379) 10ll.
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MAGNETIC SUSCEPTIBILITY OF BERKELIUM COMPOUNDS AND METAL®
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Magnetic susceptibility measurements have been made on multi-microgram
quantities of the compounds BkF3, BkF4, BkOp anG BkN in the temperature range
4.2K to 300K and in magnetic fields up to 1600G. A1l but the BkN exhibited a
Curie-Weiss behagior for the susceptibility over the entire temperature range,
i.e.. x = N ueffe/3k {T+e). A plot of 1/x versus T at 1600G for the BkF3
sampia is shown in Fiqure 1. This i'l'lustratei the 1inear behavior given by
the Curie-Weiss law. A plot of [o(T)/0{T+0)]¢ versus T for one of the BkR
samples, where o i the specific magnetization, is shown in Figure 2. Both
samples exhibit a transition to 2n ordered state at a Tc of 87.7K as deter-
mined by a straight-line fit to the linear region. It is not possiblz to
determine if the transition is ferromagnetic or ferrimagnetic from these
measurements since the ordered moment is only .29 vp. Close agreement between
the ordered moment and uaff would verify ferromagnetism, but disagreement
between the values does not rule it out unless it persists to higher magnetic
fields. Above this transition temperature the BkN samples also exhibited a
Curie-Weiss behavior. The following table summarizes the results of these
measurements,

Sample Mass (va)  Theoretical®  Exp.b o(K) Telki % CfC
vett (vg) vert (vg) o Ty

BKN#1 14.2 9.72 7.79 -66.4 87.7 5.6
BkN42 59.7 9.72 7.87 -42.4 87.7 3.9
BkF3 143.5 9.72 9.38 7.9 3
BkFa 44.2 7.94 7.80 -8.0 - 2
BkO3 56.6 7.94 7.92 250 - 3

Bk metal 338.7 9.77 9.67 183 22 2

3Based on a 3+ or 4+ fonic core with a high temperature moment given as ex-
plained in the text.

bCorrected for Cf daughter content due to decay assuming Vagf = 10.6 ug and
additive susceptibilities.

Cer daughter content at time of measurement,

The four compounds were prepared from freshly purified 2498k chloride
solutions. The BkF3 material (trigonal, LaF3 type) was obtained by carefully
drying an aqueous fluoride precipitate at 200°C. The BkFé (monoclinic, UFg-
type) was prepared by extensive treatment of the above BkFj with F, at 300-
400°C. 7The BkOz (cubic, fluorite-type} was formed by calcination of an
aqueous oxalate precipitate to 1000°C in air. The BkN {cubic, NaCl type) was
prepared by direct combination of the elements at elevated temperatures; the
Bk metal was prepared by reduction of BkFp with Li metal.

The measured effective moments: for the fluoride and oxide compounds agree
with the theoretical free-ion effective moments calculated from a simple
Hund's Rule picture and assuming L-5 coupling. The high degree of jonicity
indicated by the data is to be expected due to the large electronegativity of
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the anions. However, the measured moment of the BkN with its less electro.
negative nitride anion would indicate a valence of +4 for the Bk jon in this
picture. Obviously, the nitride is a2 more complicated system than the others
and probably is in fact a semimetal. This is indicated by its physical ap~
pearance (metallic) and the fact that it orders magnetically, indicating some
contribution to coupling of the Bk moments from conduction electrons as Bk
metal.

The motivation for studying the nitride and the other prictides of the
heavy actinides! is to investigate the nature of the magnetic coupling of the
f local maments. The actinide-monupnictides (N, P, As, Sh, and Bi) form a
series of binary compounds with fcc (NaCl-type) structure? in which the An<An
spacing increases with the heavier nni-togen. They thus provide a series to
probe the range and $ign of the magnetic coupling in these semimetals. The
coupling probably arises from two Sources: one is coupling through the con-
duction electrons via RKKY oscillations in the conduction-electron spin
density about magnetic ions; and the other is by supereschange due to overlap
of the anion-cation wave functions.d 1In the RKKY picture there is a conduc-
tion-electron polarization effect? which would tend tc lower the effective
local moment if coupled antiferrnmagnetically to it, but this effect is
thought to be too small to account for a 1.9 up decrease ower the expected
3+ moment. Most likely the svperexchange (a manifestion of covalent bonding)
is necessary to account for such a decrease in the moment. This simply means
that a pure ionic picture is not suitable for describing the magnetic be-
havior in the actinide monopnictides.

6 —

i
o
.
e
X
]
E
)
x
82
0 s . : i "
0 100 200 00
Tix)
Figure 1

144



+
1.0}+ * + T
+
0.8} + ]
\
R +
0.6 1
! \
2 +
£
T
S, \ .
+
0.2 +\ 7
+
B . s 2 S PR,
o © 80 120 160
Tk}
Figure ?

§  Research sponsored by the Division of Chemical S iences, Office of Basic
Energy Sciences, U.S. Department of Energy, under contracts DE-ASO5-
79ER10398 with the University of Tennessee {Knoxville) and W-7405-eng-26
with Unjon Carbide Corporation.

1. S. E. Nave, P, G. Huray, J. R, Peterson, D. A. Damien, and R. G, Haire
Physica BAC: Special Issue LT 16, Univ. of California, 19-26 August,
1981, Narth Holland Publishing Co.

2. D. Damien, R. 5. Haire, and J. R. Peterson, Journal of the Less~Common
Metals 68, 159-65, {1979).

3. D. J. Lam and A, T. Aldred, in The Actinides: Electronic Structure and
Related Properties, eds. A. J. Freeman and J. B. Darby, Jr., Vo1. |
(Academic Press, New York, 1973) p. 109-179.

4. P, Jena, R. Emmons, D. J. Lam, and C. K. Ray, Phys. Rev., B 18, pp. 3562-
67 (197°).

146
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UP and ThP have the NaCl type structur . UP is an antiferromagnet of
type I ordering below T, = 125 K. Magnetic and other investigations of UP in-
dicated a very sharp trinsition at 23 K (for references seel}, where the or-
dered moment changes from 1.7 to 1.9 g On going from higher temperatures.

ThP was reported to be a highl{ non-stoichiometric compound, but recently
our neutron-diffraction examination< has shown that the composition of this
compound is close to stoichiometry2?, ThP shows a weak, temperature~-indepen-
dent paramagnetism (x = 0.24 x 1076)3,

The magnetic properties of the solid solutions UP - ThP were investigated
previously by Chechernikov et al.* and Adachi et al.5. The former (measure-
ments between 80 - 700 K) and the latter (4.2 - 300 K} authors indicated para-
megnetic properties abgve x = 0.5 and 0.45, respectively.

It is the aim of this work to verify the results obtained by both groups
of authors cited above and to construct the magnetic phase diagram of the
UP - ThP system. Since U and Th atoms are probably not of the same valence
in their monophasphides, a possible change in the electronic structure may be
expected when one substitutes uranium for thorium in this solid solution.

The UP - ThP samples were prepared by sintering the mixtures of UP and

ThP powders in desired composition between D.1 < x < 0.9 at 1900°C in vacuum.
X-ray e‘amiaation showed that in order to get the proper values of the lattice
constants (VegardS law) the sintering had to be repeated two or three times
at 1900°", each inskance las*~< at least one hour. Magnetic measurements at
temperatures 4.2 -300 K at we.. (6 kGS) and in strong magnetic fields (up to
140 kGs) were carried out by the Faraday and moving-sample methods, respecti-
vely. The neutron-diffraction experiment was made in Swierk, on the reactor
Eva.

The magnetic studies show that for low thorium conceatration (x = 0.1)
two effects compared to pure UP were observed. First, the appearance a smail
susceptibility peak at the temperature just above the mament jump transition,
and second, a Jarge broadening of the susceptibility peak at the temperatures
close to T, , but with a distinct mark at 120 K. The samples with higher tho-
rium concentrations (0.15 € x g 0.30" show the tendency of developing a new low
temperature susceptibility maximum at about 20 K, of disappearing the moment-
-jump tramsition, of forming a distinct susceptibility peak at 48 K and of
shifting Ty to lower temperatures. For the 0.40 sample close lying (at 25
and 40 K) susceptibility maxima which shift to lower temperatures with a
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slight increase of the composition to x = 0.42, are observed. However, the
most striking feature is the fact that starting from x = 0.5 and ending at
X = 0.8 one strong susceptibility peak still exists, defining Tg,x . For

% = 0.6 the susceptibility at Tg,, achieves a fairly high value of

92 = 1076 emu/g per solid solution. [t should te noted that for all the cases
the magnetic susceptibility was always independent of the magnetic field.

The x = 0.3 sample magnetized to 140 kGs shows a tramsition to the meta-
magnetic state with large histerezis and small remanent magnetization. The
samples with a higher thorium content show a linear dependence of the magne-
tization in the whole magnetic field range studied.

Neutron diffraction studies of three samples: x = 0.15, 0.23 and 0.4}
indicate the ordered state at iow temperatures. The first two samples exhibit
the cyexistence of two magnetic phases gt 4.2 K, namely AF I and AF IA
{simple and doubled along one direction magnetic unit cell 4in comparison to
a chemical one}. At 50 K the x = 0.15 sample shows only one phase AF I, with
the ordered moment being 2.02 pg, which falls to 1.8 up at 80 K, The samples
with x = 0.23 ay 88 K and x = 0.42 at 4.2 K exhibit only the "ferromagnetic"
contribution to tne nuclear peaks with a rather high value of the ordered mo-
ment being 2.5 up in both cases. This point must be cleared up by further
studies because the magnetic measurements give no evidence of ferromagnetism
in these sampius. It should also be noted that in order to fit the room tempe-
rature neutron-diffraction patterns for the x = 0.15, 0.23 and 0.42 samples
it was necessary to assume some phosphorus deficit, being 0,97, 0.94 and
0.93, respectively.

The obtained results are quite different from the results reported pre-
viously¥»5, Now it is clear that the authors of the previous works did not
obtain really solid solutions. Adachi et al.5 did not give the Tattice con-
stants of UP- ThP for their solid solutions at all, while Chechernikow et al.*
presented the lattice constant versus composition curve showing in contrast
to our work a large deviation from Vegard's law up to 50 % mol. ThP.

Finally, it should be mentioned here that the magnetic behaviour of the
UP - ThP system maybe 1is similar to that of UAs - ThAs,67 where at temperatu-
res close to T, there is a transition into a modulated magnetic structure,
and it differs ¥r~om that of USb - ThSb sys“»m® for which the ferromagnetic
properties have been detected at the composition of 20 % mol, ThSb.

The summary of all of these results is shown in the Figure in the form
of the tentative magnetic phase diagram of the UP - ThP system.
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Figure. Tentative magnetic phase diagram of the UP - ThP system.
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The unusual and anisotropic maqnetic properties of uranium and cerium
monopnictides of Na Cl1-structure are attributed to very anisotropic exchange
interactinn mechanism via. the conduction electrons (1,2). Consequently, sub-
stitution of uranium atom in UAs by non-magnetic thorium which has a diffe-
rent vilency may lead to crucial changes in thic exchange forces, in supplement
of the normal expected exchange decrease, as supported by the experiments per-
formed on UxThl-xAs compounds up to x 2 0.7 (3-5i, For low concentiration of
thorium, three antiferromagnetic phases are observed, in increasing tempera-
ture : type IA, 1 and Modulated phase respectively. As x decreases, the
phase I disappears first for x = 0.9, then the phase A Yor x = 0.7,

In this paper, the magnetic properties of UxTh]_xAs are reporicd for ma-
gnetic field applied along a <001> direction. Fig.l and 2 show respectively
the magneiization curves in high field at 4.2 K for three different values of
x and the therma) variation fo magneiizatiop for x = 0.7 at 5.5 Tesla and for
%X = 0.4 at 8 Tesla. The long range antifer umagnetic order M observed for
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x 3 0.7 {5) disappears with x decreasing and the exchange forces seems to tend
towards a ferromagnetic nature as let %o suppose Fig. )} and 2, However, neu-
tron diffraction experiments are needed to confirm this aralysis. Similar
behavior has been observed by Cooper et al. for UxThl.be (6,7).

Fig. 3 shows the thermal variation of the

2
i

-
magnetization of UO.BTHO.IAS’ with increasing _E Yo.5 o e
tenperature at 5.09 Tesla, for two different o E {ops3y
pressures {a : 1 bar ; b : 5810 bar). An abrupt }
increase of the susceptibility is observed at ': o2y v

the transition temperature Tt(lA -+ M) equal to
81.5 K. The modulated antiferromagnetic phase

M vanishes at TN =108 K. Tt decreases  linearly
with pressure at the rate of 0.6y K.kbar™} as for
the 1A + 1 trapsition in UAs (8). The pressurc
variation of TN is smaller and consequently, the
eff~-t of pressure consists to an increase of the o33 ~
1% modulated phase region at the expense of the IA e oo T‘;‘(]
phase. Anvther effect of pressure is the increase

of the susceptibility value of the phase M, this

variatien is not Yincar as for example at T = 80 K (Fig. 4). This rosult i
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confirmes a0 low Tield as shown by the thewwal variation of magmetization al
3.1 Tesla (Fig. §) for two pressures {a : 1 bar ; b : 5560 bar). The saturation
of the magnatic susceptibili’, “+h pressure let to suppose tiis effeci might
be due to domain arvangement, howeve. othcr kind of experinents are needed to
discuss in more details this last result,
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NEW EXPERIMENTAL EYIDENCE ON THE 25 K TRANSITION IN Npl,,

A. Boeuf W) J. M. Fournier (h), L. Manes (C)5 J. Rébizant (C), F. Rust'lcheﬂi(a)
doatr (@ g gove (©, k, pages (¢,

{a) Commission of European Communities, J.R.C, Ispra (Italy)
and Institut Laue Langevin, Grenoble {France)

(b) C.E.N. Grenoble, DRF/PNS (France)
{c) Commission of European Communities, J.R.C. ¥arlsruhe (Fed. Rep. Germany)
(d) Nuclear Research Center, Negev, Israel
(e} Laboratoire Curie, Paris (France)

The behaviour of Np0z at low temperatures has been extensively studied
but, ti111 now, no satisiactory explanation has been given to the problem of the
transition detected in specific heat and magnetic susceptibility measurements
at 25 X. In the following, new evidence is presented and discussed.

a) The existence of the transition has been confirmediby careful susceptibility
measurements, but the shape of the X {T) curve below the transition is dif-
ferent from that of an antiferromagnet (1). Furthermore extensive neutron
diffraction experiments on a Np0z single crystal are unabie to detect magn-
etic ordering, the 1imit of detectability having béing Towered to
uord <0.1ug pr Np atom (2).

Recent Mgssbauer experiments (3) on MpOZ+x show spin relaxation phenomena
strongly dependent on the oxygen excess x and temperature. They may be
interpreted in terms of Orbach-Blume spin lattice relaxation process in a
split cubic (g quartet of Np+4.

3

¢) In the above quoted neutro. diffraction experiment {2), a search was made of
a lattice distortion in the oxygen sublattice giving rise to a Jahn-Teller
effect. Two different types of distortiop were invéstigated, but no distor-
tion was detected greater than A = 0.01 A for the oxygen displacement. This
value is however gust equal to the order of magnitude predicted by the theo~
retical model of (4) : this model can therefore neither be excluded nor
confirmed. Recent Mossbauer studies on Npx Uj_x 02 solid svlutions (5) seem
to confirm this model.

d) The particular dependence of the spin relaxation phenomena on the oxygen
excess x in Np0z.x_presented in (3? may be understood in terms of the varia-
tion of the crystal field wnen clusters of ouiygen interstitials are formed
in agreement with a thermodynamic treatment of grossly stoichiometric
oxides ({7,

153



Roferences

Erdos, Solt, Z. Zolnierek, A Blaise, J. M. Fournier, Physica
IIJZB. 164 (1580)

A. Boeuf, J, M. Fournier, G. Heger, H. Lehmer, L. Manes, J, C, Spirlet,

“J. Rebuant F. Rustichelli, submtted to J, de Physxqu=-Letters.

J. Gal, C. Musikas, J. Jove, M. Pages, I. Nowik, Phy. Rev. B, 23 1981
to be pub11shed ;

G. Solt, P. Erdis, d. Mag. Mat. 15, §7 {1980,

A, Tabuteau, J. Jove, M, Pagés, R, Pascard, J. Gal, presented in this
Conference.

L. Manes, chapter 3 in "Non-stoichiometric Oxides", ed, 0. T. Sorensen,
Academic Press (N. Y.), in press.



MOSSBAUER AND MAGKETIZATION STUDIES UF Uy_yNp,0z FLUCRITE SOLID SOLUTION
A. Tabuteau, E. Simeni, J. Jové and M. Pagés

Institut Curie, Laboratoire Curie
11 rue Pierre et Marie Curie, 75231 Paris Cedex 0%, France

Lh. De Novion, R. Pascarg and J. Gal*
CEN/CPu B.P. 6, 92260 Fontenay-aux-Roses, Frasnce

The magnetic structure and the nature of the transition of the actinide
d10xides UCy and MpO; have been recently subjected to extensive and theoretd-
cal studies 1 0 7. U0y is known to order antiferromagnetically (Ty = 3C.8 K}
by a firct order magnetic phase transition while HpQ2 does not order down to
1.2 K. We have performed Mossbauer and magnetizaticn studies on the fluorite
Up-xtlp,0p (015« x. 0.75) solid solution (S5). We report the negative
experimuntal observaticn of the Jahn-Teller effect predicted by Soit and
Erdos5+6 ; possible explanation of this result is given,

Some Gf the Uj_,Mp,0; Mossbauer spectra (59.54 keV transition of 237np:
temperatures are displayed in figure 1. Above the ordering tempere-
ngle 3bsorption 1ine of full width at half maximum {FWhM}
mm/s is observed ; below To typica) relaxation magnetic spectra
.riy reccgnized. The “pssbaver isomer shifts in all the present $S

) 20,28

Fig. 1
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above Ty are identical to Np0p pointing that the Np ion is in a 3+ (419/2)
charge state of a cubic rg{2) quartet ground state. The random distribution
of the Np ions within the fluorite cubic U sublattice certainly introduce a
spread in the Induced hypgrfine field ; for this reason we have used the
general theory of GabrielP with the additional assumption that the FWHM r of
each absorption line is given by

T =Tg+ vyl (Mme,mo} + IR
Fo is the FWHM for pure Np0; at 77 K (3 mw/s), v was previously descrivedd
and TR represents the magnetic field distribution broadening below To. All
the Mossbauer absorption spectra could be fitted with this pracedure.
Figure 2 shows the evolution versus T for hyperfine field Hgpp (a) ard
Tg + TR (b).

Susceptibility measurements were performed with . conventional Faraday
electrobalance in the temperature range 4.2 to 300 K, Above 50 K, all the
U-xNpy0z SS follow a simple Curie-Weiss law (figure 3) ; when T decreases
we observe an ordered range (between O and Ty). Far Up gsNpp.1507 a clear

transition appears -Ty = 27(2) K-
very similar to the U0z compound
4x30 -x("_) {figure 4}).

Experimental and theoretical
parameters deduced from our measure-
ments are summarized {in the table ;
they lead us to the following
conclusions :

« all the present Uj.ylipy0pz order
magnetically at low temperatures,
where U site orders at higher tempe-
ratures than the Np site (TN 2 To)

. @ constant decrease in TN and
To as x increases is shown ;

. the Brillouin dehaviour of Heff
argue for a dominant exchange
Fig. 4 mechanism below Tg 3
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x o(wz) 0.5  0.25  0.75 1(Np0p)

Hor(0) (0e) 1000(40) 1120(40) 1210(50)
Hossbauer To {°K) 18.8(2) 15.3(2) 9.2(3)
effect vora/® (v8)  (1.8)10 0.5(1)  0.6()) 0.65(9) .0.01
Tk (°K) 0810 272 23(s)  8(2) 252
Susceptibility wefs (ug) 3.6(7:  2.95(8) 3.43(6) 3.0{1)  2.953
8 (°K) ~284(16) ~180(12) ~180(12) ~132(20)  -223

. above Ty, Np fon in the SS stays Np%* (Y1g/2) with a cegenerated rg(2)
ground guartet independent of the U neighbours™;

. below Ty, the ground quartet may split as a result of the crystalline
field originated by the oxygen deformation, Between Ty and Ty, this splitting
is not observed by the Mossbauer technique perhaps betause of the fast relaxa-
tion times. Below Ty, the magnetic field will additionally split the g
quartet and a change in correlation times would explain the obcerved relaxa-
tion Mossbauer spectra.

Present measurements are not sufficient to conclude. MNeutron diffraction
ana v-ray diffraction experiments will have to be performed to investigate
Jatvice distorsions coupled with magnetic tra..ition.

+ Present agdress : NRCN, B.P. 9001, B4150 Beer-Sheva, Israel.
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MOSSBAUER EFFECT STUDIES OF
Hp Puy_ (2.3¢x¢l) DIHYDRIDES

LM, Mintz, U. Atzmony, Z. Hadari, S.Fredo,J. Gal

luclear Pesearch Center-Heaev
P.0.8ox 9571 Reer-Sheva

and

Ben-Gurion University of the ‘lnaav
P.0.Box 653 Seer-Sheva  Israel

“ossbaver effect studies on ‘b Pu,_ (7.3<x¢1) ditydrides having the
Caf,-type structure have been nerfniﬁmb Hithin the temperature range 4.2-
T7K°

The dinhydrides were prenared by the diract reaction hetween hydrogen
and the arc melted alloys of HipyPuy_ . Tie hvdrogen campositions were
adjusted to range within the right-afnd side of the plateau regions of
the corrasponding prassure-compnsition isotherms. A1 the measured samples
consisted thus of a mixture of the nanstoichiometric dihvdride in equili-
brium with the saturated snlid solution of hydrogen in the metallic alloy.

A &‘vn_ observed "asshauer absorotion spactra of the 57.5 keV qamma
rays of 2 7‘40 consisted of the supernnsition of a broad sinnle line at
25+1 em/scc corrnsn?g?inq to the dihvdriddlhnd a complex split structure
tvoical to "o retal‘?), The P of the ditiydride line is weakly temoe-
rature depeqdent ranging between 6 to 4 mm/sac in the temnerature range
4.2-77%. “In influenca of the nlutonium concentratinn (i,e. l-x) either on
the isamer shifts or an the line widths %15 heen nbsarvad for the dihvdri-
tes lines of the varinus investigated allays.

Racently, Aldred ot al.(” carried out magnetic susceptihility measure-
ments on the dihyAridas of nlutonium and nentunium, Thev nhtained antiferro-
maanetic ordering ir Pull, at ahout 37X while no ordering has been obsarved
in 'IpH, “owm to 44, The“magnetic behavior of Hall, has heen interoretad by
these "authars in terms of crystal fiel4 salittin® resultita in a Ty douhlat
nround state.

The aim of the nrasent study was to check wether a nartial suhstituting
af the "In atoms by Py atoms in the didydride will yield a magnetically or-
dered compound. In a mannetically ordrred 'lp Puy_,y one wald expected
that the Py around state douhlet of “o weuld b snlis hy the meanstic tield
~roducad by the Pu sublattice. [ such cage aithar maamsticallv split Hosshauer
stourptinn snectra nr maanetic hroadanian af the avsnentinn Tine w1l He

156



displayed. Such phenorenon was observed in the ’In,Uy.x0p systemfd) where
the Tg ground state quartet of the ilp was split by the magnetic field
produced by the U sublattice below its ordering temperature. The fact
that no such behavior has bezn observed in the present study down to 4.2¢
point to the absence of magnetic ordering of the "Iy Puy_yty compounds un
to 70 a/o substitution of the ‘In atoms by Pu.
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PRESSURE INDUCED DELOCALIZATION OF MAGNETIC '
ELECTRONS IN NEPTUNIUM LAVES PHASE INTERMETALLICS

J. Hoser,! W. Poteel,! B. D. Dunlap,? G. M. Ralvius,! J. Ga1,3
G. Wortmann,l,* D, J. Lam,2 J. C. Spirletd and 1. Rowik?

(1) Physik Dept. Technical University Murnich D 8046 Garching, F.R. Germany
(2) solid State Science Division, Argonne National Laboratory, Argonne, IL

60439, USA

{3) Nuclear Research Center Negev and Ben Gurion Univereitv %ee; Sheva,
Israel

(&) Institute for Transuranium Elements, Posrfach 2266 D/500 Karlsruch, F.R.
Germany

(5) Hebrew iUniveraity, Jerusalem, Israel

It has long been recognized that the magnetic properties of inter~
metallic compounds of the light actinides depend arrongly on the actinide-
actiuide spacing.l The cubic Laves phase compounds of neptunium {NpX;) have
provided some of the clearest evidence for this correlation. Extensive in-
vestigations have been previously carried out using magnetiration, resisti-
vity and MBssbauer measurements to atudy the magnetic p:ogertiel of Npalp,
Nplrz, HpMng, NpRuj and the psuedo-binaries WpOsg-xRyx.2”0 Within these
cowpounds, the lattice psrameter changes from 7.785 xxfot NpAly to 7.459 A
for NpRup, vhile the magnetic properties vary from primarily local woment
behavior (NpAly) through itinersnt magnetism (NpO to non-magnetic (NpRua).
The 60 keV Missbauer resomance in 237Np provides excellent tool for in-
vestigating the magnetic properties of these materials. It has been pre~
viously noted that spectral parameters such as the satruation magnetic
hyper fine field, B, mmd the isomer shift, S, can be correlated with the
magnetic properties. Thia is illustrated in Figure 1, where one sees that
both B, and 5 decrease pro- 80
portionately with increasing
itinerant character. Here wve _/ nott

report on high pressure <+ 0 npar
MYssbauer measurements on the 30 xbar
most localized of these com—

pouncs, NpAly. Similar data .0 © 40 kbar

has been previously preaented
for the more itinerant com—
pound, Npl)lz.B In addition
to the hyperfine parameters
B, and S, the temperature
dependence of the hyperfine
field has been used to deter-
mipe the Curie temperature at
various pressures. The
values of B, and 5 obtained
at the maximum pressure mea-
sured for both compounds are
alse plotted in Figure 1.
These follow the general cor- o v

relation observed for the -20 [¢] 20
wvarioua Laves phase inter~ 1SOMER SHIFT (mm7/s)
sutiating the idem that the reduction in interatomic spacing
is a primary factor in determining the magnetic properties,

NoAl,

MAGNETIC HYPERFINE FIELD (T)
[
o
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A pure magnetic hyperfine apectrum for the Np MUssbauer resonance con-
sists of sixteen lines positioned symmetrically with u-poc: toS. Ina
magnetically ordered materisl, the alignment of the magnetic woments in the
exchange field produces & saall electric field which introduces some asym
metric positioning of the lines, The resulting pattern is illustrated by
that for NpAlp at 4.2 X and ambient pressure, shown in Figure 2. 1In parti-
cular one should note the symmetry in intenaities and widths of the imner
four lines, centered around zero velocity.

A high resolution scan of these inner four lines reveals that the sym~
oatry is not maintained at high pressures. While the mbient pressure spec-
¢ra show normal behavior, the lines at positive velocity are significantl:
broadened vhile those at negative velocities are largely unaffected {see
Figure 3)}. This becomes incremsingly pronounced as the pressure is increa-
1ed, Such line-broadenings are indicative of hyperfine fields which Eluc-

tuate at a rate comparable 73
with hyperfine frequen- & 100.00
cies. However, Ferromsg~
aetis relaxation? such as O
previously prnpolnoed for 9
compoundsl0  will &
Tesult in a symme- E 99.85
tric b-oadening of lines §
placed symetricaily about & Qkbar
S. The behavior ohserved
here can be understood on ¥ 9970 4.2K
the basis of the following =
two state model: The S 35
electronic structure of @2 ~120 -30 120
the Np ion fluctuates Velocity (mmls)

vapidly betveen a localized magnetic configuration (having B, = B] and § =
S1) and totally itineranc configuration (Bp = O and S = 5j), 1f the flue-
tuation rate in comparison with hyperfine frequencies, then the observed
spectral parametera will .e an average value determined by the populations p;
and p; » | - py of the two configurations. This is reflected in the corre-
lation of Figure 1. The solid lines of Figure } represent computer fita to
the lineshapes within such a wodel in which we have taken 5; = ~21.5 mm/sec
froo the value at which B, = 0 in Figure 1, while leaving 5j, p| and the
fluctustion rate as free parsmeters. B was determined from S} by the cor-
relation of Figure 1. FProm the fits to the spectra, we find §) = +6 mm/sec
{R] = 430 T) with both pf and varying wich pressure.

From the above results we draw the following conclusions:

{i) In both NpAl; and NpOsy the reduction of lattize comstam by the appli-
cation of external preseure causes a delocsli~ -.un of the magnetic Sf elec-
trona., Although NpAl; hss a predominantly localized character, it can not
be considered fully so in viev of the strong variation of B, with pressure.
This should be contrasted with the pressure independence of B, in NpCo25i2.
The :ycunnu of the data at ambient pressure (H;ure 1) show that the
change in lattice constant is the predominant factor in determining the
degree of localization.

(ii) The line-broadenings shouw the presence of fluctuation
have been interpreted with a crude two state (localized-ici
The degree of localization is found to decreass with incr
For axsmple, {n NpAlaz, cthe solid line of Figure 3 correaponds p1 = 0.67 at
38 kbar compared with a value of 0.77 at O kbar. The corresponding values
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for NpOapy ar p1{(0) = 0.20
and (30) = 0.16, demon— . -
ulu:pilng the wuch’ higher 9.2 7 38 KRR
degree of delocalization
in this case. The hyper-
fine field B; Ffor the
"localized" case is re-
duced to approximately 80X
of the free ion Np3+
value, presumably due to
the presence of crystal-
line elecrric field
effects., Such effects are
expected ta be much more L}

pronounced in the light - o -
actinides than in their
rare-earth counterparts
because of the larger
radial extent of 5f elec-
trons compared to 4f electrons.
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HIH-PRESSURE MUSSBAUER STUDY OF UTE+
B. Perscheid and G. Kaindl

Institut fir Atom- und Festk&rperphysik
Freie Universitdt Berlin
D-1000 Berlin 33, Germany

Compounus of the actinide elements have recently attracted
strony 1ntertst caused by a variety of their magnetic proper-
ties, which ~ange from anowmalous paramagnetism to localized
and itinerant agnetic order, respectively. Such behaviour is
duc to the 5f{ clectrons which may exhibit properties ranging
from localizew to itinerant, in contrast to the well-localized
4f electrons of the rare-earth elements, Information on magnet-
1c interactions in the ordered state may be obtained from mag-
netic hyperfine fields studied by M8ssbauer spectroscopy.

We report hure on a high-pressure M3ssbauer study of UTe
at 4.2 keV 1n the pressure range up to 30 kbar using the 35-keV
nuclcar -amma resonance of 125Te. UTe orders ferromagnetically
at Te=104 k1. The experiments were performed in order to study
the volume dependence of the magnetic interaction in UTe via
the transferred magnetic hyperfine field at the 125Te nucleus.
The UTe samjle was prepared by a solid-vapor reaction of U
(depleteu 1n 235C) with isotopically enriched '25Te (to 98%)
1n an evacuated and scaled ?uartz tube at 600°C. In the measure-
ments a single-line 11950 125Te source was employed, and the
UTe absorber was pressurized using an opposed-anvil device with
sintered ByC anvils, The pressure at the sample was measured
1n-situ by means of a supercornducting Pb manometer.

ln the pressure range studied so far, we find that the iso-
mer shirt $ increases with pressure, while the magnetic hyper-
fine ficld Bypf remains esscentially constant within the experi-
mental accuracy of ¢3t. 51n?55the nuclear charge radius is larg-
er in the excited state of Te as compared to the groundstate,
the tncrease of § corresponds to an increase of the total elec~
tron density at the 125Te nucleus.

The magnetic hyperfine field at the 135‘1‘9 site arises from
the net electron spin density at the '25Te nucle"s produced by
the U-5f moments. There are two mechanisms contributing to this
net spin density at the 125Te nucleus, namely (i} conduction-
electron polarization and (ii) overlap/covalency effects between
the 5f electrons and the outer electrons of the diamagnetic Te
fon?, Both mechanisms are proportional to the U~5f moment, but
are expected to depend rather differently on the unit-cell vol-
ume. We have to assume that the U-5f moment decrea52§ with de-
creasing unit-cell volume, similar _as in the 'S case”. Then,
the observed insensitivity of the 1259 hyperfine field on pres-
sure implies that the effects of a decrease in the U~5f moment
are compensated in UTe by an increase in the overlap/covalency
effects described by mechanisms (ii}. A more quantitative analy-
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sis of the experimental data must wait for a measurement of the
pressure dependence of T, for UTe, which is in progress in our
laboratory.

Sugported by the SfB-161 of the Deutsche Forschungagemein-

schaft and the Kernforschungszentrum Karlsruhe.
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23750 WGSSBAUER SPECTROSCOPY 1N BINARY COMPOUNDS

M. Bog#, J. Chappert, L. Aschu, G.M. Kalvius“
A. Blaise*, J.M. Fournier™, D. Damien® and A. Wojakowski®

Laboratoire d'Interactions Hyperfines, D.R.F., Centre d'Etudes Nucléaires
S X, 38041 Grenoble, France

Some compounds, NpAs,, NpSby and RpTe, have been studied by various tech-
niques such as magnetic susceptigility, eléctrical resistivity and neutron
diffraction. HpAs, crystallizes in the tetragonal, anti-FepAg type structure.
This material is Ferrumagnetic helgw 18 K, antiferromagnetic between iB K and
54 K,and paramagnetic above 34K (1,4]. NnSbpis ferromagnetic below 45 K and para-
magnetic above [2]. It has an orthorhombic, LaSby-type crystal structure. Nples
again is tetragonal but remains paramagnetic down to 4.2 K [2).

Here we report on Missbauer measurements using the 60 keV resonance in
237Np to gain insight into the magretic properties of these compounds and
into their formal valence state of the Np ion,

The results of our measurements at 4.2 X are summarized in table.
Mgssbauer spectra ApAs, between 4.7 X end 60 K are shown in Fig. 1. Low tem-
perature (4.2 K} spectra for NpSby and NpTe, are depicted in Fig. 2 and 3,
respectively.

Pr.nerties of NpX» compounds at 4.2 K.
Hpe is the hyperfine field at the nucieus Np, v is the electronic moment
for Np 1on derived from Hpf, €¢q9Q 75 the quadrupole interaction, 1.S. is the
isomer shift relative to NpAlp

Parameters NpAs, NpSby NpTep
Crystallographic structure | Tetragonal Orthorhombic Tetragonal
Magnetic structure Ferromagnetic Ferromagnetic Paramagnet '
e k02 2500 3700 0
u ug 1.5 1.9 - |
e2qQ m/sec + 24 ~ 5 + 12
1.5. mm/sec +3 + 18 + 28 J

NpAs, at 4.2 K chows a single magnetic hf pattern consistent with ferromagne-
tic Grder, Using the linear correlation between Hyhg and u from {3] we obtain
uw= 1.5 g at the Np ion. 2riiar magnetization measurements ocave a much Jower
number {u = 0.56 up). A strong magnetic anisotropy has probably prevented the
full orientation of spins. Qur result is confirmed by recent neutron diffrace
tion data [4). The neutron result also indicates an incommensurate sinusoidal
spin structure with a period over spprox. 7 Np atoms in the antifcrromagnetic
regime. This is borne out by the hf patterns observed above 18 K wl ich show the
presence of several distinct hf field. A good fit of thepattern it 25 K (see
Fig. 1) could be abtained with a set of five hf fields, They car be related
tc sinusoidal spin modulation over seven Np sites {Fig. 4), Abose 54 K a
single, slightly broadened line is scen consistent with the quaa, unole
interaction given in table.
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Figure 1. Mdssbauer spectra of Npl\s2
at 4.2 K : ferromagnetic state
at <3 K : antiferromagnetic state
above 54 X : paramagnetic state
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Figure 4. Model for the
localized moments on Neptunium
atoms in NpAs, at 25 K
1 : Hpp = 2950 kOe.

: Hpg = 2780 KOe.
t Hhg = 2400 koe.
t Hpf = 1700 kOe.
: Hpf = 500 kOe.
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NpSb,, shows a single magnetic hf pattern as expected for ferromagnetic
order. ItS diffc ent hf field and moment are probably  ised by the change
in crystalline field interaction due to the different c¢rystal structure. The
single line seen throughout in NpTe, confirms its paramagnetic state.

From the value of its paramagnetic moment (2.87 ng) and from its iso-
structure with Lasb? it has been concluded that Np is grivalent in NpSby.
our isomer shift value is in agreement with such an gssignment. gn contras’
NpAsy is isostructural wgth UAsp which suggests a Np** ion. A Np>* assignment
is a?sn - ssible, the Npi* state is ruled out from the magnetic Fogm factor.
Our isomer shift dat is consisten only with Np** but not with Np>*. The
paramagnetic mrwer < yncertain since the sample used in earlier measure-
ments (1] | Jntained a mixture of phases. From its paramagnetic
moment ore would assign Np3* in NpTef. This is supparted by the isomer shift
value.

# Physik Departmert, Tecnnische Universitit Miinchen, D 8046 Garching,
F.R. Germany.

+ Section de Physique du Sotide, D.R.F., Centre d'Etudes Nuciéaires, B5 X,
AB041 Grenoble, France.

% Département de Génie Radioactif, C.E.N./F.A.R, ~ 92260 Fontenay-aux-Roses,
France.

o Low temperature and Structure Research Polish Academy of Sciences,
Wraclaw (Poland}.
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33! pa Missbauer resonance at 4.2 K in Pa metal
using a Th metal source

J.M. Friedt, R. Poinsot, J. Rebizant and J.C. Spirlet

i
Centre de Recherches Kucléaires
67037 Strasbourg Cedex (France)
and European Institute for Transuranium Research
7500 Karlsruhe (FRG)

Isotopically enriched 2307H (> 99.9 !Z) macal has been prepared by Van
Arkel reduction from the oxide. The cubic metal source is used after neutron
irradiation (8h irradiacion ip a flux of 10'?n/cnfs) for measurcment of the
84 keV Missbauer resonance of *°!Pa. The measurement of Pa metal, with both
source and absorber at 4.2 K, reveals seven resolved resonance limes (Fig.l)
and indicates a striking improvement of exp?rimr.-ntal resolution in comparison
to the formerly used source host of 22°THG; '. The spectrum of Pa metal is
analyzed in terms of a superposition of two quadrupole subspectra (solid line
in Pig.1}. The spectral intensities of the two subspectra are equal ; the
isemer shifts are equal : 0.01 * 0.05 om/s vs Th metal. The principal compo—
n.ats of the electric field gradients of 'axial srmme are eqz(1) =
+(2.27 % 0.04)10' and eq,(2) = +(2,01 + 0.04)10'®V/cn' respectively. The re~
ronance width is fitted to 0.35 % 0,03 mm/s(constrained equal for all spectral
components). The ratio of the quadrupole moments of the 84 keV level and
ground level of 231pa is fitted to =0.31 £ 0.03.

Although the experimental linewidth:still exceeds the minimum theoretical
valuc by a factor of three, it is significantly more narrow than for the
commonly used Source host of ThO;' and is considered acceptable for the future
application of the *3'Pa Mssbauer resonance to the precise determination of
hyperfine parameters. The narrowing o the emission linewidth in the metal in
compavison to the oxide is attributed to decreased paramagnetic relaxatiom
effects (via conduction electrons in metal vs diamagnetic insularing ThO; ) and
posnbly to reduced sengitivity of the metauxc host to neutron irradiation
associated radiation damage.

The deduced ratio of quadrupole mombnrs is in agreement with nuclear
theory',

The observation of two distinct quadrupole sites in Pa metal ac 4.2 K is
mconsxscenc with the bct crystal structure reported from X-ray diffraction
at 300 K2. This discrepancy suggests the occurrence of a crystal structure
:ransu,wn t* a lower lattice symmetrt . tween 300 and 4.2 K. This suggestion
is reasonable im view of the several . i .esgive crystal phase transitions
known for mosc of the other actinide matz i also, the resistivity anomaly
at 100 K may indicate a phase transicion’. Unforcunacely, Mossbauer experi-
ments at 100 K would be difficult owing to the decreased Debye ¥ ler factor
as calculated with a typical 8 of 225 K known for instance for Am metal,

In summary, the improved experimental resolution of the 33!Ppa MBssbauer
resonance achieved with cubic Th wmetal source provides a promising outlook
for precine hyperfine interaction measuremen:s. The ratio of quadrupole moments
of 84 keV and ground levels of 23t is ~0.31 * 0.03, in good agreement with
nuclear theory. The observation of two quadrupole sites of equal intensities
in Pa metal at 4.2 K is tentatively actributed to a crystal phase tramsition
from the bct room temperature structure, oceurring possibly at 100 K as sug-~
gested from a resiativity anomaly.
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Fig.1 : 231pa Mgssbauer spectrum of Pa metal vs
Th wetal source, both at 4.2 K.
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1§ NMR AND MAGNETIC SUSCEPTIBILITY
TN THNiAIH, AND UNLAIE_

0.J.20ga0t% , D,J,Lan

daterinls Science Dlvision
Argenne National Labhoratory
Argonne,T11inois 60439

and
A Zygmunt ,H,Drulls,W, Petryriski,B,Stallrski

Institute for Low Temperature and Structure
Research,Polish Academy of Sclences,Wrootaw
Poland,

New intermetallic hydrides of ThNiAl and UNidl have bean
prepared by hydrogen absorption at high pressure/40 atm/,
The H/ThNLiAl and H/UNiAl ratlos were 2,5 snd 1,9,Trespesctively.,
The room temperature X-ray examinations sbowed that the hexa-
gonal structure of ThNiAl or UNAAL matrix remains also after
hydrogenatiou.:\lthouh,tba volume of unit cell inoreases by
ca 10%,

m™e 1\ pulged and ¢w NMR experinments were made as a funcw
tion of temperature,The temperature dependence of apin-lattice
relaxation tine('l'i) as o function of reciprocal tempersture
1000/T for mumx is shown in Fig.i.

. S

Pig.1

Starting at room temperature,T, imcreases when temperatu—
re 1s lowered.Simultansously,cw apei&tm at room temperature
shows narrow line (below 1 Oe).Thus,we oonclude that the main
contribution to the relaxation in the range of 1000/T= 3.4 =
6,2 15 the self-diffusion of protons in the crystal lattice,
In turn,at still lowsr temperatures we observe Jroad resonance
1ine (8,8 Oe ) with second moment équal to 91 08“ at 77 K.
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The T, in this regien fite well Xoxringafal relation T TeC
whors € 1s eqoal to 200s8K,

The spin-lattlice relaxation time in mxumx 1s few order
shortsr thom that oheerved in thorium related = hydride,Also,
the temperatnre dapendence lg different from that shown in
Fig.i.Morsover,the NMR signal disappears below ca 120 K.Ssconad
moment values showed as a fumetion of temperature in Fig.2,
increasy with loweir*ng temperature and there are us data for
temperatures below » 3 K,

wpr N
. °
k{3 o
_1]' o
i .
-
e
.
mr
[ T hg
TEMPERATURE (K}
Fig.2
The aagnetic ptidbility #d In temperature range

4.2 « 292 K shows the maximum at temperature of 122H.These
reaults strongly suggest that studled hydrlide orders antifevro-
magneticaily helow 120H.In that case,one may expect [zj that

tha wa would follow tha

T = € (T - ) €V

relation,In Fig,3,the 'ri'r data are presented as a function of
temperature.

N " )
itg ol
TEMOEAATIRE (K1

Fig.3
They fit wall Eg,1 and deviate on?y in the temperaturss near
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120 K,

Wo have measured also the magnetic susceptiblility in pure
compound UNiAl.It 1s temperature dependent and shows Eaximum
at 23 K, It 4t would oonnect with magnetic ordering then it is
interesting to note that hydrogen increases that temperature
by more than facter 5,

This work was partly supported by Curle-Skiodowska Founda-
tion in the frame of mutual cocperation between ANL and ILTSR.

+ Present address: Instituie for Low Temperaturs and Structu-
Research,Polish Academy of Sclences,Wroclaw,Poland
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THE SIINGLASS BEHAVIOR OF
Uy G2, A1

<. caurann, K., Heggentin snd W. Schlabitez
ll.ikvsiralisches Institut der Universitdt v: Kidin

Jilpicher Str. U7, Yooo #éln 81, rits

the sact years a lot of efforts has teern ‘ione

to uinierstarn: the phenomenan "spilagplass™ and to tiear
i tne g.estlon wether the transition to the spilnfiac
state 1o -~ true phase transition or »ore similar to
Fratusl trancition like in a reel 1 .

"t %o now, irn the tezmperature ranfe around thir "trans-

n nnorely has been observec in the suecific neat.
wne of trne most characteristic properties of a c©7inglase
if tne snarp cusp in the temperature tependence of the
meFretic suscepCibility.4 The discussion has been
renewe1 .y the discovery of a frequency derendent freez-
n-
4

>

ing temzerature Tf in sore metallic arnd icolating sy
2.2
W 2

glasses measured by tne ac suScepiibility method.®
This time dependence of ‘I‘r is causecd by all kinds o:
short range magnetic clusters. Further investigations
show that ferromagnetic nearest neighbour interaction
correlates with strong Tr(u) shifts and antiferromagnetic
interaction with Tr(vJ shifts.” In spinglass models

where a phase transition is postulated, the cusp of the
susceptibility should not depend on freguency for

usual ac measurements.

From this point of view one can only hope to decide the
existence of a phase trunsition by measuring a system with
ideal solubility, without direct exchange and nearest
neighbour interactions.

Neutron scattering memsurements & .ow evidence that in
systems with no observable variation of T; a rapid
Korringa process dominates the relaxation spectrum

of the spin system.e As at low temperatures paramagnon
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)
excitations have been observed 1in UAl? %70 , We
presume that this process can perhaps support the

relaxation rate.

Therefore we have diluted GdA12 into 'EAl? and we

have perforred ac~ »nd dc-measurements of the magnetic
susceptibility between o.0L X and 200 K in fielas i

to 1o k3 on U, Gd Al. {Cegxgo.i). YAl is a n2l.-

known spin fluctuation system and GdAlE orders ferro-
oognetically at 17, K. The high temperature susceptibilaty

AX=2X - X follows a Curie law for
U,_,0d, AL,T ~UAL,

X <0.1, For higher Gd concentrations we extrapolate
a negutive Curie tempermture in the plot Ar1 vs T
which indicates the onset of antiferroragnetic irter-

actions between nearest neighbours or clusters.

At low temperatures the "zero field" susceptibility
shows a sharp maxima at ‘1‘r which increases and is
shifted to higher temperatures .roportionzl to the
concentration x (Fig, 1).

v, G, Al
(H<50e)

5%/6a-Conc )

Suscephbility (X2 10° ¢

X
.

5 00 15¢ E 250 300 0
Reduced Temperature Tl,( (K’r.d-(om }

Fig.1: Reduced magnetic susceptibility
AX/x vs reduced temperature T/x of
l.l,]__x(}dxﬂl2 (x = 64 concentration)
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No frequency dependence of Tf (valo - 5-103 c/sec)
has been seen for x«go.1. For highe: concentrations
we have otserved a weak shifting of T,. in agreenent
with tne zodel of antiferromagnetic clﬁsters. We find
a "freeziny temperature” Tr = 40.x (K) and observe the
validity of the scaling laws like in the archetypical
systems Aufe and Culin. From the value AX T C

we extrajolate a REKY interanction strength of
2.1.10'26 kchmz) waich is stronrer than in tne
conparabls rare earth systems but weakar than in those
With transition metale.

Lur measurements reveal that the solubility of Jd in
the UAl, matrix is very good upr to X <0.7. Therefore
extensive investigations would be worth to perfor:s.

This work was supported by the Leuts.he Forschunpgs—
gemeinschaft through Sonderforschungsbereich 1°5.
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de Ha Alphen a of Usp, and Ujhs,
Z. henkie

inatitute for Low Temperature and Structural Research
Polish Academy of Sciences
50~950 Wroclaw, Poland

W. K. Johanson, G. W. Crabtree, D. H. Ove' and A. J. Arko

Argonne National Laboratory
Argonne, [1lincia 60439

C. Bazan

International Laboratory for High Magnetic
Fields and Low Temperatures
50-520 Wroclaw, Poland

The degree of itinerancy among the 5f electrons in actinide compounds
15 one of the wost impo *ant factors determining the maguetic, electronic
and transport properties 1n these materials. Fermi surface studies give
direct, detailed information about the itinerant ejectrons and are thus very
useful for understanding the behavior of the 5f electrons and their influ-
ence on other properties of the system. Severnl Fermi surface studies of
itinerant 5f actinides have appeared,l,2 giving information on the band
atructure and hybridizetion effects. In thie paper we present the Eirst
de Haas-van Alphen study of the Fermi surface in magnetically ordered acti-
nides, the compounds UjAs; <nd U3Py.

In U3Asy we observe a single closed sheet of effective mass 5.1 ° 0.1.
In Uyp, we see two closed sheets whose valumes differ by a factor of about
8, the larger sheet having 4 maas of B,1 + D.7. These results are consis-
tent with a semimetallic type band structure producing a large hole sheet at
I and several symmetrically placed electror sheets of smaller volume which
exactly compensate the hole sheet. The large effective masses suggest con-
duction states may be hybridized with the f states, though more experimental
work neede ta be done to decide this queation.

U3p4 and U3Asg crystallize in a ThiPs type bec structure,d They are
ferromagnetich below 138K and 198K, respectively, and show unusually large
wagnetic,5 magnetoatriction® and reaistivity? anisotropy. The magnetic
structure conaists of an unusual non-collinear three sublattice arrangement?
giving rise to a large anisotropy field with <111> the easy magnetic direc-
tion. The satyration moment!® in the <111> direction in UjAs; is
1.8 Up/U atom, corresponding to an internal field &4mMgge = 4.2 KG. In
U3Pg, the <111> saturation moment 1l is 1.2 U/t atom, givirg and internal
fleld 4TMgae = 3.1 kG. A field of 300 kG ia inaufficient to saturate either

materialll along <100>.

de Haas-van Alphen data were taken in both compounds in fields to
150 kG at temperatures betweem 0.3 and 0.8K using the field modulation tech-
nique with the field in the (110) plane. Spherical samples of approximately
1 wa diameter were prepared from ccystals with residual reuutivit{ ratios
(Rypp/Rg,2) between 300 and 550 groun by chemical vapor transport.t2
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The measured extremal cross sectional areas are shown in the figure. A

single branch is observed for U3As;, corresponding to & single closed sheet
with an ares anisotropy of about 16Z. In U3P, two nearly isotropic branches
are observed with areas differing by a factor of about 4. If both branches
correspond to closed sheets,
their volume difference is a
Eactor of B, The signals in U3Pg
were generally weaker cthan in

U3Ass, so that the two branches ool j
we observe may well extend . .-t s e
across the entire (110) plane,
but are too weak to detect near o° Uik
<100> and <110>. 1In Ujae; we oos .U!P"
have measured the effecrive 34
I0FPLANE

internal saturation field
by waking & linear Ffit of
the oscillation .umher to
1/ (Happlied + Heff) with
Hoff a6 an adjustable parameter,
The best fit gave Hegf = 0.75 kG,
wuch smaller than the expected
value for spherical samples,
87/3 (Mgpy) = 2.8 ¥G. We do mot
understand the reasons for this — .
discrepancy but we suspect it
may be related to the unusual oot
non-collinear magnetic structure.

In the figure we have ignored the

small correction te the areas L. s .
caused by Hoff # 0. Hecause <00 (0 20 M 40 SUpEd 70 B0 <l
Hopf << Happlied this correction ANGLE fegrens]

is never wmore than 4X%. Assuming

closed sheets and no ferromagne-

tic splitting of the bands (i.e., ignoring Hgfpe), the volume of the single
observed sheet in Ujhs, corresponds to 0.043 electrons/formula unit, and
that of ke large sheet in U3ps; to 0,078 electrons/formula unit.

|

EXTRERAL ARCA fatom uniin}
o
H

2
2

g

We inverpret the area data in terma of a semi-metallic band structure
producing a large sheet of holes at T and several smaller electron sheets
located symaetrically in the zone which exactly compensate the hole sheet.
In U3P; the volume difference between the two sheets suggests 8 nearly
spherical electron pockets located along the I'-P line, We do nat observe
any smaller branches in UjAss, though this could be due to sample quality
and the experimental problems of measuring small area orbits at high field,
Our compensated semimetal model is closely related to the indirect gap semi-
conducting band structure expected for Thyp, and ThjAsi on the basis of
electrical and optical measurements.l3 It also qualitatively explains (1)
the low positive value of the Hall constantl% as being due to corpensation
effecta, (2) the positive thermopowerléd as being due ta dominant holes on
the large sheet, and {3) the "semiconducting type" of critical behavior in
the resistivityld at the Curie point,

The large mssses we observe in U3P; and UjAs; Suggest that the conduc-
tion states may contain some f character, a possibility that is conristent
with the low saturation moment and with the posicron snnihilation estimatel6
for the nuuber of valence electrons in Thjars and U3As;. However, we note
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that comparable masaes have been observed in metals with nearly full or
nearly empty d bands, that the non-collinear magnetic structure complicates
the interpretation of the saturation moment, and that valence measurements
by positron annihilation inherently contain appreciable experimental error.
Thus the question of 5f electron delocalization in UjAs; and U3P4 requires
wore detailed experimental study.

*  Work supported by US DOE under contract W-31-109~ENG-38.

! Present addresf: Lawrence Livermore Liharatary, Livermore, CA 94551.
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W. Suski, R. Troc (Ossolineum, Wroclaw, 1977) p. 425,

14, 2. Henkie, Bull. de L'Acadamic Polonaire dea Sciences Serie des
Sciences Chemiques 20, 531 (1972),

15. 2. Henkie, to be published.

16, B. Rozenfeld, £. Bebrowska andZ. Henkie, J. of Solid State Chemistry
17, 101 (1976).
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AMORPHOUS ACTINIDE ALLOYS*
R. 0. Elliort

University of California
Los Alamos National Laboratory
Los Alamos, NM 87545

D. A. Koss

Department of Metallurgical Enginccring
Michigan Technological University
Hloughto », MI 49931

amorphous alloys have recently heen the subject of cansiderable research,
and .nany aspects of their structure and properties arc now rcasonably well
es'ablished. However, relatively little is known about amotphous actinide alloys
even though the initial observation of the amorphisation of a uranium alloy was
reported ncarly 20 years age.! This paper, based on both published and
unpublished experimental results, examines glass {orming tendencies in a wide
range of actinide alloys. In additien, certain actinide alloys are unique in the
sense that they can be readily amorphised by either liquid quenching or
irradiation. The contrast in structurc and properties of an amorphous U-Fu alloy
produced by both techniques is also discussed.

The following table summarizes the amorphisation behavior of » inide
alloys formed by cither ligquid qucnchxng or i diation. Metallic lasses
generally form near eutectic compositions {preferably deep cutectics) wzad thus
most of the alloys examined have compositions near their respective curcctics.
In all cases, x-ray diffraction was used as the primary tool in determining
vhether the alloy was at least partially amorphous. The table shows that a large
number of actinide alloy systems (nincteen to-date) will form a predeminantly
amorphous structure given a sufficiently rapid quench from the liquid state.
That these actinide systems should readily form metallic glasses is a result of
several favorable glass forming factors; thesc include a low "reduced” melting
temperature and melting temperature depression? as well as alomic radius ratios
similar 1o those of alleys with good glass forming tendencies. Additionally,
Ellictt and Giessen conclude that the sizable 5f-electron contributioen te
bonding in the early actinide metals (U, NB and Pu) favors low symmetry or
random/amorphous arrangemerts of the atoms. This may also contribute to the
unusually high viscosites in the early actinides (especially PvY at their melting
temperatures.}) Eutectic alloys based on these actinides would probably have
high viscosities and this would contribute significantly to their strong glass
Jorming tendencies.

While nearly all of the alloys examined exhibit a stromg tendency to form
glasses, the table shows that the uranium alloys require a lower cocling rate
than do ecither the plutonium or neptunium alioys. The comparatively greater
glass forming tendepcy of the uranium alloys is duc, at least inm large part, to
the 2-3 times greater amount of the binary component in the U-X eutectics tested
then in the Pu-X and Np-X eutectics. Another factor is the much lower thermal
conductivity of Pu and Np,%<¢ which reduces the cEfective quenching rate in these
metals and hence reduces the glass firming tendency.
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& Listing ol Amorphous Actinide Alloys which are at Least Partially Amorphous
after either Liquid Quenching (LQ) or Irradiation (IRR).

Alloy Compusition {Range) Preparaiion  Comments Re ferences

System at.3 Method

Th-Fe {20 o 70 ) LQ 3

U-Fe {14 to >40) Lo 1,5,6,8

14 IRR 6,8

-Mn (<20 to >35) Y 5

-Co (=24 to >40) LQ 5

-Ni (=24 to >40) Q 5

-cr { 20 to 40 ) LqQ 4.5

-V * 20 o0 40 ) 1Q Amorphous 4.5

3u Q Not Amorphous tresent Study

-Si 25 IRR 2

-0s 30 Lq Present Scudy
-Ir 10 Lq : Present Study
-Pd ¢ 30 to 40 ) Lq Present Study

Np-Hat 14 LQ Present itudy
-Fe 14 Lq Present Study
-Co 14 Ly Present Study
-GCa { 10 to 40 ) LQ Present Study

Pu-Mnt (~17 to >14) L9 Present Study
~fe (~1% to >20) LQ Presunt Study
~Co 20 Lq Present Study
-Ni ~12 to >30) LQ Present Study
-Cu {~14 to >20) 1.Q Present Study
=Ru 20 LQ Present Study
-Ga 37 IRR 7

TBoth the Np and Pu-based alloys reguire faster cooling rates 107 x 10® K/sec)
than the U-based alloys &103 to 108 K/scc) in order to form metallic glasses by
liquid quenching.

The compounds UgFe, U3Si, and PugGay are unique in that tlcy have been
amorphised by neutron irradiation.!:2:678 OF these, thz U-Fe allay has been best
characterized and, compared to the liquid-quenched glass, the irradiation-
produced alloy has: (a) a reduced degree of short-range order, (b) a larger,
narrower exothermic peak upon crystallization, (¢} a lower density, {d) a smaller
.esistivity, (e; a lower hardness, and (f)} a higher supercenducting transition
nﬂnpern:ure.(’:8 Thesc results are qrite consistent with a decreased degree of
structural relaxation in the irradiation-produced amorphous alloy.

Work performed under the auspices of the U. §. Department of Energy.

J. Block, J. Nuel. Matl. 6, 203 (1962).

B. Bethune, J. Nucl. Marl. 30, 197 (1969).

K. H. J. Buschow, 4. M. van Diepen, N. M. Beekmans and J. W. M. Biesterbos,

Snl. State Comm. 28, LR1 (1978).

['% R. Ray and E. Musso, U. S, Patent 3,981,722 (Sept. 1967).

5. B. C. Giessen and R. 0. Elliott, in Rapidly Quenched Metais III, Vol. 1, p.
406 (Met. Soc., Londen, 1978),

6. l(iiggb)Ellio:t, D. A. Koss, and B. C. Giessen, Scripta Met. 14, 1061
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CRYSTAL CHEMICAL STUDIES OF ACTINIDE MOLYBDATES*
P. Gary Eller, T. L. Cremers, and R. A. Penneman

Los Alamos Rational Laboratory
Vniversity of California
Los Alamos, New Mexico 87545

Actinide molybdates have been implicated in the formatiun of undesjrable
"insoluble" Pu-containing residues in dissolver solutions.? Although several
actinide molybdate phases have been reported, the literature is greatly con-
fused; inaccurate and even incorrect crystal structure determinations ahound.
We are attempting to sort out this area by crystal structure determinations of
key compounds. The structure of orthorhombic (low temperature) “UMo20,", pre-
pared by a skull melting technique, has been refined to R = 5.8%. Our study
reveals a layer structure in which sheets containing pentagonal bipyramidal
uraniym and octahedral mo‘lybdenun po'iyhe ra are connected by short {U-0 =
2,06 R). nearly linear {U-0-U = 178°) U-0-U-0 1ipkages. Thus, the structure
is correctly formulated as a mixed oxide. Interestingly, this type of layer
structure and U-0-U separation occurs in gther seemingly unrelated actinide
oxide phases, including UsDe, U¥0s, and UOBr. In such structures there seems
to be a fajlure of Zachariasen's bond Tength-bond strenqth relation to
accurately describe the observed very short U-0 bond distances.

We have also determined the structure of the hexagonal (hwh temperature}
form of “ThMo.0,", prepared by skull meiting, and refined to R = 3.2%, This
form is a true moTybdate, correctly written Th(MoO, )., whose structure differs
radically from that of the mixed oxide orthorhombic uranium struc ure. The
hexagonal strycture contains Ma0, tetrahedra (Mo-0 = 1.62 « 1.86 xhich
bridge three dimensionally both aine-codrdinate {(Th-0 = 2.32 - 2.54 A} and six-~
coordinate (Th-0 = 2.28 - 2,50 A) thorium atoms, - Each oxygen in the structure
appears to bridge one Mo and one Th.

Other MM0205 (M = actinide} phases {including hydrates} have besn reported,
inciuding a piutonjum compound reported from actual fuel-rod workups, We have
prepared an orthorhombic ThMo.Cs complex {not isomorphous to the orthorhombic
UMo,0q phase described above but isomorphous to a. reported PuMo.0, phase) by
heating hexaganal Th{Ma0,); at 900°C for 24 hrs. -General structural relations
between a1l of these actinide molybdates and their crystal chemical relevance
to troublesome Pu-coordination will be discussed.

(1) R. A. Penneman, R.G. Haire, and M.H. Lloyd, ACS Symposium Series, No. 117,
J.0. Nayratil and W.W. Schuiz, Eds., Am. Chem. Soc. {1980} pp. 571-581.

(2) M.H. Zachariasen, J. Less Common Met., 62, 1-7 (1978).

* This work performed under the auspices of the U.S. Department of Energy.
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TERNARY ACTINIDES-MOLYBDENUM CHALCOGENIDES.
SYNTHESIS AND MAGNETIC SUSCEPTIBILITY
OF ThM°6sB' UM°6SB AND UMrz6SeB

H, Natl, R, Chevrel and M, Sergent

Laboratoire de Chimi¢ Minérale B, Associé au C.N.R.S5. n* 254
Université de Rennes 1
Avenue du Général Leclerc
35042 Rennes Cédex

The ternary moly chal ides M._Mo x (M =metal ; X = 5,
Se, Te) have attracted considerabie interilt in’the ‘lal! few years due to their
very unusual superconducting properties, " including the observation of upper
critical fields (=600 kG for M = Pb) and the coexistence of -upercondu tiyity
and long range magnetic order (M = rare earth RE = Ho, Dy, Gd, Er. ; 34,
These properties change from one compound to an other, with the ionic mze.
the valency and the magnetic behavior of the inserted M element,

Replacing a rare earth by uranium may have two main effects :
- a change of the charge transfer from M to the Moy cluster and then a change
of the density Z state at the Fermi level ;
~ an enhancement of the magnetic interactions in the M sublattice.

The ternary thorium or uranium-molybd chal ides ThMogSg,
UMogSg and UMogSeg have been prepared from intimate mixtures of AX,
{A = Th, U), Mo, X, pressed into pellets and heated in fused silica tubes at

= 1180° C during 24 hours, In spite of the fact that all handlings were made
in a dry and desoxygenized glove box, smull amounta of the oxychalcogenides
ThOS, ThOSe, UOSe could net be avoided in the final groducts.The existence
of ThMo,Sg and UMo,Sy had already been mentioned 2, but UMogSeg is 2 new
compound and ThMogSeg could not be prepared. The lattice parameters, calcu-
lated from ieast square refinements, have the following values (hexagonal unit
cell) :

ThMogSg a=9,06A c=11,434 v =8104A
UMo,S a=9.024 c=11,364 Vv = 800 &
UMogSeg a=9,36A c=11.8234 v=8978
The tic su ibility of the i has been investigated

by the Faraday method in the temperature range 4. 2- 300° K and in the applied
ﬂ.eld 4 koe, The -unceptibui!y of UMo,Sg (figure) fits a Curie-Weise law

= C/(T-0_} with a negati tic Curie p e (8,2 -33°K) ;
Lhe etiectlvg magnelic moment pogf = (Bc)/ = 2,87 uB is close to the usually
reported values for U** jon with a large crystal field splitting of the ground
term. The suaceptibility of UMo,Seg follows a Curie-Weiss law lbuve 55° K
with @5 =-13* Kand gper = 3,0 pB, Below 55° K, the slope of the x~! va T
curve incre &, with a positive intercept of the temperature axis, and the
susceptibility goes through a maximum at T = 10" K. This behavior is significant
of an antiferromagnetic ordexring of uranium, with the probability of 2 metama-
goetic transition in higher applied fieid.
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It is to be noticed that the binary USe, is also an antiferremagnet with
Ty * 12* K 6, but the same low temperature behavior was observed for sam-~
pies containing an excess of uranium (with observable USe; as impurity), as
well as for samples containing an excess of molybdenum (with Mo3Sey or
MoSe, aa impurity). The highest reported magnetic ordering temperature
among the REMo,Xg family is Ty = 2,25° K for CeMogSg * and uranium
compounds have gonerally higher ordering temperature than rare earth com-
pounds due to the largeat spatial extent of the 5f electron wave functions,

As some of the rare carth molybdenum selenides have rather high super-

conducting critical tempentute!s (LaMogSeg s T = 11° K), substitution of

RE by U in the same lattice position would lead tuv promising paeudo~terna-
ries RE) _,U,MogSeg in view of the ition b superconductivity
and long-range magnetic order,

1. P. Fiacher, Appl, Phys. 16, 1 {1978}

2. M. Ishikawa and f), Fischer, Solid State Comm, 23, 37 (1977}

3. J.W, Lynn, D.E. Mancton, W. Thomlinson, G. Shirane and R.N, Shelton,
Solid State Comm. 26, 493 (1978}

4, D.E. Moncton, G. Shirane, W. Thomlinson, M, Ishikawa and &, Fischer,
Phys, Rev, Lett, 41, 1133 {1978)

§. M. Sergent, R. Chevrel, C, Rossel and {, Fischer, J. Lesa Common
Met, 58, 179 {1978}

6, W. Suski, J. Solid State Chem. 7, 385 (1973)

7. M, Pelizzone, A, Treyvaud, P, Spitzli and f. Fiacher, J. Low Temp,

Phys. 22. 453 {1977)
8, R.N. Shelton, R,W. Mc Callum and H, Adrian, Phys. Lett. 56A, 213 (1976)
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STER;C EFFECTS IN AYIDE AND OTHER COMPLEXES OF
URAN U TETRACHLORIDE AND H-THIGCYANATE

K.H. Bagnall and Li Ying-~fu

Department of Chemistry
University fo Manchester
Manchester M13 9PL England

Tollowing on the study [1] of the disproportionation of
"(-5(;5!1;)2., 17", wa have investigated similar phenomena in Lhe complexes
of [{45Chi0 U{NCS)3Lp) . where L is an oxygen or nitrogen denor ligand [2).
Conpaunds <n which L = Ph3P0 or (MepN)3PO, for which ZCAF = 0.76, can be
isoleted, but those for which ZCAF = 0.72 (L = thf or py) disproporticnate
readily:

3[(H5C5H5)U(NCS)3L7] + 2l [(n5c5H5)3u(nc5)) + 2{U(NCS),Ly)

where Lois an amide vigand ( CAF = 0.74, that is, in the critical border
recion) the complea»s [(n5C5H5)U(NCS)3L2] can be isolated in some cases

but in others dispropartionation may orcur, a result which depends upon the
seoond order steric crowding, Thus where L = CH3CONMep, stable compleses
arve only obteined when tuo or more hydrogen atoms of the acid CR3 group are
replaced by methyl groups. The results are shown in Fig. 1.

hbove the stable region a dissociation equilibrium may exist betwaen
cempieves of differing coordination number and the free ligand, as found
for UCT; couplexes [3]:

JUC1,.2.5L1 (ECAF = 0.80) = n[UCI,L,] (ICAF = 0.75) + 0.5aL
[U{HCS } L} (ZCAF = 0,885 [U(NCS),L,) (ICAF = 0.74) + L

In these ceses the equilibrium may be affected to some extent by the
solvent, but the major factor is steric crowding. Thus compounds of
composition [UCI4ly), in which the environment of the uranium atom is
rclatwvely under crowded, are stabilised by ligands of larger secondary
size, such as {CH3)2zCHCON(CH3)}z {dmiba) and (CH3)3CCON(CH3)Z {dmpva) which
destabilises the first order overcrowded compounds of the type [U{NCS)szl4].

Unusual composition and structures may occur when the values of CAF
anticipated (but overcrowded) compounds are not in the stable region (see
Fig. 1); cxamples of this behaviour are the unusual (for uranium({1V))
pentagonal bipyramidal coordination geometry of [U{NCS)4(dmiba)3] (4]

(= UC15.2.5depa; depa = C2HSCON{CzH5)2) [5].

This work was supported by the grant of a studentship to L. Xing-fu
by the Peoples Republic of China.

{1} K.M. Bagnall, A, Beheshti, J. Edwards, F. Heatley and A.C. Tempest,
J. Chem, Soc., Dalton Trans., 1979, 1241,

{2] Li Xing-fu, Research Report, University of Manchester, 1980.

£3] FK.M. Bagnail, J.G.H. du Preez, J. Bajorek, L. Bonner, H., Cooper and
G. Segal, J. Chem. Soc., Dalton Trans., 1973, 2682,

§4) K.W. Bagna1l. Li Xing-fu and G. Bombicri (to be published).

5] K.W. Bagnall, Li Xing-fu, 0.S. Mills, R.L. 8eddoes and R.J. Cernik
{to be published),
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COMPLEXES OF THROIUM TETRACHLORIDE AND
TETRATHIOCYANATE WITH AMIDES

K.W. Bagnall, Li Xing«fu* and Pao Po-jung*
Department of Chemistry
University of Manchester
Manchester M13 9PL England
Thorium tetrachloride and thorium tetrathiocyanate form complexes with
a series of amides of the type RCONR3; the steric effects [1] resulting

from the use of bulky substituents R and R' on the dissociation of the tris
and tetrakis complexes:

ThClg.Lymme=  ThCl .l + (3-n)L
Th(NCS]d.L4<——‘ Th(NCS)A.Lnu + (4-n")L
have been studied [2].

The crystal structurc of some of the complexes of the above type are
Leing investigated,

* Supported by the Government of the Pcople's Republic of China.

{17 K.w. Bagnall and Li Xing-fu, "A treatment of caordipation saturation
and steric effects in actinide compounds (to be presented at this
conference).

[2] Li Xing-fu and Pao PuAJung.rcsearch report, University of Manchester,
1981,
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A TREATMENT OF COORDIHATION SATURATION
AND STERIC EFFECTS IN ACTINIDE COMPOUNDS

K.W. Bagnall and Li Xing-fu

Department of Chemistry
University of Manchester
Manchester M13 9PL England

High {>6) coordination numbers are commnnly exhibited by the actinide
elements in their compoundts and, in contrast to the d transition elements,
the coordination number is limited essentially by steric crowding [1] rather
than by electronic considerations. The first order steric ¢rowding can be
treated quantitatively in terms of the Cone Angle Factor” (CAF), an approach
which will be described in detail. This approach has been applied [2] to
about 25 uranium compounds of known structure and the results indicate that
the stable region for these compounds comprises those for which ICAF = 0.80,
o = 0.025, whereas compounds in which ZCAF is greater than 0.80+30c or less
than 0.80-3o rarely exist. An increase or decrease in the coordination
number for compounds for which CAF is within the critical border regions
may previde a driving force for chemica) rearrangement tooccur because of the
steric effects.

This work was supported by the grant of a studentship to L. X-f. by
the Peoples Nepublic of China.

[1] K.H. Bagnall in "Organometallics of the f-elements, Editors T.J. Marks
and R.D. Fischer, Reidel, 1979, page 243.

{2) Li Xing-fu, Research report, University of Manchester, 1980.

* The teyrm “cone angle factor” as used here means the calculated angle

of the cone comprising the metal atom at the apex and the primary
coordinating atom.
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PREPARATION AND PROPERTIES OF SOME CARBONATES
OF PENTAVALENT AND HEXAVALENT ACTINIDES®

Fritz Weigel, GlUnter Hoffmann and Reinhard Marquart

Radiochemische Abteilung
Institut fur Anorganische Chemie
der Universitit Minchen
Mgiserstr.1 8 Miunchen 2
W.-Germany

Ammonium plutonyl carbenate, APUC (NH ) Puu (CO )3 v,
ammonium uranyl carbonate, AUC, (NH,) UO (C 6 7 aﬁ
mixed ammonium uranyl-plutonyl carbé & wxih ihe g&neral
compasition (NH4)4(UxPu1-x]0 (Co,) <Hy 0 have been prepared by
precipitation with ammonium arbdndte?from the respective nitrate
solutions.

Plutonyl carbonate, PquCO was prepared by saturating a
suspension of Pu03~0 8“20 with carbon dioxide for a period of
several hours.

The ammonium double carbonates have been studied by x-ray
crystallographic methods. They were found to be monoclinic with
the follewing lattice constants:

Formula aa)  b(a)  c(a)  B° D(gem
NH‘)‘UOZ(Cﬂs)J'HZO 2 yellow 12.824 9,356 10,654 96.42 2.73
NI(‘)‘(U° 7Puo 3)02(C03)3-H20 green 12,744 9,295 10.628 96.03 2.76
(NH‘)A(Uu 57, s)02(603)3 H,0 grayish—greea 12,852 9.329 10.620 96.5i 2.74

(NH‘)k(UO 3Puo 7)0 (COJ)J-H O deep green 12,736 9,403 10.732 96.39 2.71
(“HA)LPUOZ(COJ)J‘HZO fern green 12,882 9.279 10.477 97.05 2.7%

The lattice data of green (NHA]ANPOZ(COS]S'NZO have not yet
been determined.

The thermal decomposition of the ammonium actinyl carbonates
has been studied by means of mass spectrometric analysis of the
gaseous decomposition products, by DTA, and by x-ray diffraction.

Thermal decomposition of (NH,),UO 2(C05) 51t 0 and of
(Nh4) (U0 7Pug, S)02(C03)3-H 0 prote ds®in g gxnile step, yielding
USOB’ or (00.7Pu0.3)308 in an oxidizing atmosphere, UOZ or
(U0 7Pu0 3)02, respectively, in a reducing atmosphere.

The compounds (NH,) Pu,_)0,(CC }<‘H O with x = 0,5, 0.3
and O decompose in Lwo‘siepE i-x772 3 2 *

In the first step, rust brown [U0 5Pu0 5]0 CO-, yellow-brown

-3

)

(Up, 3Puo 7)02C03 or light brown Pu0 CO are formed at approx. 150° c,
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4t approx. 200°C, these carbonates decompose to form mixtures
of Puoﬁ a2d4usoa, as is to be expected from the U-Pu-0 phase
diagraf, 5,4,

Attempts to prepare anhydrous Puos b{ careful decomposition
of Pu0,C0, were not successful. Rather; the cecomposition pra-
ceeds airéctly to Pu0, with evolution of oxygen.

Tue preparation of (NH )4Am02(C03)5~HZO was attempted by
reacting a solution of Am(V‘}) in “HNO! with (NH4)2C03. How-
ever, immediate reduction to light-brdwn, insoluble

(NH,)AmO0,C0, (or possibly, (NH )WA'"OZ(COS)ZJ takes place, The
cor%espoﬁdi g neptunium(V) carbonatej (NH4)Np02C03 has also
been prepared.

Experimental techniques and detailed results will be presen-
ted.

*This work was supported by the Bundesministerium fiir
Forschung und Technologie, Research Grants Kk-1578.5, 03-46A-52P
and 03-47A-521.

1. K.W,Bagnall aad J.B.Laidler, J.Chem.Soc.(Londan} 1864. 2693

2. H.G.Bachmann, K.Seibold, H.Z.Dokuzoguz and H.M.MuITer,
J.Inorg.Nucl.Chem., 37, 735 (1975)

3. C.Sari, U.Benedict, and M, Slank, J.Nucl.Mat, 35, 267 (1967}

4. U.Benedict and C, Sari EUR-4136e (May 14, 19697
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CRISTALLOCHEMICAL PROPERTIES OF NEW TRANSURANIUM (Np, Pu, Am) TERNARY OXIDES
WITH TRANSITION ELEMENTS (V, Mo, W) AND SOME SELFIRRADIATION EFFECTS

A. Tabuteau, H. Abazli and M, Pagds

Institut Curie, Laboratoire Curie
11 rue Pierre et Marie Curie, 75231 Paris Ceaex 05 France

New transuranium ternary oxides have been synthetized by sclid state reac-
tion -at (he milligram scale- and identified by X ray diffraction
. trivalent state : PupMoUg, PupWOg, Puz{H03)3, AmzMoOg, AmoWOg, Amz{Mo0Oz}3 and

Ama (W0g)3 3
Np(¥03)4. Np(MoOz}2, Np(W0z)z and Pu{Mo0s)p.

. tetravalent state :

We were able to determine stoichiometry and thermal stability of thirty
six transuranium double compounds by studies of liquic-solid equilibrium
diagrams Np, Pu or Am molybdates (or tungstates)-alkali molybdates {or tungs-
tates) by differential thermoanalysis.

Structura} properties of these new oxides were essentially established
on powder samples ; as shown in Table 1 many of them were related to well
known structural families,

Table 1. Lattice parameters of some trancuranium ternary oxides

Compound a (Z) b (R) 4 (2) B (°) Structural type
PuzMalt 3.051(1} 15.861(9) LnzMo0g"
am)(W0g )3 ".733(3)  11.593(4)  11.507{4) 109.63(3) scheelite
Np(H04)2 9.506(5) 14.243(6) 10.237(5} a-Th(Houuzz
Naghp{#04)3 5.240(3} 11.414(4) scheelite
LiAn(W0z)2 5,258(3) 11.423(3) “
KpPu(MoDg)3  17.538(9) 11.992(6) 5.243(4)  104.80(6) "
Naghp(W0g)g  11.337 11.736 ]
KgNp(Mola)g  10.488(3) 17.60876) 7.822(3) 116.73(3) palmierite
KgAm(Mo0g)a  10.325(4) 5.965(4)  7.708(3) 116.57(3) "
Lighp(W0z)3  9.777(3) 5.651(2)  5.053(2) 93.77(4) wolframite
Ang, 120403 3.827{1) perovskite
Hp(VO03)4 8.481(3) 28.723(8) Np(V03)4

Single crystals of Np(VD}).; were obtained by fusion {1173°K) followed by

slow cooling (6°K h=1) to 773

K ; they were sealed in a capillary to avoid

external contamination., Oiffracted intensities were collected with a four-
circle diffractometer ; the space group is 141/a and the Np atoms occupy 8(e)
positjons. Np atoms have eight O-atom neighbours, at tn average distance of

2,32

» located at the corners of irregular polyhedra (figure 1). The O-atom

envirorment of the two different V atoms is tetrahedral ; endless chains of
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tetrahedra are formed running paralle] to the xy direction {figure 2). The
piling up of the palyhedra, Tinked only by the shared corners, confers grua§
stability to this structure, The value of the fonic radius given by Shannon
for Npd+ (0,98 A, eight-coordination) shows that the Np-0 distances (2,287 to
2.348 R) here measured for the first time, are that expected,

Fig. 1 Fig. 2

The X-ray diffractograms of seme 239y an. 24TAn ternary compounds show,
after some months, a clear lattice alteration, We have observed a contradictory
time evolution of the lattice porameters (Table 2) which show the need of new
studies about radiolytical phengmina.

Tabie 2
Compound t (months) a (A) b (R) ¢ (A) 8 (°)
0 7.777(2)  W.és2(3)  11.566(3)  109.85(2}
2%pu,(0g); 9 7.757(6)  11.634(10)  11.543(10) 109.8(1)
16 7.752(3)  11.621(5)  11.550(5)  109.34(6}
0 3.824(1)
2%y, 105M03 @ 3.827(1)
16 3.828(1)

). L. H. Brixner, Rev. Chim. Min., 10, 47 (1973).
2. W. Freundlich and J. Tharec, C.R. Acad. Sc, Paris, C, 96 (1767}.
5. R. D. Shannon, Acta Cryst., A32, 751 {1976},
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EEFECTS OF HEREDITY AND ENVIRONMENT ON THE CHEMICAL
CONSEQUENCES OF THE DECAY OF 233Es IONS
IN SOLID STATE COMPOUNDS*

J. P. Young,** R, G. Haire, J. R« Pg:u‘son,f and D» D. Ensor!s

Transuranium Reqenrch Laboratory (Chemistry Division)
Oak Ridge National:Laboratory
Oak Ridge, Tennessee 37830

Thermalization of recoll species resulting from a or B” decay in the
solld state could be considered as a process of charge-compensated ion
implantation. Except for the charged species that escape the bulk phase,
natural radioactive decay can maintain a charge balance as shown [or the
following cases. For a decay:

n+ {n-2)+ 2+
2 z-ZA + zHe
2+ n+
followed by neutralization of the He to:yleld ultimately z-ZA and He.
Likewise for B~ decay: !

nt {n+l)+ 1-
A T and (R b

followed by reaction of the free electron to yield ultimately z4] A,

Thus, this natural process is quite different from fon 1mplun:a:}un carried
out in the laboratory where charge compensation is not poesible or, at
best, possible only in the crudest aense,; Consider also that radicactive
decay 18 a single atom event, il.e., in each decay event in the aolid state,
the recoil ion can find itself in a matrix of 10" host apecies.

In bulk-phase Bk halides!??3 ir has been shown that the Cf daughter
specles thermalize in the same oxidation atate and crystal structure as
that of the parent. This.is understandable considering the weak energy
(0.28 eV) of the CE recoll.’ In bulk-phase Es halides, it has been shown
that the progeny ions are also of the same oxidation state as the parent
and postulated that the local-order structure of the progeny compounds is
the same as the parent. The maintenance of oxidation state in either @ or
g~ decay of the bulk-phase actinides seems to be a consequence of the
charge balance, as given in the above equations, and is dependent on the
initial oxidation atate of the parent, an effect of heredity. Since radio-
active decay in the golid state resulta in the replacement of some matrix
ions one at a time, the local-order (local structure) of the transmuted ion
may be determined by the environment, or local structure, into which it is
implanted. If this 1s correct, there are several consequences; for exam-
ple, it would be poasible to infer the structure of Es compounds by deter~
wining the 3 of progeny &« This could resolve the inherent
difficulty of determining the structure of Es compounds by standard X-ray
diifraction techniques. It has been shown that £-f absorption spectra of
lanthanides and actinides in the bulk-phase sclid state are dependent on
locel order (the building block of long~range order) and are unique for a
given crystal atructure. Thue, abeorption spectral information can be
uaed to establish local order and infer solid state (crystal) structure.
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The hypotheses, that with actinide species (1) progeny oxidation state
i3 an effect of heredity and (2) locel order is a function of environment,
were tested using ublol‘pt}gh apectroscopy. Solid state mixtures of approx-
lastely 10 or less moleX 293Es (II or III) halides in Linthanide (LII)
hplides of various structures have been prepared. Samples of dilute Es(1II)
halides in alkaline earth halides were also syntheeized. The spectra of
these samples were obtained when the samples ware freshly prepared and
agnin at varioua subsequent times to establish che oxidation state and

on of the prog {particularly Cf) as they grow inte the colid
state host. Ag an auxillary study, samples of S 10 moleX C£(III) in the
same lanthanide (II1) halides were also prepared to see If the coordiration
(atructure) of C£(III), as interpreced from spectral data, is unfluenced by
the lanthanide (II1) halide. This latter experiment is of interest as a
nosaible ad junct proof of our hypothesis. The results of these studies
ghould elucidate the influence of heredity and environment on the final
chemfcal and physical stste of progeny specles resulting fram 233gg decay
in the solid state.

*  Rexearch sponsorad by the Diviaion of Chemfcal Sciences, U. S.
Department of Energy under contracts DE-ASDS5-76ERD4447 with the
Uriversity of Tennessee (Knoxville) and W=-7405-eug-26 wich Union
Carbide Corporation.

t+ Department af Chemistry, University of Ternessee, Knoxville, Tenncssee
37916.

#*% Analytieal Chemistry Division, Oak Ridge Naclonal Laboratory.

§ Present address: Department of Chemistry, Tennessee Technological
Universicy, Gookeville, Tennessee 38501,

1. J. P. Yourng, R. G. Haire, J. R, Peterson, D. D. Ensor, and R. L.
Fellows , Inorg. Chem. 19:2209 (1980).

2. D. D. Ensor, J. R. Peterson, R. G. Haire, and J. P. Young, J. Inorg.
MNucl. Chem., in press.

3. J. R. Peterson, J. P. Young, D. D. Ensor, and R. G. Haire, to be
presented at Actinides, 1981, Asilomar Conference Grounds, Pacific
Grove, CA, Sept. 10, 1981,

4y J. P. Yaung, R. G. Haire, J. R. Peterson, and D. D. Ensor, submitted
for publicatiom.

5. Re. G. Haire and J. R. Peterson, in Advances in X~ray Analysis, eds.
6. J. McCarthy et al., Vol, 22 (Plemum Publisning Co., New York 1979)
p. 101.

6+ Re Gu Haire, J. P» Young and J. R. Peterson, in The Rare Earths in
Modern Science and Technology, eds. G. J. HcCarthy and J. J, Rhyne,
Vol, III {Plenum Publishing Co., New York, in press), and references
therein,
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SILICATES OF THREEVALENT ACTINIDES
C. Keller, U. uerndt and Irene B. de Alleluia®

School of Nuclear Technology and
Institute of Radiochemistry
Karlsruhe Nuclear Research Centre
7500 Karlsruhe 1

Federal Republic of Germany

By solid-state reactions of actinide dioxides with Si0, in air
(An = Am,Cm) or under reducing atmosphere (An = Pu,Am) binary
actinide silicates of the types An,_ 331210 67(510,1 0, (An
Pu-Cm) , Ana(sio4)2 (An ;)Du—Cm), and Am,51,0, have been ob-ai-
ned for the first time . Besides ThSio, and Pasio, these are
the only actinide silicates to be prepared by :<olid-state re-
actions.

The Ang'lano.sﬂsio ) 0 and An (5104 2 silicates arc isoto-
pic with the corresponding rare earth compounds and crystall-
ize in the hexagonal apatite-structure.

Formation conditions and lattice parameters are

formula type An Formation cond- Lattice Parameters (R)
itions (+ < 0.005)
a C
N (o]

Ang 53(8i0,)¢0, Pu HZ/MOOOC/Zd 5.589 7.019
Am  Ar/1350%/3d 9.559 7.002
om  air/1350%/3a 9.557%) 6.982%)

Ang (S10,) ¢ Pu  H,/1400%C/3d 9.595 7.037
Am air/1400°c/3d 9.565 7.014
cm  air/1350°%/3d 3.564%! g.213%)

+)

4h after preparation

Z 7 crystallizes in a pseudo-orthorhombic lattice with
a=28.639 %, b=12.940 8%, and ¢ = 5.396 8.
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The cation vacancies in the apatite structures can be filled
by substitutions of the type 1/3 an?* + 27307+ 1 me® (Mt =
Li,Na) and 4/3 an°* + 27310 » 2 Me®* (e?* = Mg,cCa,5r,Ba).
The polynary actinide silicates, e.g., LiPu9(51047502,
MgZAma(Siod)GOZ’ and BaZCmB(5104)602 are obtainable at much
lewer temperatures than the corresponding binary silicates.
Formation conditions and lattice parameters of selected com-

punds are

Lattice Paratwters (R)

Formation
Compound conditions (£ < 0.00%)
a [+

LiPuy (S10,) 0, H,/1100°c/3a 9.566 6.998
NaAmg (S10,) (0, H,/1100%¢/3d 9.576 7.007
Mg,Pug (S10,) .0, H,/1250°c/3d 9.559 6.973

N o +3 +}
CaCmg (510,) (0, 1,/1200°) 34 9.517 6.986
£rCmg (510, (0, #,/1200%¢/3d 9.565%) 7.069"
BaCmg (510,) (0, H,/1200°¢/3d 9.653%) 7.123%)

*Y4n after preparation

There seems to be a sclid solution of SrO in SrZAnB(Sio4)602
as shown by the different lattice parameter of the composit-
ion erA"G(Siod)G'

wWhereas the Am{III}~ and COm(III)-silicates are stable im air
at room temperature, a slow decomposition of the Pu({III}~-
compounds occur with the formation of Puo, .

The Am- and especially the Cm-compounds show a slow increase
in lattice parameters due to self-irradiation effects. For a
Cazma(ﬂodkeoz the change in lattice parameters follo the

equations

3

sa/a = 4.1+107° (1~exp(-0.06-t(h}}

and
sc/c = 2.8:107 (1~exp(~0.03+t(h})
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This gives
a=9.5098 and c = 6.984 &

as cbmpared to the measured values
9.517 &8 and’c = 6.986 %

for t=o

a = for t=4h.

-
Present adress: Fundagdo National de Techanlogia, Depto.
de Quimica, Ric de Janeiro, Brazil

Ph.D.-Thegis, University of Karlsruhe

1. 1I.8B. de Alleluia,
(1979}, see also Report KfK-2849 (1979}

2. C. Keller, Nukleonik 5, 41 {1963}
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"~ hIDE HVDP’JXYSULFATES'
Dennis Wester, Rodney Banks, Jacek Hu1ak+, William Carnall, and Barry Baran

Chemistry Division
Argonne National Laboratory
Argonne, I1linois 60439

Actinide compounds of the general formula An{0H)2SQ. are under study
both from a synthetic and spectroscopiz point of view. Synthetically the
compounds comprise a scries in which the onset of hydrolytic behavior leads
to catenated An(CH)i? species containing bridging hydroxides and the struc-
ture reveals the initial stages of polymer farmation. Spectroscopically
the compounds present the opportunity to study the effects of essentially the
same symmetry crystal field on the energy level structures of a series of
A:“ {ons, thus in principle greatly aiding the theoretical interpretation of
the spectra.

Uranium hydroxysulfate precipitates from a solution of U{IV} in
dilute sulfuric acid fn a hydrothermal reaction at 140°C. Infrared spectra
~ontain absorptions expected for hydroxy and sulfate moieties. Visible
spectra are typical for U{IV). X-ray powder diffraction patterns are con-
sistent with the previcusly determinad singie crystal structure. Substitu-
tion of deuterium for hydrogen alluws unequivocal ascignment of the OH bands
in the infrared, Conditions for the formation of U{OM].S0. are very critical.
Even smaii varfations in the requisite conditions produce compounds of
different compositions.

Reptunium hydroxysulfate forms under conditions identical to those
which produce the uranium compound, Infrared and visible spectra are con-
sistent for a compound isostructura® with the uranium species. X-ray powder
diffraction patterns confirm the fsomorphicity. Refined unit cell parameters
dispiay the trend expected due to the actinide contraction.

Plutonium subjected to the conditions under which the aforamentioned
hydroxysulfates form does not produce an fdentical compound. The product
which does form is under investigation and attempts to prepare Pu(0H).50,
are continuing.

'Hork performed under the auspices of the Office of Basic Energy Sciences,
Divisian of Nuclear Sciences, U. 5. Department of Energy, under contract
No, W-31-109-ENG-38,

1LPermanent Address: Polish Academy of Scisnces, Institute for Cow

Temperature and Structural Research, Plac Katedrainy 1,
Box 937, 50-950 Wroclaw, Poland

201



ON THE COHESIVE PROPERTIES OF THE LIGHT ACTINIDE METALS
K. S. S. Brooks

Commission of the European Communities
Joint Research Centre
Karlsruhe Establishment
European Institute for Transuranium Elements
Postfach 2266
D-7500 Karlsruhe
Federal Republic of Germany

The effect of spin-orbit coupling upon the band structures of
the light actinide metals has been examined by comparing results
obtained from the Pauli and Dirac equations. In the limit of small
spin-orbit coupling the ratio of f-electrons in the j = 5/2 and j = 7/2
bands approaches 6/8 and the Pauli and Dirac solutions become identical.
We have calculated this ratio in ab initio self-consistent relativistic
band calculations for the metals Ac-Pu and have found that it changes
from the ideal ratio of .75 in Ac to 2.1 in Pu. The effect upon the
lattice parameter of this prefurential occupation of the j = 5/2 band
has been computed with the relativistic equivalent of the pressure
formulal, The effects are small for Ac-U but there is an increase in
the lattice parameter for Np and Pu which brings the theory! into very
close agreement with experiment.

The cohesive energies were ogtained as the difference between the total
energies of the valence electrons” in free atom and band calculations in
which the cores were frozen. The decreasing trend in the cohesive energy
acrass the series was obtained correctly. Spin-orbit coupling effects
upon the total energy in the band structure calculation increase across
the series to 27 kcal/Mole for Pu. The interpretation of the results
is compared with interpolation theories4.

V. K. L. Skriver, 0, K. Andersen and B. Johansson, Phys. Rev. Lett,
41, 42 (1978}
2. D, G. Pettifor, Commun. Phys. 1, 141 {1976}
3. 0. Gunnarsson, J. Harris and R, 0. Tones, Phys. Pev., B 15, 3027 {1977)
4. 8. Johansson and A. Rosengren, Phys. Rev. B 11, 1367 {1975)
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CAUSES FOR THE VARIABLE SUPERCONDUCTING TRANSITION
TEMPERATURE IN URANIUM METAL

T. A. Sandenaw

Los Alamos National Laboratory
University of California
Los Alamos, New Mexico 87545

The superconducting transition temperature (T for o-phase uranium, as
reported by different experimentalists, covers the temperature range from
< 0.1K! to 1,3K? at ambient pmfaure. An answer to this variability is
Suggested by the space group, D Pmam, assigned to the recer*ly determined
structure for af-phase uranium?® ylong with the association of a charge-density
wave (COW) to a periodic lattice disturnon in a-phase uranium?.

The appearance of the space group D also found in the shape-memory
effect (SME) alloy AgCd*, is consistent a?th a suggestion made previously
that a close-packed, layer-type {CPL) martensitic structure was indicated for
the low-temperature phase of uranium®, This author has recently proposed®
that there could be multiple effects as a consequence of a lon-tem? rature
martensitic a-U + a’-U transformation, which is indicated by the E structure
for a'-phase uranium. Besides charge-density waves (CDWs), tliese effects werc
Tisted as: valence fluctuations, discommensurations, solitons and even shape-
memory effect (SME}.

Eleccron-phonon interactions are ronsidered to be responsible for both
superconductivity and martensitic transformations. The effects of impurities
on a martensitic transformation in A-15 compounds has :‘ready been considered
by Bhatt and McMillan?, as well as the relationship of such a transformation
to superconductivity. There is a simi]arlty in the a-phase uranium structure
and the A-15 (s-tungsten) structure as pointed out by Pauling®. He noted that
the two strangest bonds in uranium, as in the A-15 structure, bind the atoms
together in straight "strings" extending through the crystal. It will be
shovn how impurities appear to affect completion of the a-U + a'-U transition
and why there appears to be only filamentary superconductivity when the transi-
tion goes to completion at - 43K.

Frohlich? is attributed by Phillips?® with being the first to note that
high values of T, imply lattice instabilities. It will be suggested how va-
lence ﬂuctuat’lnns and CDWs, resulting from a martensitic transformation in
a-phase_uranium, contribute to Jattice instabilities and therefore to the ob-
served Tc. The answer appears to involve domain formation, discommensura-~
tions, and whether the possible COWs are ¢ ate or i ate at the
superconducting transition temperature, Te.

1. S. D, Bader, N. €. Phillips and €. S. Fisher, Phys. Rev. B 12, 4929 (1975).

2. 8. B, Goodman and D. Schoenberg, Nature, 165, 441 (1952}.

3. H. G, Smith, N. Wakabayashi, W. F. Crummett, R. M. Nicklow, G. H. Lander
and E. S. Fisher, Phys. Rev. Lett. 44, 1612 (1980).

4. hA. Nagasawa, J. Phys. Soc. Japan, mi 1021 {1976).

5. T. A. Sandenaw, Scripta Met. 12, 35 (1978).
6. T. A. Sandenaw, Scripta Met. '(Tn press ~ to appear 1n April 1981 issue).
7. R. N. Bhatt and W. L, McMillan, Phys. Rev. B 14, 1007 {1976).

8. L. Pauling, J. Am. Chem. Soc. 69, 542 (1947).
9. H. Frohlich, Proc. Poy. Soc. A 215, 291 (1952},
10. Jd. C. Phillips, Solid State Comm. 18. 831 (1976).
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ACTINIDE CHEVREL PHASES

Anl'xHo6Se8 WITH An = Np, Pu, An

D.DAMIEN, C.H. De NOVION, J.Gall

SEMA et SESI - DEcPt, BP n® 6
Centrte d'Etudes Nucl&aires 92260 Fontenay-aux-Roses - France

Chevrel phases are ternary molybdenum chalcogenides of general formula
M Mo Seg vhere M stands Eor a metal which can be monovalent (Na*, Li*), giva-
lent (Pb2*, Mg?+) trivalent {RE3+) ot even tetravalent (Th4*). The rarc-earth
compounds are of special interest because the .ulfides and the selenides are
superconductors with high critical temperaturesand more over with high critical
fields, Among these ternary molybdenum selenides CeMogSeB uas not found to be
supercondueting down to 0.1 K and this is thought te be due to interac-ions bet-
ween the cerium 4f electrons and the conductions electrons. In this context it
was interesting to study the behaviour of the actinides in the chevrel phases.
We kave prepared and studied ternary molybdenum selenides AnjyHopSe8 with
x = 0 and 0.2 and An = 237Np, 239pu, 26lpm,

They cristallize in the rhomboedral system of PbMogScsg type like the cor-
responding rare carth compounds and the lattice parameters of all the actinide
compounds are close to those of NdMogSed. Their idealized structure consists
of MogSeg clusters surrounding the actinide ions. The cation An themselves are
considered to be surrounded by B sclenium ions in a quasi cubic symmetry. In
such a structure the lattice paramcters arc not very sensitive to the size of
the meral vhieh explains that the lattice parameters of neptunium, plutoniuwm
and americium ternary molybdenum selenides are quite closc one to the other.

The occurence of superconductivity in the actinide chevrel phases was secar-
ched by magnetic susceptibility and electrical resistivity measurements.

Hpl+xHo6Se8 (x = 0 and 0.2) was found to be superconducting at 5.6 K. At
this temperature it becomes diamagnetic and the electrical resistivity, measu-
red on cold pressed pellets, drops by a factor of ten.

Pu|+xMopSeg and Am)ixMogSeg were not found to be superconducting down to
2.5 and 3.5 K respectively. Their electrical resistance lies in the ohm range
and is pratically temperature independent. The magnetic susceptibility X of
the americium is weakly depend between 150 and 300 K
vith a rather low numerical value ( X varies from 1000 to 1200 uem CGS/Am
atom). At lower temperature X shows 4 Curie Weiss type contribution attributed
to paramagnetic impuritiea, Between 150 and 300 K, after substracting the dia-
magnetic and Pauli paramagnetic contributions which are close to the LaMobSes
magnetic susceptibility, the remaining contribution of the Am ions is X =
(942 = 0.843 T)10-6 uen CCS/Am atom which suggests a tcivalent state of Am.

Pul+xMogSe8 follovs & Curie Weiss lav from 2.5 to n 30 K with a parama-
gnetic effective moment p = 0.854B/Pu atom which also suggests a 3+ oxydation
state of the Pu ions. Above 30 K a strong curvature of che curve y = £(1/T)
was observed. After substracting the di ic and the duction el
contributions, like in the case of americium, the curve x = f{1/T) above
150 K was analysed in terms of crystal field effects leading to an effective
moment depending upon the temperature and varying from 0.854B in the lov tem-
perature region to J.I2UB at room temperature thus approaching the free Pud+
efEective moment.
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A similar treatment applied to NpMogSe8 gives a variation of the Np effec~
tive moment (p) ranging from p = |.87 B at 100 K to 2.46 ,B at 300 K approa~
ching the Erce Np3* moment value. At lopwer temperature a Curie Weiss law is
followed from 6 to 10 K, with p = .25 ;;B/Np atom. Between 30 and 60 K a change
of slope is observed likely due to crystal field effects. On the other hand the
existence of Npd* ions wes confitmed by Mosshaiier effect measurements |.

It is rather surprising to find superconductivity in the neptunium Chevrel
phase and nat in the plutonium and americium ones. Two kinds of arguments can
be taken into account ro explain this siruation.

The low temperature behaviour of the magnetic zusceptibility of NpiexHogSes
suggests a singlet ground state which can favoured the cccurence of supercon-
ductivity compared with PuMogSed where Pu3* has che 5 £5 configuration in
which the ground state is a Kramers deublet. This argument does not hold Eor
americium (Am3+ has a S5 £6 configuration with J = 0), In chis case, superconduc-
tivity could have heen destroyed by seif radiacion damage. and this effect can
also be taken into account for the plutonium compound.

# Permanent address : NRCN P.O. Box 9001, Beer-Sheva, ISRAEL.

1. J. Jove, T. Thevenin, J. Gal, M. Papds, unpublished cresults.
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SPECIFI! HEAT STUDIES OF « AND § Pu*
G. R. Stewart and R. 0. Elliotr

University of California
Los Alamos National Laboratary
Los Alamos, N. M. 87545

Plutonium, due to its 5f electron bonding, has many unusual properties. He
report low temperature specific heat measurements on w phase Pu, « phase Pu with
1.8 at.X Al entrapped in the a lattice by pressurc transformation of the delta
phase {isopressing), and four composition of § phase Pu(Aly), with x = 1.8, 3.4,
5.2, and 11.2 at.2. These measurcments are intended as a beginning in our cffort
to charactcrize Pu and its allotropes and alloys as throughly as possible via
specific heat data in order to gain new, fundamental insights into the nature and
consequences of the 5f bouding in Pu.

The samples are prepared as thin (~.001") foils by an arc smashing
technique reported on elsewhere.! Discs 1/4" in diameter are then punched and
measured in an x-ray diffractometer to determin~ phase purity and 1actice
parameters. The --15 mg samples are then measured in a small sample calorimeter,
which_has been used previously to measure Pa and Am samples of similar small
size.“1? As can be seen in Figure | fora-Pu, it is rometimes necessary to measure
the specific hcat of a material to as low a temperature as passible in order to
corrertly obtain y and N(Q), where

C/T=1+8T2 + sT¢ « ... 1)
and
N(O) €1 + a) = 4246 ¥ (2}
" - (ma)l/: x 10 )
A

The units of rand g are in m)/g-atom-K?
and m.!/g-nmm-l(" respectively, 2 is the
electron phonon coupling constant, #p is
the Debye temperature proportional to the - L. .
laccice stiffness, and N(Q) is the elec~ /

.
tronic density of states at the Fermi [ | /'
energy. As seen in Figure 1, data below R
T2 = 70 K2 or T = 8.6 K is cssentin} for - b s
Pu in order to obtain the correct inter- ot L ]
cept (7) on the G/T versus T2 plot. Small e :
sample calorimetry has the advantage, . 80 / . -
therefore, that the sclf-heating of the "~
sample may be minimized by merely making £ L
the sample smaller, allowing lower tem- 2 o . .
peratures to be reached. H 2 .

£ 4 LT
The «' phasc of Pu(Al} is anomalous 3 I
in that the Al, although smaller than the ot -
host ¢ lattice, expands the a-Pu: 1.8 a: | ,n/ .
Al increases the volume of the « lattice
by 1.BZ. The measurement of the spec:lic 0 -
heat of a'-Pu(Aly_g) indicates that this - ,

lactice expansion is accompanied by a N
large decrease (30Z) in the lattice R RO, ]
stiffness as measured by the Debyc tem- B e @ :o‘m’olc e e
perature, #y. Thus, the upper curve in

Figure 1 for «'~Pu has a high slope, r, and Figure 1
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@ larger lattice specific heat #13, eq. 3.

1t should be nored that Gordon, et al.

measured the specific hcat of a-Pus3d

between 7.2 and 13.5 K and obtained Y= . PR .
23.045.0 wl/g-atom-KZ ond #y = 183220 K
versus the results of Figure 1 for a~Pu239
of Y= 25.0+1.0 mJ/g-atom=KZ and #) =
215¢5 K. The dissgrecment in the #p
vatues may be due to the ability of the
small sample calorimeter to go below & K,
or to the greater amount of the total
specific heat measured due to the sample
in the present work {57X versus 191 for
Cardon, et al. at the lowest temperature
of mcasurement}, or to differemces in
sample purity. A measurement of the
specific heat of «-Pu?82 wag made using
the small sample calorimeter and Y= 22.0
+1.0 nJ/g-atom-KZ and #) = 192+10 K v :lues .. X
were obtained, versus the result’ of ) . i
Gordon et al, for o-Pu?42 petween 4.1 and T A T A w e T "
10 K of 7= 23.0+1.0 md/gratan-K? 2ud dp ©
177+10 K. The possibility of a real
isatope cffect is being pursued. Figure 2

S timurg atem kT

The low Lemperature specific heats of three compositions of 5-Pu(Aly) are
shown in Figure 2, where x = 1.8, 3.4, and 5.2 ar.%. Data for a fourth compositior,
x # 11,2 at.%, {not shown for clarity) lies shifced siightly downward from the
lowest curve, with 1= M.:_Z nl/g-atom~Ké and &, = 10645 K. Several paints are of
interest concerning these r~Py(Al,) results. The v values, which vary rapidly with
Al concentration (a wign of a jagged density of states versus energy distri=
bution}, are twice as high as that fo: a~Pu. Frior to this work, no measurements
af the low temperature specific heat {and thus of ?) of §phase Pu had been madc?
below Y0 K. Previously, e=Pu had been thought to have the largesty and N{0} {1 is
probably £0.2) of any al’otrope of any elemant. There new, much higher values
for 3-Pu(al,) imply that hypothetical pure &-Pu would nave v+ 53410 mJ/g~atom-K.
Thus, thia fcc é-Pu, with less evidence for 5f electron bonding character then the
monaclinic ++Pu phase, nevertheless has mare than twice the eleccronic density of
states at the Fermi energy rhan any other known aliotropic form of an element.

Another point to note fram the daca nf Figure 2 is that che slope g, and
thus &, is relatively unaffected by Al comrosition and is serweer 100 and 110 ¥
for all four compositions,

Fucther specific heat work on these and other allotropes and alloys of Pu
is continuing.

Work performed under the auspices of the Department of Energy.

i. R. 0. Elliotc and B, C. Giessen, Plutonium 1975 and Other Actinides, ed. by
H#. Blank and R, Lindner (Naorth Holland, Amsterdam, 1978) p. &47.

2. G. R. Stewarc, J. L. Smith, J. C. Spirlet, and ¥. Muller, Supercopductivity
in d- and f~Band Metals, ad. by H. Suhl and M. B. Haple (Academic Press, NY,
1980) p. 65.

3. J. L. Smith, G. R. Stewart, C. Y. Huang, R. G. Haire, Journal de Physique
40, C4-138 (1979).

4. J. E. Gordon, R. O, A. Hall, J. A. Lee, and M. J. Mortimer, Proc. R. Soc.
Lond. A35%, 179 (1976).

5. J. C. Taylor, P. F. T. Linford, and D. J. Dean, J. Iat. of Metals 96, 178
(1968).

207



ANOMALOUS VOLUME EXPANSIOR OF PLUTONIUM ALLOYS'

Z. Fisk
University of California at San Diego
La Jolla, CA 92093

R. 0. Elliott, R. E. Tate, and R. B. Roof
Los Alamcs National Laboratory
Los Alamos, NM 87545

This study examines anomalous expansior. eEfects in n-Pu alleys by x-ray
diffraction with solutes of nearly the same size but of dxfferen[ valencies. The
solute paits selected are: AL*3 (R=1.332 R) and Ti** (R = 1,652 2), both of whick
are smaller than a-pu (R = 1.523 R), and Sc*3 (R = 1.641 8) and Zr“‘ (R = 1.602
&) both of which are larger than a-Pu. All four solutes are capible of
stabilizing the delta phase to room temperature on quenching. Metastable alpha
solid solutions ace subsequently frrmed by pressure transformation {isopressing)
of the retained delta phase.

Lattice parameters and atomic volumesof monoclinic a-Pu(Al), a-fu(Ti), 2-
Pu{Sc) and n-Pu(Zr) alloys ure given in Table 1. The B-angle of the moneclinic
cell remains nearly constant. The lattice parameters of u-Pu{Al) and a-Pu{Ti)
increase linearly with composition in all three crystallographic directions,. as
may be seen in Table 1. The expansion effect is greatest for the trivalent solute
asuminum (A1} and less for the tetravalent solute titanivn (T+) even though these
solutes aave ﬂpproxim%tely the same metallic radi.. Actually, the metallic
radius of Ti is 0.03 A larger than that of Al, but the expansion effect is
substantially smaller for Ti than for Al. The lattice parameters of a-Pu(Sc) and
a-Pu(Zr} alloys also increase ahout linearly with composition in all three
directions. In this case, however, the expansioa effect appears to be about the
same for both solutes, although the metallic radius of trivalent scandium (Sc) is
slightly larger that that of tetravalent zirconium (Zr) by 0.04 8. The latrice
parameters depart slightiy from Vegard's l.au,“' but the expansion effect appears
to be independent or the differences in the Sc and Zr valencies. Both solutes
have atomic sizes larger than the «=Pu.

Table I. X-ray Diffraction Results for 0-Pu and Isopressed Pu-rich
Alpha Solid Solutions.

Volume of

Composition Lattice Parameters () unitcell
Cat.2) _a b c (4.3}
0 (Pure Pu) 6.174 4. 820 10. 963 19.5
Al 1.8 6.206 4.856 10. 99 324.4
2.5 6.221 4.862 11.024 326.3
3.4 6.236 4.876 11,044 328, 7
3.8 6.258 4,890 11.077 331.7
sc 3 6.226 . 862 11.001 326.0
4 6.225 4.870 11.018 127.1
5 6,237 4,881 11.020 328.4
Ti 3 6.206 4,843 10. 993 323.6
4 6.200 4.846 10. 984 323.1
5 6.206 4.848 10. 589 323.8
zr 4 6.236 4.881 11,008 328.0
5 6.249 4.886 11.027 329.5
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Ellinger et al.! have reported the
atomic volumes™ (Vp) as a function of %8
composition of Fu=Sc alloys, as shoun in
Fig. la. Both rerminal solid splutions,
i.e., &~Pu(Sc) and a-Sc(Pu), deviate
positively frowm Vegard's Law, as may be
seen. Eilinger assumed that the size of
the Sc atoms remained unchanged in each
phase because Sc is known to exist only
in the trivalent state. Atomic volumes
of the plutonium atoms were caleulated
based on this asdsumption and these are
shown in Fig. lb as a function of the Sc
content. A Vegard's Law {straight} line
extrapalated to pure Pr from the hexa~
gonal oSc{Pu) soli’ solution atomic

Attar Dfenger, 2t ot (O

O]

sese Ty

_vagarals Law E

AVERAGE ATOMIC VOLUME, £°

s < FAB - ¢ e e oy
volumes indicates ap atomic volume for 0 10 20 30 40 40 60 Jo B9 %1 o0

Bu in trivalenr Sc of approximately 26,3
43 (see Fig. la). We claim that plu-
tonrum is approwimately erivalent in §-Pu
at this atomic volume. Firure 1.

ATOMIC PERCENT SCANDIUM

These results can be discussed using a eimple model whict combines valence
and pressure efivecs, The large number of phases which occur in Pu coupled with
the largz volume changes involved im these crystallographic phase chsnges
irticates that the f-level occupancy is different in these differeni pnases
There apprars to be no clcar evidence for the presence of localized moments in any
of the Pu phases, Therefore, it seems likely that any 5f{-electrons present in Pu
are delocaiized. Juhanssoni has shaun that the o+¥-Ce transition involves the
delocalization of one &4f~electron. The ratio of the accompanying volume change
(AVp} to the mean volume (Va) of the G- and y~phases is AVa/¥a = .16, We can
further conclude Ffrom these size changes relative te the overall lanthanide
contraction that a delacalized 4f-elactron screens approximately .44 of a
nuclear chnrge.3 If we assume *,at these numbers are also approximately correct
for 5i-electrons, then the a - §-Pu transition involves a change in f-level
accupancy of A1 electron, 2s does the Y*5-Pu transition. Y~ and €~Pu probably have
the same pumber of 5E-elecirons; rhe B¥-Pu transition probably involves a change
in f .evel occupancy of a small fraction of an clectron.

Pluton:um has eight outer electrons which we divide into two groups, valence
and Sf-electrons. We suppose that the valence electrons primarily determine the
alloy chemistry of Pu and that the f-electrons participate in bonding to a lesser
extent. The ease with wrich Pu appears to be able to change from one SE
configuration to another suggests that Pu in dilute solid solution in other
metals might t.y tu adopt the valence of the solvent metal. From this viewpoint,
the apparent size of Pu in hexagonal a-Sc(Pu) alloys suggests the hypothiesis that
Pu in 6-Pu is approximately trivalent, 1In €-Pu, Pu is then tetravalent, and in
a~Pu. pentavalent. These assignmencs differ from those of Zachariasen® but fallow
a similar trend.

The unusuai lattice parameters observed in the o= and &-Pu alloys (reporzed
here} can then be thought of in the following way. A trivalemt impurity in Pu
encourages neighboring Pu atoms in the lattice to become trivalent. Since
trivalent or "delta-like" Pu is much larger than pentavalent u-Pu, the isopressed
@-Pu alloys should show large positive deviations from Vegard's Law. 1If so, then
why is rhis not observed in the case of Sc or 2Zr substiturions? Examination of
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the P-T phase diagram for elemental Pu indicates that v2 kbar is sufficient to
suppress &-Pu, which we are arguing is the approximately trivalent form of Pu.
It can be estimated via simple elasticity theory that a large solute atom such as
Sec or Zr in the a-Pu lartice will exerrt a pressure on neighboring Pu 2toms of the
order of tens of kilobars. A very different behavior for small and large solute
atoms is therefore expected on our model, since this local pressure effect will
hinder the valence change of neighboring Pu &.~m: in the lattice.

Summary

The atomic volumes of §-Pu{Sc) and of isopreased, nonequilibrium a-pu(Al)
and a-Pu{Ti) solid solutions are anomalous in that substitution of .z, Al, or Ti
atoms for Pu atoms in the crystal lattrice causes large volume expansion, even
though the Sc and the §-Pu have the same atomic sizes and the Al and Ti have
smaller sizes than the 0-Pu. The effect ias greatest for the trivalent solutes,
5c and Al, and less for the tetravalent solute, Ti. On the other hand, atomic
volumes of isopressed u-Pu(Sc) and g-Pu(Zr) alloys follow approximately Vegard's
Law and therc is no effect due to differences in the solute valencies. In this
case, the trivalent Sc and tetravalent Zr have atomic sizes larger than the crPu.
These results are discussed on the basis of an heuristic model for the valence of
Pu in its various phases.

t Work performed under the auspices of the U. S. Department of Energy.

* Vegard's Law states that there is a simple linear relation between the
lattice parameter and the composition in atomic percent for solid solutions.

w%  The atomic volume is defined aa the volume of the unit cell in £3 divided
by the number of atoms in the cell.

1. F. H. Ellinger, K. A. Johnson and G. C. Land, LA-5055 (1972).

2. B. Johansson, in Proc. 2nd Int'l Conf. on _the Electronic Structure of the
Actinides, J. Mulak, W. Suski and R, Troc, eds., {Ossolineum, Wrociaw,
Poland, 1977) p. 49. :

3. J. L. Smith and J. H. Wood, private communication.

4, W. H. Zachariasen, J. Inorg. Nucl. Chem. 35, 3487 (1573),




HIGH PRESSURE X-BAY DIFFRACTION STUDY
OF ACTINIDES AND THEIR COMPOUNDS
BY ENERGY DISPERSIVE METHODS

U. Benedict

Commission of the European Communities
Joint Research Centre
European Institute for Transuranium Elements
Postfach 2266, D-7500 Karlsruhe, F. R. G.

W, B, Holzapfel

University of Paderborn
Fachbereich 6, Experimentalphysik
Postfach 1621, D-4790 Paderborn, F. R. G.

Actinides and actinide compounds were studied in diamond anvil cells
at pressures up to 4D GPa., Energy dispersive x~ray ditfraction methods were
used; the x-ray sources were either a tungsten anode fine focus sealed x-ray
tube working at 53 kV and 31 mA, or the storage ring DORIS at the German
electron synchrotron DESY, Hamburg!®2,

Diffractrd intensity sufficient to record spectra within periods ranging
from ten minutes ta some hours was obtained, in the case of the tungsten tube,
by use of a conical slit for the diffracted radiation. This allows the
ccmplete diffraction cone at a fixed Bragg angle ¢ to be coilected at a large
surface intrinsic germanium detector. With synchrotron radiation, the
incident beam is in general intense enough to compensate for absorption by
the diamonds (6 mm total thickness) and the sample. A linear diffracted beam
and a small surface detector, with resultant higher resolution, can be used
in this case.

The pressure was determined from the lattice parameter of an added
‘marker' substance (sodium chloride or cesium chloride) or from the wavelength
shift with pressure of the R; fluorescence 1ine of an added ruby splinter
{*ruby pressure gauge'), The ruby fluorescence was excited with a laser or
with the synchrotron radiation itself,

The variation of lattice parameter and relative volume of thorium metal
was measured up to 35 GPa. Thorium keeps its face-centered cubic structure
in the whole range of pressures. Fitting the results to a second-order Bircn
equation yielded a bulk modulus By of 58 GPa and a pressure derivative
By of 4.2 2.

a-yranium metal was studied up to 6.6 GPa and showed no phase trans-
formation in this pressure range. Single-peak fitting of the uranium data
gives a bulk modulus B,=128.6 GPa and elastic constants {TPa-!) ¢),=3.627,
£22=2.191, €33=1.956.

Several serias of measurements were made for stoichiometric U0, at
pressures up to 4D GPa. This compound reproducibly transforms to a Tow
symmetry high pressure structure and shows a marked hysteresis on pressure
release before retransforming completely to its ordinary fluorite type
structure. The transformation is sluggish and extends over the range 29 to
38 GPa on pressure increase; when pressure is released, the pure high pressure
structure is conserved down to 15 GPa.
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The diffraction pattern of the high pressure U0, resembles the lead
chloride structure type, No.final structure type assignment can be given at
present, as line overlapping in the spectra available up to now prevents an
exact comparison with calculated spectra. The formation of the PbCl, type
is favored at high pressure because it is about B% denser than the fluorite
type. It is observed as a high pressure allatrope of other fluorite type
compounds, and exists for uraniu: and thorium dichalcogenides (8-US,, g-USe,,
ThS;, ThSe;) at-ordinary pressure. Assuming the lead chloride type leads
us to U-U distances which are below the transition range of the Hili plot®,
while f.c.c. U0, is abové that range, This would be in agreement with the
observation of a phase transition, given that the cation coordination in lead
chloride is higher than in fluorite.

Fig. 1 gives the variation of lattice parameter and relative volume with
pressure for f.c.c. U0,. The data measured with CsC1 and NaCi marker are in
good agreement. Some data to 12 GPa communicated by J.M. Fournier® agree with
the present measurements. Bulk modulus calculations from the present data
confirm the value given by Wachtman et a1.® (B, = 210 GPa).

1 W. May, W.B. Holzapfel, Proc. Conf. High Pressure Research, Applicat:ons in
Geophysics, Jan. 1981, Hakone, Japan

2 B. Buras, L. Gerward, A.M. Glazer, M. Hidaka, J. Staun Olsen, J. Appl.
Cryst. 12(1979)531

3 G. Bellussi, U. Benedict, W.B. Holzapfel, J. Less Common Metals 78(1981)147

“ H.H. Hil1, in: Plutonium 1970 and other Actinides, ed. W.N. Miner, Part 1,
pp. 2-19

5 J.M. Fournier, personal communication {1980)

€ J.8, Wachtman, jr., M.L. Wheat, H.J. Anderson, J.L. Bates, J. Nucl. Mater.
16(1965)39-41
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STRUCTURE RELATIONSHIPS IN AMERICIUM METAL*
K. B. Roof

University of Catifornia
Las Alamos National Laborator;
Los Alamos, New Mexico B7545

As a function of applied pressure americium metal exhibits four phases in
the pressure vegion of O to 20 CPa. The four phase regions are shown in the
compression curve of Fig. L. Fhase 1 has the double-hexagonal close-packed
structure; Phase 1I is face-centered cubic; Phase 1I is an exotic double-budy-
centered monoclinic material and Phase IV displays the a-U structure type. Data
points far Phase ! were taken from the work of Refs. 1,2; for Phase II from Refa.
2,3; for Phase 111 from Ref. 4; and for Phase 1V from Ref. 5.

A relatively simple structural relacionship exists beteen the four phases
of americium that oceur as a function of applied pressurc. Phase I has the dowbis -
hexagonal close~packed structure and exists from 0 cto approximately 4=6 GPz  Thc
dhcp structure is characterized by a layer stacking sequence whose shorthand
representation is given as ABACABAC... where each letter represents both a layer
and a position within the layer relarive co a hexagonal coordinate system. Phase
11 has the face-centered cubic structure and existe rfrom 4-6 GPa to 10 GPa. The
fec configuration of atoms may also be rh of as a1 by dron which in turn
may be referred to a hexagonal coordinate system., Relacive to the hexagonal axes
the fec structure is characrervized by & layer stacking ».j“ence whose represent—
ation is ABCABCABC.... The application of pressure to dhcp "squeezes out” the
lang-range order of the 4-layer dhcp structure allowing the stightly simpler 3-
layer stacking of the fcc to form.

Phase 1I! is a double-body-centered monoclinic material and exists frow
approximately 10 to 15 GPa. Its derivation from a fcec structure may be described
as Eollows. In the fecc lattice let a body-centered monociinic sub-cell be defined
with dimensions of am = 0.A/Z, by = ag, £y = agA/Z and = 90°. Let two of these
cells be stacked one on top of the other in the b axis direction; the resulting
cell ig double-bady centered and the symmetry ia consisrent wich space group #11,
P2;/m. The application of pressure distorts this special cubic subcell to trve
wonoclinic symmetry and moves the Cwo interior atoms away from their special body~
centered positions. The structure of Phase 111 americium is iliustrated in Fig.
2a. The atoms with the same numerical y values form distorted pseudo~hexagonal
layers that are displaced relative to one another and the ideal spherical packing
of a fec material.

The relationship of Phase I1I {monoclinic) to Phase IV (arthorhombic) is
i{llustrated in Figs. 2 end 3. In Fig. 2a we show the structurec of Phase III
americium viewed down the +b axis. Four unit cells are shown. In Fig. 2a let every
fourth Layer (i.e., those atoms at y = 3/4) be shifted to coincide in projection
with the atoms at y = 1/4, This motion divides the b axis in half and yields Fig.
2b where peojection along one unit of the haived b axis is shown. In Fig. 3a we
show a 5i-al) digtortion of the arrangement of Fig. 2b. In Fig. 3b an othorhombic
unit cell ¥5 outlined in the configuration of Fig. Ja. IE the orthorhembic origin
of Fig. 3b is moved -1/4 ¢ the normal representation for the e~ siructure type
i obtained. The application of pressure to Phase IlI results in a shifr of every
fourch layer of atoms, and with minor adjustments of lattice conatants and atom
positions, yiclds the e-U structure type of Phase IV.

In summacy, the application of pressure to americium metal results in the
formation of four phases. Starting with a dhcp structure the material cransforms
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to a fec structure as a long-range 4-layer stacking sequence is converted to a
slightly simpler 3~layer stacking sequence. The next transformatinn is from a fcc
to an exotic monoclinic structure that is in turn a slight distortion of a
combination of two small body-centered cells that are derivable from the fce
configuration. A shifting of every fowth layer of the Phase III monoclinic
structure yields the predominate zig-zag features of the a-U structure type for
Phase IV of americium. Thug, the change in crystal structure that occurs in the
transformation between each of the phases results from simple shifts in layer
stacking sequences with minor adjustments in lattice constants ard atomic
positions.

* This work was performed under the auspices of the U. 5. Department of
Eaergy.

. D. R. s:ephcns, H. D. Stromberg, avd E. M. Lilley, J. Phys. Chem. Solids 29,
ars (1968).

2. R. B. Roof, J. Appl. Cryst., eubmitte. for publication (1981b).

3. .(I. Ak(;lla. Q. Johnson, W. Thayer and J. Schock. Jj. Less-Common Met. 68, 95
1279

4. R. B. Roof, J. Appl. Cryst., in press (198la’.

5. R. B. Roof, R. G. Maire, D. Schiferl, P. A. Schwalbe, E. A. Kmetko, J. L.

Smith, Science 207, 1353 (1980).
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HIGH PRESSURE STUDIES ON CIRTM
Robin L. Reichlin, Jagan Akella, Gordon S. Smith and Michael Schweb

Lawrence Livermore National Laboratory
University of (alifornia
P. O. Box 808
Livermore, California 94550

Crystal structure of curium metal at 1 atmosphere pressure and roam
teperature has been studied by many investigators. Cunningham andsrlhmn
(1964) reported a hexagonal fructure for curium with a = 3 4964, ¢ =
ll.:l:llx with & volume of 29.98A0 However, Smith, Hale, and Thampson_ ({1969}
reported a closed packed cubie struect for curium with a = 4.1382A and a
substantinlly lower volume of 21.04A7 This discrepancy on volume was
explained by tham on the grounds that the cubic close packed form is *4 as
opposed to +3 in the hexagonal clese packed form. Spirlet and Miller
{1973), Reul (1975) and Stevenson and Peterson (1979) all have reported a
dhep strueture for curium.

High pressure phase transformation data for curium has not been
attenpted previously. In order to understand ithe crystallographic behavior
of curium at high presures and also to elucidate the similarities between
the heavier actinides and the light lanthanides, we undertook the high
pressure study of curium in a diamond-anvil apparatus.

The curiun sample used in this study is mainly of the isotope 24&m.
Spectral analysis of it did not show any major contaminants. Qurium wes
vapor deposited onto molybdenum substrate and the sample in the final form
was 0.07 to 0.10 mm thick foil. A small sliver was cut fram the foil in an

hood and then coated with Canada balsam thinned with xylene in the hope
that the coating would inhibit oxidation and potential contamination. All
experiments were carried out in a diamond-anvil high pressure apparatus of
the kind described by Bassett et al. (1967). A 99.99% pure molybdenun foil
of 0.0254 mm thickness was pre-pressed between the diamonds, and the semple
was loaded onto the indentation thus formed. In this procedure, the xylene
plus Canada balsam solution acted as pressure medium and the molybdenum foil
acted not only as a gasket but also as an internai pressure standard. Even
though molybdenum is & poor choice as an internal pressurc calibrant with
curium, our selection was restricted because curium was vapor deposited onto
& molybdenun substrate.

In a few runs, pre-pressed stainless-steel gaskets were used and the
asple was loaded into the gesket hole (ca.l120 nm) along with a l:4 ethanol
and methanol mixture. A avall ruby chip was placed on top of the sample
which served as the internal calibrant siong with the molybdenun which is a
substrate for curijun, [n both cases an external fidueial molybdenum pleced
on the back of the dimmond, was used to measure the sawple 10 camera
distance.

%-ray patterns were made at various pressures from 1 atm to 20.0 GPa
pressure. Pressures are based on the accuracy of the measured Mo lattice
constents. However, we noticed considerable spread in the pressures deter-
mined fron different molybdenum lines within a given run. At present, we
are in the process of continuing this study with different substrates for
curium, In order to alleviate this problan. The typical exposure times
ranged fran 120-180 hours, In a given runm,lattice constents calculated from
different diffraction lines varied by as much as 0.5 to 2.0%.
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The curium sample used bas s dhep structure at 1 atn with a = 3.480 +
0.006 and = = 11.308 + 0.008A, These values agree reasonably well with the
data reported in the literature. At lower pressures, we couid identify 6-8
refiections for curium, however, &t high pressures {12.0 GPa and atove), we
could see a maximun of four reflections only. Because of the 1limited number
of reflections and the quaiity of x-ray films, the imttice parameters
derived fram our data have larger standard deviations,

Preliminary volune campression data for curium mre obtaiped wp to 6.5
GPa pressure. We observed 15% volume campression for curium at 6.5 GPa.

The ccp phase described by Smith, Hale, end Tharpson has & V/Vo of 0.7
reiative to the dhcp ptase of this study. In view of the facl that the dhep
phase has now been shown to be stable to 6.5 GPa with a V/vo of 0.848, it is
unlikely that the cep phase is a correct description for pure curium.

we did not find any indication for a structural transformmation up to
1his pressure. However, dala for runs around i8.0 GPa suggest a possibie
structural change. At this time, we cannot convincingly confirm it due to
the iimited number of reflections. Skriver et al. {private camunication}
fyom band calculations predict phase transformation for curiun a! pressures
higher than 20.0 GPa.

We are very thankful to Ken Hulet and Ron Lougheed fram the Nuclear
Chemistry Division of our Laboratory for providing us the 248(m sawpte.

Work performed under the auspices of the U.5. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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CRYSTAL STRUCTURE OF AMERICIUM
IN THE PRESSURE RANGE, 11 - 13 GPa*

G. S. Smith, J. Akella, R. Reichlin,
Q. Johnson, R. N. Schock and M. Schwab

Lawrence Livermore National Laboratory
University of California
Livermore, CA 94550

Pnase transformations in metallic americium at high pressure were
recently summarizec by Akella, Johnson, Thayer and Schock (1979) and by
Akella, Jonnson, and Schock (1980) as follows: at atmaspheric pressure
ana room temperature, Am is gouble-hexagonal clo<:-packed (=dhcp)(McWhan,
Cunningham ang Wallman {1962)}; between 5.0 = 1 GPa and 10.0 = 1 GPa,
the crystal structure is face-centerec cubic {=fcc). The transformation,
ahcp to fcc, is accompanied by 1ittle change in atomic volume for Am.
Above 10.0 ang extending to ~ 15 GPa, a thira modification was
observea. A tourth phase at still higher pressures was ingicates. Roof
et a) {1980) have gescribea this latter phase as being of the ortho-
rhombic a-t type.

Re report nere the crystal structure of Am as derived from our x-ray
aiffraction studies for the pressure region 10 to at least 13 GPa. This
structure is monoclinic and corresponds to a simple distortion of the
a-U structure. Cur results for the atomic volume of Am in this
pressure region are in disagreement with values reported by Roof, et al
(1980) {see below).

Attempts to fit the powder-pattern to various prototype crystal
structures previously reported in the literature were unsuccessful,
although a vague resemblance to the a-lU structure was noticea. The
data were next put through various automated computer-indexing programs
that determine unit-cell dimensions and crystal system solely from powder-
aiffraction aata.

The most promising solutions were obtained from Smith anc Kahara's
{1975) cgmputer-inaexing program, QTEST, with an error setting of
AQ{Q=1/0¢) of 0.0040 A~¢. Refined values of the lattice
constants for a centered monoclinic cell containing 4 Am are given in
Tatle 1. (The unit cell is set with the unique axi. as c to allow
comparison to a-U.)

Table 1. Lattice constants vs pressure for monoclinic unit cell of
Am. Cell is C-centered, contains 4 atoms with the unique axis as c.

Atomic,
Pressure, GPa = 3, & o, A c, A Y ,° vol., A3
1.0 3.101(9} 6.212{19) 4.625(18) §3.5(1) 22.3
12,0 3.105(11) 6.187(21) 4.653{16) 93.7(1} £2.3
13.0 3.038(6) 6.258(12) 4.573(9) 93.5(1) 21.7

*"Work performed under the auspices of the U.S. Ocpartment of Energy by
the Lawrence Livermore Nt1 Laboratory under contact number W-7405-ENG-48.*
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The dimensions of this unit cel} are similar to thase obtained for
the metastabie n*-phase found in certain guenched vranium alloys. For
exampie, Stewart ana Williams (1966) pive unit cel) dimensions for
uranium, 10 at, % Mo: a = 2.866, b = 5.752, ¢ = 4.940 A; v = 92.3%;
at. vol. = 20.34 A3 (as compared with an at. vol for a-l of 20.81
23). Atomic positions are * {x, y, 1/4) and = (12 + x, 1/2 + y,

1/4) with x = »0.036 ano y = 0.)02. For Am with this structure, we place
the atomic positions as x = -0.05 and y = 0.102,

The a®-structure can be easily derived from an hexagonal close-
packed arrangement by small atomic aisplacements so as to increase one
interaxial angle beyono 90° (Stewart ana Williams (1966)). Thus, a
prototype exists for the structure reported here, although Am would be
tne tirst pure element to possess this structure.

Volume compression d2ta are shown in Fig. 1. Accoraing to these
data, the transformation in Am from fcc to an o"-U structure-type is
accompaniea by a aiscontinuity in atomic volume of ~ 3,5%.

We note also that the itomic volumes reportec here for 11-13 GPa are
smaller than those Roof et a1 {1980} reported at still higher pressures.

1. J. Akella, {}. Johnson, W. Thayer, and R. N. Schack, J. Less Common
Metals, 68, 95 (1979).

2. J. Akella, Q. Johnson, and R. . Schock, J. Geophys. Res., 85, 7056
(1980).

3. 0. 8, Mcwhan, B. B. Cunningham, and J. C. Walimap, J. inorg. Nuci,
Chem., 24, 1025 (1962).

4. R. 8. Roof, R. 6. haire, 0. Shiferl, L. Schwalbe, E. A. Kmetko, ana
J. L. Smith, Science, 207, 1353 {1980).

§. 6. 5. Smitn and E. Kahara, J. Appl. Cryst., 8, 681 (1975}.

6. U. Stewart and G. i. Williams, J. Nuci. Mat., 20, 262 {1966).
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CHARACTERIZATION OF SOME METALLIC STATE PROPERTLES
IF HEAVY ACTINOIDS BY THERMOCHROMATOGRAPHY

S.Htlbener and I.Zvara
Joint Institute for Nuclear Rescarch, Dubna, USSHR

As elements beyond einsteinium are not avmilable in weigh-
nble guantities, it is nccessary to employ some indirect tech-
niques to characterize their metallic state properties. In the
present vork we used data on the thermochromategraphic behaviar
of atomic actinoids in columns of polycrystalline titesnium and
molybdenum, as well as the exparimental evidence that for known
alkal:, mlkaline certh and rare earth metals in tracer quontiti-
es, the deposition temperatures or the enthalpies of adsarption
cvaluated from the latters corvelate vitk metnllic valency. In
order to secure the free atomin state of actinoius in the gaseous
phase, they were applied on the column by evaporation from moi-
ten lanthanum at 1425°K and same calcium vapor was introduced
into the carrier gas (helium). The columns used consisted of a
quartz tube vith an inner tantalum foil lining, that prevented
01ffusion of oxygen from the tube walls inte the carricr gas,
and & titanium foil lining, or with a solc molybdenum foil.

Un the titsnium column, under certain conditions the
elements Na, K and Rb formed adsorption 2oncs at temperatures of
400-500%, Yb at 750%K, Ra at BOO®K, calcium vapor condenged at
about IDDDQK, and Eu and 5m yielded tvo peaks on the thermochro-
matogram: one coincident with the calcium condensate and the
ather ot a higher temperature of 1120%°K. The actinoids Cf, €s,
Fm and Md formed zones closc to that of Yb.

On the molybdenum column, the behavior of the alkali metals,
Ra and [u vas the same as titanium, vhile Yb and Sm yiclded peaks
at 1200-1300%. Cf was also adsorbed in that range, vhile E€s, Fm
and Md gave peaks at 7BO-GUO°K, the same ns on titanium.

The pasition of Cf, Eg, Fm end Md zones on the titanium
columns rclative to other elements provides evidence that these
actinoids are divalent metals 3ad are adsarbed in divalent state,
For molybdenum one can expect higher energy of adsorption inter-
action than for titanium. So the farmation of high temperature
peaks of Eu, Yb and LT on molybdenum (as well as of Eu on
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titanium) suggests that in this case the Jivalent metals are
adsorbed in trivalent statel. As Es, Fm and Md are adsorbed in
divalent states even on molybdenum, one may conclude that their
f energy levels are lover with respect to the Fermi level than
in the case of CFf and even lower than for Eu and Yb., The measured
evaporation rate of Cf from molten lanthanum appears to be inter-
mediate between those of Eu and Yb. This fact shows that califor~
nium is divalent. The trivalent metals Sc, Tb and Am did not eva-
porate to a measurable extent at the injection port temperature.
Based on the deposition temperatures measured as a function
of fFlow rate and retention time, using a sort of the Arrhenius
plutz, «he enthalpy and entropy of adsorption of Cf on titanium
vere evaluated as -162 + 8 J/mole and 144 + 11 J/mole k, rcspec-
tively (at 800%K}.
References

1) V.V.Nikitin and N.D.Potekhina, Solid State Physaics (USSR),

20, 3354 (1978)
2) B.Eichler and l.Zvara, Radiochimica Acta, to be published.
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MECHANISM OF URANIUM OXIDATION
FROM THERMOGRAVIMETRIC MEASUREMENTS®

C. Colmenares and T. McCreary

Lawrence Livermore National Laboratory
University of California
Livermore, California 94550

The oxidation of uranium has been studied in oxygen and water vapor in
the absence and presence of oxygen, as a function of reactant pressure and
temperature between 60° to 180°C. Thermogravimetric measuraments were perw
formed using pure gas reactants under static conditions, and nitrogen or
argon as inert carriers in a flow system.

The kinetics of the oxidation reaction was found to obey a_law of the
form {aW/A) = kit + c, where {aW/A) is the weight gain in mg/cm?; k is the
reaction rate constant in mg/hr-cm+; t is the time in hours; and, n and -
are constants. For the oxidation in dry oxygen n was 0.805, while the value
of ¢ was 0.2 mg/em®. The oxidation of uranium in oxygen-free {< S vppm}
water vapor followed a 1inear law with n = 1 and ¢ = 0. On the other hand,
the oxidation process in humid air could be best described by an initial
Tinear region (n = 1) followed by an accelerating period and a final linear
region.

The activation energy for oxidation for the various environmental
conditions used are summarized in Table 1. No*a that the activation energy
for the oxidation process in humid air is the ...ghest, followed in decreasing
order by that in oxygen and then that for water vapor alone.

Table 1.  ACTIVATION ERERGY FOR THE OXIDATION

OF, URARIUN (Pyory, = 1 aTed
TeMPERATURE AcTivation Emersy
Ox1oaTi0x ConpiTions Ranes, °C nd/voLe (rear/roe)*
P"zn = .97 P, (60 Toar} - iy Canmier G2 - 100 £1.79 * 3.43 (9.99 + 0.82)
Py, =6.26 10 41.60 kP, *
(47.10 - 313,03 Toa) 120 - 177 70.97 * 2.41(16.96 + 0.58)
PHZD = 7.97 kP, (60 Torm) - Ar/intTiaL 81 - 139 98.07 *+ 7.9 (23.44 * 1,90)

PHZU = 7.97 ¥P, (60 Torr) - Atr/FiuaL 21 - 138 . 78.51 £4.97 (18.76 + 1,19

*  PRessumg [NDEPENDENT 1N TH1S Ranee
** 95% ConrrpEnce Lintrs

The effect of oxygen an the water uranium reaction was studied at a
constant water vapor pressure of 13 kPa (97.8 torr) and oxygen partial
pressures from 0.101 Pa (7.6 x 10~* torr} to 63.73 kPa (479 torr}. A
decrease in oxidation rate by a factor of ~ 12 was found between oxygen
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partial pressures of 1.01 Pa (7.6 x 10-? torr; and 10.1 Pa (7.6 x 10~2 torr).
Above the Jatter value an increase in oxygen concentration did not have a
significant effect on the corrosion rate.

The pressure dapendence of k for the reaction of uranium with oxygen-
free water vapor and humid air was investigated at a cons}ant temperature
of 100°C. These data were fitted to the equation k = aPL/®, where P is the
water vapor pressure fn kPa, and ”a” and 1/n are constants. The results
are shown in Figure 1.. For water vapor alone 1/n = 1/2.1 while for humid
air a change from a positive to a negative slope is evident for both initial
and final linear oxidation regimes, indicating a possible change in the
oxidation mechanism. :

NE 1.0 O‘ LRLLLLL I L1 IR EELLI B UL B nqu
£ = 3 ko p¥n 3
£= :l Final rate } Carrier gas 7
E O-Initial rate

z MF No carrier gas \\7"\ E
g £ oNocamerat e 158 -1/9.5]
§ I ]
¢ 0011 -
£ E 1534 -1/2.9 3
H F

2 L H,0(V} + AIR

2 0001 L ssenad vl el il
= 0.001 0.0 0.1 1.0 10 100

Water vapor prassure {kPa)

Figure 1

The interpretation of our results has taken into account the complex
defect structurels? and electrical properties of uranium oxides. Assuming
that: (1) Vacancy migration predominates in U0z-x, U0z.o and Uu0s, and that
interstitial migration predominates for UOz+x'; (2) the reaction rate con-
stant is proportional to the predominant electrical conductivity of the oxide
in ques}ion {k a_g, where ¢ is the electrical conductivity), then since
o = APL/, k o P1/n, where P is the pressure of the gaseous reactant and A
and 1/n are constants.

8ased on the dependences of k on P(H;0} and P(H,0 + air), the acti-
vation energies, and the oxide stoichiometries determined experimentally by
x-ray diffraction we have shown that:

1. A single defect cluster 2(0‘1’V°0‘1’)‘m +mh* rich in interstitials
controls the oxidation in H,O(v} and dry oxygen. (01 = oxygen at an inter-
stitial site, ¥, = oxygen vacancy, h = hole; m = ] for Hz0 and has not been
determined for oxygen). Oxygen transport takes place via the "interstitialcy
mechanism."? :

2. For Ha0(v) + air in the water vapor region from 0.3 to 6 kPa, the
pressure dependence of k {1/n ~ 1/5) and the oxide compositign {* U0, 20}
indicate that the interstitial-rich cluster 2(03V,00)™" + 4h¥ controls the
oxidation.
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At H;0(v) pressyres between & and 17 kP2 {1/n = « 1/9.5) a chunie in

mechanism takes place and a vacancy-rich cluster of the type 2 (V"Oi
8 e~ controls the oxidation (U.0s).

3. The activation energies for "interstitialcy" controlled oxidation

are lower than those for a “vacancy-rich" process in the high P{H,0} regime
[E {H:D0)} < E (0;)} < E (H:0 + air)], This finding is consistent with theo-
retical predictions.?

*

For submittal to "Actinides-198)" Conference, Pacific Grove, California,
September 10-15, 1981,

Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract Number
W-7405-ENG-48.

C.R.A. Catlow, Proc. Royal Soc. Lordon A, 353, 533-561 (1977).

C.R.A, Catiow and A.B. Lidiard, "Symposium on the Thermodynamics of
NucTear Materials,” Vol II, 27-43, Vienna, Austria, 21 Oct., 1974,

[AER pubtication SM 130/13.

C.R.A. Catlow, J. Phys. Chem. Solids, 38, 1131-1136 (1977}.
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KINETICS FOR THE REACTION OF HYDROGEN WITH A
PLUTONIUM-1 W/o GALLIUM ALLOY POWDER®

Jerry L. Stakebake

Rockwell International, Energy Systems Group
Golden, Colorado BD401

A number of experimental studies have been carried out to describe
the physicochemical properties of the plutoniun-hydrogen system. Earlier
studies have described in detail the equilibrium behavior and thermo-
dynamic properties of plutonium hydride. Much less information is
available on the kinetics of the reaction of hydrogen with plutonium.
Some kinetic data for the rl.-acr.mn of hydrogen with plutonium coupons
have been reported by Bowersox!*? and Colmenares et al.® However, many
of the early experimental kinetic data were influenced by oxide films on
the metal coupons which increased the importance of hydrogen diffusion
and hydride nucleation on the rcaction kinetics. Additional work is
requited in order to fully understand the kinetics of plutonium hydriding
as well as the factors which influence the kinetics.

This paper duscribes the results from an investigaticn of the
hydriding kinetics of plutonium-) W/o gallium alloy powder. Metal
powder was used because it could be prepared with a clean surface and
any bulk hydrogen diffusion effects would be minimal. Experiments werc
carried out over a temperature range of -29 to 355°C and at hydrogen
pressures of 20 Pa to 67.95 kPa. Actual measurcments were made with a
recording vacuum microbalance.

The reaction model used to describe the reaction of hydrogen with
plutonium metal powder has been described previously." This model
assumes that once hydrogen is adsorbed on the surface, diffusion into
the bulk is very rapid and not rate determining. Thus, the reaction
takes place uniformly throughout the particle and not strictly at the
metal/hydride interface. The general reaction equation is:

He = Wy [1-[L+k(n-1) Mo(MDt]1s)on [43]

where Wy = hydrogen reacted in time, o

Wy = total hydrogen reacted

k = rate constant

n = order of the reaction

My = milligram atoms of wetal initially available

In the special case where the reaction is first-order (n=1) cquation (1)
becomes

W = Kp (1-c7Kt) 2
This equation was used throughout this study to evaluate rates of reaction.

Hydriding of plutonium metal released slgnificant amounts of heat.
With the experimental set-up being used, this heat could not be dissi-
pated and the net result was an i in sample ure. Net
effects of large temperature fluctuations on the hydndmg Tates were
evaluated using the Arrhenius equation for hydrogen pressures of 0.GG/
and 26.6 kPd, Figure 1 shows the typical Arrhenius plot of the first-
order rate constants as a function of reciprocal temperature. The
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calculated activation energies, E, were nogative for both the 0.067 and
26.6 kPa data; e.g., -0.03 kJ/mol (-0.006 kcal/mol) at 26.6 kPa. These
negative activation ecnergics have no theoretical meaning in themselves
but they do indicate that the reaction between hydrogen and plutonium re-
Quires minimal activation. It can be concluded from these results that
temperature has virtually no effect on the rate of reaction and the in-
abiliey to msintain isothermal conditions is of little consequence.
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Figure I,

Data from all runs at various pressures were analyzed using the
equation:
 kp?

Knyd * koP 3
where khyd is the first-order vate constant, P the hydrogen pressurec in
kPa, kg 15 a constant and n is the order of the hydrogen pressure depen-
dence. A plot of the data using this cquation revealed a discontinuity
at about 1 kPa {8 torr) which indicated the pressure range 0 to 1 kPa
(0-8 torr} n is equal to 0.45 while for pressures greater than 1 kPa
n is 0.11.

In the low pressure region the rate is propertional to P].’ For
pressures greater than 1 kPa the pressurc dependence of the reaction is
proportional to P®° 1! or very nsarly cqual to zero. This type of be-
havior is similar ta the Langmuir adsorption isotherm and suggests that
hydrogen adsorption may play a major rele in the overall hydriding
kinetics.
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A Langmuir model can be tested for the hydriding of pluronium powder
by using the equation:
[ 1 o
B — 4)
knya ke KF k2

Plotting P’ilkhyd against Ll gives a straight line with the slope 1/ka.

h a plot is shown in Figure 2. From an evaluation of the date k: was
found ta be 2.69 min~! and'K was equal to 0.66 kPa~). Using these con-
stants hydriding rates have been predicted over the pressurc range 0 to
100 kPa. Predicted rates obtained from equation (4) were in good agree-
ment with the experimental values from 0 to 70 kPa.

79

06 10 20 30 40 50 60 70 80 90 1O
~/P (kPa)
Figure 2.
*Raaearch performed under the auspices of the U. S. Department of Energy.

1. D. F. Bowersox, "The Reaction Between Plutonium and Deuterium Part I.
Rate Measurcments by Pressurc Change," USAEC Report LA-5515-MS (1974).

"

D. F. Bowersox, 'The Reaction Between Plutonium apd Deuterium Part 1.
Rate Measurcments by Weight Changes,' USAEC Repor’ LA-6681-MS (1977).

3. C. A. Colmenares, Lawrence Livermore National Laboratory, unpublished
data (1980).

4. J. L. Stakebake, J. Electrochem. Soc., 126, 1596 (1979;.
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THE PLUTONIUM + HYDROGEN SYSTEM: EQUILIBRIA
OF THE STABLE HYDRIDE PHASES*

John M. Haschke and Angelo E. Hodges, 111

Rockwell Internotional
Rocky Flats Plant
P. 0. Box 464
Golden, Colorado 80201

Tensimetric measurements have verified previous results indicating
the existence of two stability regimes in the Pu + H system.' The phase
diggram B d by these findi differ from that proposed in carlier
studies.

The stable regime is entered by rapid reaction of alpha-phase iu
and high purity Hp at teaperatures greater than 300°C. A 25g metal
sample is placed in a stainless stecl vacuum-pressure system, heated
in vacuum to 100-Z00°C and then exposed to a H: charge which is suffi-
cicnt to convert the saeple to trihydride and leave residual H:
concentration in excess of 0,05 mol &~!., The hydride compasition
attained upon cooling the products to 25°C is full; o6 s 0,01

Pressure~composition isotherms have been measured by successively
resoving hydrogen from the system. Tho variation of the partial molar
free energy of hydrogen in equilibrium with the solid hydride, PuMx,
alang the 440 K isotherm is shown by the lower curve in Figure 1. The
previously determined partial molar free energy of hydrogen in equil.-
briun with the metastable Puly solid sclution is shown by the upper
tine.! This cubic phase is obtained by slow Teaction of the elements
at temperatures less then 200°C.  The cnhanced s*n’ility of the high
tewperature product is evident. The presence of : ree distinctively
different slopes in the free cnergy curve indicates the existence of
three hydride phases In the 2.5 < x < 3.0 composition range. Evidencc
for the existence of a fourth phase near x = 2,77 is marginal. At 440 K
the AG°difference betwoen the trihydride phases is approximately 6 kcal
mol™'. At x = 2,35 % 0,05 and lower rompositions, AG® is zcro and two
stability repimes cannot be distinguished.

Although structures of the newly discovered hydride phases have not
been fully determined, X-ray diffraction data have shown the coexistence
of cubic_{a = 5.341(3)R) CaF2-type and hexagonal {a = 3.779(5), ¢ =
6.771(8)A) LaF;-tync phases. These structures are assigned to those
found in the 2.35 : x < 2,77 and 2.77 < %X < 2,95 regions, respectively.
The measurement of reliable diffraction -ata across the composition
range is complicated by the fact that unknown changes in sample composi-
tion occur From Hy loss during preparation. However, the tensimetric
and diffraction data both suggest that thec PuH2 + PuHiy system is similar
to the SrF2 + EuF; system in which a continuous solid solution,
{Sr,Eu)F,, is obsexrved aver the 2.78 < x < 3,00 1'ange.2 For 2.78 < «
< 2,95, the fluoride has the hexagonai LaFj;-type structure; for 2.95
< x < 3,00, the phase is orthohombic YFj-type.

EntTy into the stable hydride regime at high temperature is

artributed to structural rearranger:nt of the cation lavtice. At low
temporatures metals are unable to rearrange from the cubic array of
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the CaFz-type dihydride and hydrogen enters available lattice sites
(octahedral or octahedral-related) as * increases. At h>h temperaturo,
sufficient kinctic cnergy is availabic for structural rearrangement.
Cxamination of the metal positions in the cubic and hexagonal hydrides
shows that their cations have closest-packed coordinates which are
accurately described as ABC and AB layers, respectively, and that these
layers are coherent. A microdomain mechanism is proposed for the cubic
to hexagonal coanversion. The LaF,- and YF,-type structures are related
by a simple displacive transition.

Previously reported kinetic data srggested that th. 2.0 < x < 2.4
region of the Pu + H system is similur to that of the :Fx(M - Sm, Fu,
Yb) systems. Although additional data are needed to fully define the
Pu ¢ H diagranm, thre present results suggest that the 2.78 < x < 3.00
region is mcieled by that of the (Sr,Eu)Fx systenm.

* This work was performed under U. S. Department of Energy contract
DE-AC04-76DP03533.

1. J. M. Haschke, A. E. Hodges, II{, C. M., Smith and F. L. Qetting,
J. Less-Common Metals 73, 41 (1980).

2. 0. Greis, Z. Anorg. Allg. Chem. 441, 39 (1978}.
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Variatior of the partial molar free encrgy of hydrogen with x

Figure 1.
in the Pu « H system at 440 K.
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COMPARISON OF THE REACTION BEHAVIOR, VALENCIES AND
ATOMIC RADII OF ACTINOIDS AND OTHER TRANSITION HETALS

H.Holleck

Kernforschungszentrum Karlsrune
Institut fir Material- und Festkorperforschung
Postfach 3640
D 7500 Karlsruhe 1
Federal Republic of Germany

Examination of bimary and ternary metal, carbide and nitride systems
reveals close relationships in the reaction behavior of actinoids with that
of the other transition metals. The phase behavior of 1ight actinoids (Th
up to Hp) follows that of the transition metals of the d-series of the 4th
and 5th groups. In the heavy actinoids {Pu and those following) a type of
behavior similar to that of rare earth is Jbserved. The relationships be-
tween lattice constants, atomic radii and valency conditions show a uniform
picture for the transition metals, including the actinoids, if a specific
system of atomic radii js used as a basis. Empirical reattionships obtained
when linking atomic radii, valency conditions and lattice parameters ob-
served furnish useful forecasts at to the existence of compounds and the
formation of mixed phases. Problems of classifying actinoids in the Periodic
Table of Elements are outlined with respect to the reaction behavior and
formal valency. Empirical relationships between atomic radii, valency
states and the existence of certain compounds as well as the information
these parameters furnish and the applications they allow are discussed
{cf. also /1/).

Table 1 lists the atomic radii used, Fig.1-6 show exampies of relation-
ships between lattice constants of various compounds and the atomic radii of
the metals involved, the valency states serving as a parameter (cf./5,6/).

Table 1: Metal radii{coordination number 12) of the transition metals
for the relationships shown in Fig. 1-6 (cf. /2,3,4/)

nm nm nm
sc 53_ 0.164 m 0.175 Am (3) 0.186
sc {4} 152 ¥b 0.174 Am (1) 0.172
¥ 0.177 Lu 0.174 tn (3) 0.185
La 0.188 Th 0.180 tm {4) 0.171
Ce (3) 0.185 Pa {(4) 0.177 Bk (4§ 0.170
Ce (4) 0.167 Pa {5) 0.164 Ti 0.140
Pr 0.183 u 54} 0.175 Ir 0.155
Nd 0.182 U {5) 0.162 HE 0.153
sm 0.180 u ge) 0-154 v 0.135
Eu 0.180 Np (4) 0.173 b 0.145
6d 0.180 Np 55) 0.161 Ta 0.145
Tb 0.178 Pu (3) 0.187 Ry 0.138
Dy 0.178 Pu (4) 0.172 Rh 0.135
He 0.177 Pu (5) 0.160 pd 0.138
Er 0.176
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If one analyzes the relationships outlined above and other, similar re-
lations between the occurrence of intermetalljc phases, structure and bonding
conditions {as expressed by atomic distances}, one can recognize a wniform
pattern of behavior within two regions, one consisting of the trivalent
metals, the other of those of the 4th and 5th groups. Cerium, in some re-
spects Sc {cf, /7/), and the actinoids in the transition range of increasing
localization of 5f-states frequently exhibit the behavior shown by both
groups. With respect to their phase behavior, the lighter actinoids follow
the transition metals of the d-series in the 4th and 5th groups. The empiri-
cal relationship between radii, valencies and lattice constants of phases
within each of these groups turn out to be slightly different. In beth cases,
these relationships confirned the system of radii for the actineids as de-
fined by Zachariasen.

Even if there is littie theoretica) vacking of the radii in intermetal-
lic phases of transition meta)s, they can yet be used as very welcome guan-
tities in computation, e.g., for estimating valency states and the in-
fluence of steric and electronic parameters on the occurrence of specific
phases, or in verifying experimental data and detecting inconsistencies. A
number of new compounds were detected in the Tight of the relationships
outlined above.
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HEAT CAPACITY OF UP-USe SOLID SOLUTION®

A. BLAISE, R. TROC*, K. LAGNIER'™, M. MORTIMER ™

Centre d'Etudes Nucléaires de Grenoble
Département de Recherche Fondamentaie
Section de Physique du Solide

**DRFC-SBT/LCT
85 X - 38041 GRENOBLE Cedex (France)

*Institute for Low Temperature and Structure Research
Polish Academy of Sciences
50-950 Wroclaw, P.0. Box 937 (Pologne)

'Hchem'istry Division
AERE HARMWELL
Didcot {Oxon} OX 11i0RA {Grande-Bretagne}

Heat capacity measuremgnts in the low temperature range {5-300 K) are
reported on three compositions in UP-USe solid solutions : UP, 9% Se5 051
UP0 Se, ., UP Se . N .

.9 7oL 0,82 “70.18

A magnetic phase diagram based on neutron diffraction and magnetic
susceptibility data has recently been published (1). This diagram shows that
for UPx Sep-y solid solutions, the simple aatiferromagnetic type [ structure
characteristic of x = 1 is replaced by a type IA structure, then by more
long=range order structure when x is decreased. For x < 0.7, the ferromagne-~
tic structure characteristic of USe sets in.

The specific heat curves Cp{T) display at al) compes:tions typical ano-
maiies characteristic of the onset ¢f magneti. ordering (Ty = 108.5, 98.3,
97 K respectively) in general agreement with t.c data of (1}. On cooling down,
311 three compounds show several other peaks for Cp{T}. For x = 0.95, at
38.5 K the transition must be due to the type I-type IA transition. For x=0.¢
and 0,82, peaks at 58.6 and 62 K respectively are evidences of the “step-like"
transition reported by (1} and (2) for the type IA structure, This transition
is associated with a momant-jump without any structure chan,. (1,3). For
x = 0.95 and 0.9, peaks at about 30.5 K may be due to U0 contamination or,
for the former composition to buik phase phenomenon associated with the
type [~IA transition. Then, for both compounds, peaks at about 22 K, are
1ikely tc be due to the moment-jump in type I phase, typical of UP-rich
compounds .

Rosm temperature values of the thermodynamic data compare we:il to the
values obtained for the terminal composivions (4,5). The same constatation
holds for the overall values of the entropy of ordering which are still sur-
prisingly low.

A detailed analysis of the magnetic entropies and energfes associated
with the various anomalies s given for ail compounds.

The electronic heat capacity coefficient v is derived both in the lay
and high temperature range. Typically at lc: temperature v = 35m/mole, K
with negligible high temperature value. This behaviour ‘s analysed in a very
narrow 5f band model located close to the Fermi level.
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UszTe - RECONCILED INTERPRETATION OF HEAT CAPACITY AND MAGNETIC DATA
A. BLAISE, J. MULAK®, R, TRoc*, Z. ZOLNIERkn"
Centre d'Etudes Nucleaires de Grenoble
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*Institute for Low Temperature and Strocture Research
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UphoTe is tetragonal with a LaZOZTe type structure (1) (space group
I 4 mmm). The substitution of U by Th leads to an isomorphous non-magnetic
compound. Magnetization measurements have shown UZNZTe to have unusual magne~
tic behaviour (2} with a Curie point at 71 K but no saturation reached under
140 k0e at 4.2 K. Neutron diffraction studies (3) have revealed a ferromagne-
tic ordering with the moment direction at an angle of about 70° with the te-
tragonal axis. These properties have been explained by Troc et al (2) in
terms of crystal-field interaction on the 5f° electrons of ™ fons.

Low-temperature specific heat measurements on UzNzTe and Tth:'.e have
been undertaken in a double aim. The magnetic entropy curve could give an
estimate of the multiplicity of the low-lying levels. Then, further experi-
ment under magnetic field (70 kDe) would show the field effact on the Curie
temperature and the magnetic entropy. Experiments have been carried out orn
three diffarent samples with the same qualitative results, TthzTe was used
to extract the lattice component of the specific heat.

The magnetic data and heat capacity results are used in a tentative
interpretation based on the crystai field model and the moiecular field
approximation. The experimental data to be interpreted are : the paramagnetic
moment wo = 2.7up, the ordered moment u. = 2.5up and its increase with the
applied magnatic field (to 2'78“8 at 140 kOe), the angle of ue with the basal
plane 6 ¢ 20°, the shift of Tc up in external magnetic field {8 K at 70 kOe}
and the entropy of magnetic ordering Smag = IR (8.0 ~ 8.5 J/mol °K}). In
uzﬂzTe the uranium ion is surrounded by 4 nitrogen and 4 tellurium anions
forming a tetragona) antiprism of Bw point symmetry. The contribution to
the crystal field potentisl coming from the nitrogen squarc is highly domina-
ting. A simpiified model with the uranjus {4+) ion of pure 3“4 ground term
turns out to be adequate. The point charge model (PCM) gives a splitting
scheme with three levels (r3. Ty and rl) far remote from others {> 1000 cm'l)
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and the total splitting of the 3H4 term Being equal to 3600 cm-l. The rg and
r eigenfunctions are rich in |+ 1> and |0- components, respectively. The
first three levels 1ie within a 0-30C.K energy interval.

Detailed analysis of the experimsntal data allow us to reconstruct the
Towest part .of the uranium jon splitting diagram in UZNZTE independently
and sufficiently univocally. Accordmg to the best fit the T doublet rich
in |* 1> component {over 80 %} is the "lowest state. The most probable sequence
of the singlets is - r (at ~ 100 K) and Ty (at ~ 300 K). The n singlet is
rich in |0> component (over 80 %).

@K L+l |z
2 72

—_—T

T, (100K)  4]0> + cl4> + c]> (v > 0.9)

(0 K) glxl> + alz3> (8 > 0.9)

— R

This reconstructed scheme of levels corresponds pretty well to the PCM
scheme. These three levels are assumed to form a close system and their
eigenfunctions are treated as "zero approximation" ones in the molecular
field matrix.

The paramagnetic susceptibility and the effective paramagnetic moment
are only slightly dependent on the detailed structure of the lowest levels.
u_ varies from 2.90 to 3'15“3 with a most probable value of 2.95uB. Such
system of levels produces rather large perpendicular and small parallel
magnetic moment giving as 8 result an angle between the easy direction and
the basal plane p = 15 * 5°,

The molecular field theory give

¥ghn
_k'l'z = 0.80 £ 0.05
which corresponds to H = 850 2 50 kOe . The ordered magnetic moment

is calculated by diagonalization of the Zeeman energy E(Hm + Rext) matrix.
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v varies from 2.5 to Z.BuB and increases with applied magnetic field (by
Q.05 - D.Iun at 140 kOe). The present approach predicts also some shift up
of Tc in external magnetic fieid {by ~ 10 % at 130 kDe). The entropy of ma-
gnetic ordering is calculated following the Grunzweig-Genossar (4) approach.
For the considered systems of levels this entropy is close to R.
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LIGHT-PARTICLE EMISSIQN DURING THE SPONTANEQUS
FISSION OF Z56Fm AND 257Fm*

P, A. Baisden, J. F. Wiid, R. J. Dougan,
R. W. Lougheed, and E. K. Hulet

Nuclear Chemistry Division
University of California
Lawrence Livermore National Laboratory
Livermgre, California %4350

We have made prelimipary measurements of g{ght particles ﬁm‘tted
during the spontaneous fission (SF) of 2,6-h 256Fm and I01-d 257Fm in
order to determine whether the potential energy available for this pracess
is diminished by the formation gf colder,, lyore spherical fragments «t
scission. The SF properties of 296Fm and 25/Fm are clearly transitional
between the “"traditional” asymmetric, Tow-kinetic energy fission of the
\iahter acsgyides, and the symmetric, high-kinetic energy fission of
258Fm and Fm.

Much experimental and theoretical work has been undertaken over the
pest two decadei to characterize the phenomenon °§ )ight-particle emission
during fission. Most clnsely studied has been 52CF, which is found to
emit a light particle once in every 285 binary SF events. More than 90%
of che time, the emjtted Tight %artic'le is an alphf particle, followed in
abundance by tritons, protons, ®He, and deuterons.< The results of these
studies suggest that ternary and binary fission are quite similar except
for the axpenditure of some emergy in the formation and acceleration of
the Tight particle which is predictably reflected in lower fragment ener-
gies and masse$, and Jess fragment neutron and gamma-ray emission,

The rate of light-particle emission increases somewhat linearly with
22/A, which is the ratic of electrostatic to surface energy in the Tiquid-
drop mode! of fissfon. This trend, illustrated in Fig. 1, might be ex-
pected, at Teast for those nuclides which exhibit the “normal" asymetric
mode of fissfon, Since the fraction of energy available for fission which
35"“"‘ as fragment kinetic energy generally decreases with increasing
7¢/A. A larger amount of potential enrergy is, therefare, available for
producing the more elongated, pre-scission nwclear shapes apparentiy
necessary for the emission of light particles.

This trend of increased light-particie emission with increasing 22/A
might be expected to continue on up through th% heaviest actinide, if it
weren't for the anomalous fission behavior of 296Fm and 25%m. For these
isotopes, most of the avaitablie energy for fission appears as fragment
kinetic energy because the fragments themselves are relatively spherical
and unexﬂ%ed, owing this stability te their proximity to the doubly-magic
nucleus 5n. Since the emission of a Tight particie appears to cost the
nucleus at least 25 HeV in potential energy, there is Iike]¥ to be a large
decrease in the light-particle emission rate for the SF of 258Fm and 259%Fm
due to a Vack of deformation energy aggﬂab?e fgr this process. The study
of Tight-particle emission rates in 258Fm and 259Fm would be an impossible
undertaking, due to the short half-lives and low availability of these
1so§gges; therg ore, we are studying Jight-particle emission during the SF
of Fm and 23/Fm, where an anomaly in the ewission rates might first be
detected.
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Qur experimental apparatus consists of two counter telescopes mounted
facing nns another inside a vacuum chamber. The SF sample, mounted on
0.2-mg/cm¢ graphite foil, is placed between them. Counting data is accumus
lated by a small comggter and stored on a floppy disk for subsequent off-
line analysis. The 235Fm is obtained from the bombardment of 2549Es by
34-MeV alpha particles at ths gﬂ-in cyclotron at the Lawrence Rerkeley
Laboratory t.z%é)roduce 76-min 25 Md. which subsequently decays by electron
capture to Fm. The 257Fm was obtained frgm the Transuranium Element
Production Program of the U. S. DOE. We used 2>2Cf to calibrate our counte
ing syst.ems2 assuming values of the light-particle emission rate from the
literature.

The initial resséalts inﬂlggte that the rate of alpha particle emiig;on
during the SF of 256Fm and Fm is some 40 to SO% higher than for Cf
SF, which is in oppusitifn to our expectation of a rate equal to or some-
what Tower than that of 252cf.

*This work was performed under the auspices of the U. S. Department of
Energy by the Lawrence Livermore National Laboratory under contract No.
W-7405-ENG-43.,

1. See, for example, [. Halpern, Ann. Rev. Nucl. Sci. 21, 245 (1971);
R. Vandernbosch and J. R. Huizenga, Nuclear fission, Academic Press,
K.Y. (1973}, pp. 374-400.

2. G. M. Raisbeck and T. D. Thomas, Phys. Rev. 172, 1272 (1968).
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ALTERNATIVE APPROACHES TO THE SYNTHESIS OF SUPERHEAVY ELEMENTS:
COMPLETE FUSIDN AND DAMPED COLLISIONS

J.V. Kratz

Gesetlischaft fiir Schwerionenforschung mbH
D-61 Darmstadt, Germany

Recent experimental results on dynamical aspects of heavy-ion fusion
and damped coilisions are reviewed with special emphasis on the potential of
these alternative approaches to produce superheavy elements. For fusion re-
actions it was suggested that the condition for fusion, i.e. capture inside
the conditiana) saddle point!, requires dynamical deformations of target and
projectiie in the entrance channel if very heavy compound nuclei are to be
formed, Experimental results? on fusion of #°®P: w:*h 26Mg, 27A71, “f(a,
S3T{, 52Cr, and **fa, are presented in Fig. 1, where they are compared with
the prediction of a one-dimensional proximity model of capturing spheres®
{ful) Yines) and with predictions of Swiatecki’s two-dimensional model
(dashed lines).

- - — e e T - a e e
ey Mg Lt ap . T8 %Ca r....m!

CAPYURE CROSS SECTION (mb)

[ - S SIS
)

30 306 256 300
CENTER OF MASS ENERGY (Mev)

Fig, 1

Together with data® on fusion of '1°Pd with !'SXe, and of %°Gd with °Skr,
these data show consistently that the “extra push” of kinetic energy abnve
the barrier required to fuse two heavy nuclei sets in when the entrance
channel model parameter! exceeds (Z*/A)eff. = 32.5. An "extra push® results
in extra excitation energy of the superheavy compound nucleus and, thus,
drasticaily reduces its survivability.

However, at the same time, there is clear experimental evidence?, see
also Fig. 1, for the fact that the macroscopic model® is not adequate to
reproduce the fusion cross sections for heavy systems very close to (or
below) the barrier. The exciting gain in the fusion cross sections below
the barriers {and the assaciated reduction in the compound nucleus excitation
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energy) has been discussed®*® in terms of barrier penetration, static deform-
ation and zero-point motion of low-lying collective surface vibrations. At
present, it is not clear whether these microscopic effects can be used to
advantage for the production of super-heavy nuclei or whether the limita-
tions of the macroscopic dynamics® of nucleus-nucleus collisions predomi-
nate for target-projectile combinations necessary te form compound nuclei
near Z=114,

Analyses of the statistical spin component, Ko, as deduced from v-
miitiplicities” or from fission fragment anisotropies?, indicate that the
capture of the projectile proceeds across a very compact shape correspon-
ding to the non-rotating liquid drop saddle, even for systems as heavy as
7=110, and that Ko, accordingly, is very large.

This is contrary to the results’ on sequential fission of the heaviest
transfer products in Z?%Y+23%Y and 22%U+2*%Cm collisions where one ob-
serves no increase in Ko as Z approaches the value 110. This may reflect
a genuine physical difference in the two production modes. In fusion re-
actions the colliding nuclei have to merge inside the conditional saddle
point. The system then stays behind the szZGie .ntil the mass as¥metry
is completely relaxed {~10-2° sec).?s” In damgped ccllisions of 2°°U and
249%Cm nuclei at dissipated energies of > 150 MeV (Ref. 9) fragment elon-
gations outside the appropriate saddle point configurations might be asso-
cjated with the required large mass transfer. An intriguing question is
whether the same large mass transfer can be achieved at much lower dissi-
pated energies and much smaller fragment elongations so that statistically
equilibrated heavy fragments are formed, At least for fragments up to
Z=101 formed in the low-energy tails of the broad Q-value distributions
this seems to be the case: The measured cross sections for surviving
heavy actinides'® in the 27%U+2°%y and 23°y+2“°Cm reactions, see Fig. 2,
are consistent with the decay by multiple-chance fission of fully equi-
librated primary fragments.
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The minimum excitation energies of these products scale nicely with a one-
body dissipation plus particle-hole excitation model by Dakowski et at.'!
The same model pradicts minimum excitation energies of 25 MeV for Z=114 in
the #?°U+?“°Cm reaction if fragment defcr stions are absent.

In summary, there are conceptual problems both with U . complete
fusion approach and with the damped collision approach to the synthesis of
supherheavy nuclei, that deserve furtiier study, These are i) the possibi-
Tity to fuse sufficiently heavy nuclei w'ifiout “extra push" at or even
below the barrier, and ii) the question of fragment c=formation in the
Tow-energy taiic of the Q-value distributions in damped collisions.
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THE ELECTRON BINDING ENERGIES IN ATOMIE SYSTEMS WITH 107 < Z, +Z; < 188

P. Armbruster, F. Bosch, D. Liesen, P.H. Mokler,
H. Schmidt-Bdcking*, R. Schuch**

GS1 Darmstadt, FRG
*HMI Berlin, FRG
**]_ Phys. Ir<%., Univ. Heidelberg, FRG

The possibility to accererate very heavy ions opened the field of atomic
collision studies of these ions (Zy) on heavy targets (Z;). Collision times
being larger than electron orbiting times guarantees the adiabatic adjustment
of the electron binding energy to the potential of the approaching heavy
nuclei. At the turning point of the trajectories for energies 1 MeV/u < E/A <
5 MeV/u the nuclei are far within the K-shell radii of an atom with a hypo-
thetical atomic number {Zy+Z,) corresponding to the combined system. The
electrons for a short time period are bound as in an atom with (Z,+Z,). If
ionisation occurs during this time period the binding energy of the quasi-
atom and its wavefunctions determine the ionisation probability. It has been
shown ionisation to occur predominantly in the quasiatoms /1/. The study of
ionisation probabilities and the finding of a scaling law for the iensation
of .-shell electron /2/ opened a way to determine the binding energies in
the innermost shells of atoms with atomic numbers beyond the natural ones.
The accuracy of the method is moderate, about 5 %. We will report on deter-
minations of K- and L-binding energies for systems with 130 < {Z,+Z,) < 188,
The experimental method and theoretical basis of our analysis is presented.
Binding energies up to 700 keV have been verified experimentally (Fig. 1).
The predicted diving of electrons into the Dirac-sea at (Z;+Z, = 173} up to
now is waiting for experimental confirmation.

—— T
. Posihves Kontinwum

The binding energies of
K-electrons as a function of
atomic number. The binding
energies of the 1ss-electrons
have been measured at

= 50 fin for the quasiatomic
systems indicated. The K-binding

"

~
3
8

GSI-AP-81-0011-3

3
x
\

2 Q‘S"‘S""’U i energies for some elements are
g +\ me given as points. The full lines
¢ 4 are calculated by Soff et al.
w Ay .
@ 6001 \PhaCm
S o '
] r Quassatomie 1
& sl 1Rg = 50 fm] Yo

1000 | 3

777 Negatives Kanhawum 777 ”I "
0 40 80 120 %0 200
Kerniadungszahl Z

t. D. Liesen et al., Phys. Rev. Lett, 44, 983 (1980)

2. F. Bosch et al., Z. Phys. A296, 11 TT 980)

3. G. Soff, J. Reinhardt, W. 3etz, and J. Rafelski, Phys. Scr. 17,
a1y (1978) -

248



DECAY OF 13.9-MIN 241Np
S. Katcoff, P. P. Parekh, E-M. Franz, and L. K. Peker

Brookhaven National Laboratory
Upton, NY 11973

A nuclear spectroscopic study of 24lNp revealed several new y-ray
transitions which aided in the interpretation of the level structure of
1Pu. A new decay scheme is proposed.

Sources of 241Np were prepared bx the 238y(a,p) reaction {irradiation
with 32-MeV « particles) and by the 234Pu{n,p3n) reaction (irradiation with
30-160 MeV neutronsl). The neptunium was chemically separated in a series
of steps which involved elution of unwanted activities, with 4.5M HNO3 and
124 HC1, from a OGWEX MP-1 anion exchange column. Neptunium was then
eluted with an HC1-HF solution and purified further by fuming with HC104 to
volatilize Ru and Tc, reduced to Np*4, and finally coprecipitated with

LaF3. In some of the uranium irradiations the Np*4 was also purifiad by
extraction from 1.0M HC1 into 0.5M TTA in xylene followed by back extraction
into 9M HCY.

The y-ray spectra were measured as a function of time with high resolu-
tion Ge(Li) detectors, and the analyses were performed by means of the INTRAL
and SAMPO codes. Intensities of vy rays per disintegration were determined
from almost weightless sources mounted on 10 ug/cm? plastic films whose
absolute 8-ray emiﬁion rates were measured with a 4n proportional counter.
The half-life of 24INp was determined to be 13.9 * 0.2 min by means of least
squares decay analyscs of the 175.1-keV y-ray peak. A1l of the y transitions
are shown in the Table with their respective energies €, in keV and their
intensities IY given as y rays per 100 decays.

Gamma Rays from Decay of 2‘uNp

m

1

m

T Y Y Y
42.0 2 0.1 0.10 £ 0.03 476.6 * 0.2 0.10 * 0.01
1331+ 0.1 0.86 * 0.05 518.8 * 0.1 0.44 * 0.03
161.6 * 0.2 0.07 + 0.01 561.1 * 0.2 0.08 * 0,03
175.1 0.1 3.1 to.2 834.6 0.2 0.11 £ 0.03
308.8 * 0.2 0.07 * 0.02 929.7 1 0.2 0.08 * 0.02
362.4 £ 0.1 0.19 * 0.02

Based on these data and on previously identified levels? in 2“Pu, the
decay scheme shown in the Figure was constructed, The fraction of g- feeding
to the various levels, and the corresponding log ft values, were estimated
from a balance of transition intepsities. The multipolarities for the y-ray
transitions were assumed as M1, except that the 476.6-, 518.8~, and 561-keV
y rays were taken as El, and the 161.6-keV y ray as E2. Then the theoreg‘igal
tota) conversion coefficients were used to determine the various y-transition
intensities. The ratio I, (175.1)/1,(133.1) for depopulation of the 175.1-keV
Tevel is 3.6, a value whidh is in gSod agreement with the ratio of 3.4
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reparted recently by Dickens
and McConnell3 in their work
on the o decay of 245(m. The
tevels shown at 518.7 keV and
561.0 keV are yrobably the same
as the 520-keV and 560-keV
levels, respectively, seen bv
Braid et al,% in their study of
the 24TPu{d,d’')241Pu reaction.
The 518.8-keV y rays probably
constitute a doublet and de-
populate both of these Jevels.

The {d,d') reaction
studies of 241Pyu_and neighbor-
ing odd-A nuclei indicate that

q
29411”“147' with ground state

5/2+(622], exhibits an octupole
vibrational state and associated
rotational band with K® = 5/2-
and Im = 5/2-, }/2-, 9/2-,....
Evidence from the decay of
281Np indicates that the octu-
pole band in 241py starts from
the 518.7-keV level. Spin
assignments to the B34.6-keV
and 929.7-keV levels were made
with the help of results from
various nuclear reaction
swdiesz"‘: neutron capture by
242pyy(3ye,a) reaction.
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2400, the 2%2py(d,t) reaction, and the

We are thankful to Mrs. Doris M. Franck for valuable assistance with the
measurements and with the data processing. This research was performed under
contract with the U. S. Department of Energy and supported by its Office of

Basic Energy Sciences.
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HYDRATION OF LANTHANIDE AND ACTINIDE IOKS :
SEMI-THEORETICAL AND EXPERIMENTAL APPROACH

F. David, P. David‘, J. Duplessis, B. Fourest and P. Rogelet

Institut de Physigue Nucléaire, laboratoire de
Radiochimie, bit. 100, 91406 Orsay

1f one consider a Born Haber cycle envolving solid and gaseous metal,
gaseous and hydrated ions one observe that sublimation enthalpy of the metal
and formation enthalpy of the aquevus trivalent ions are measured or estimated
from experimental Jata in case of the actinides (1). First fonization poten-
tials are known (2) and consequertly hydraticn enthalpy has been only calcu-
iated for trivalent jons {3).

He will first give a genera! anmalytical expression aHy = f(r, n, z, r
{water)) (r being the radius of the considered entity and n the most likely
primary hydration number of the jon of charge z). This expression gives calcu-
lated values which are close from the 37 experimental data corresponding to
halides, alkalis, alkali-earths, trivalent and sume divalent and tetravalent
lanthanide jons : standard deviations are les: than 1 % for each of the six
considered families. It takes in account classical terms : Born term, dipoiar.
quadrupolar and induced dipole interactions. We added three other terms : ana-
lytical expression of the interactions{depending from r} between the centra?
ion and the water molecules outside the first hydration sphere, and two parity
terms related to the charge of the considered ion and the row of the element
in the periodic table. We used the 37 experimental data concerning ions of
charge ~1 to +4 to compute the 9 unknown parameters aswell as the absclute
hydration enthalpy of éhe psoton. The ob.«ined expression has been applied to
&My calculations for MC*, 3% and ¥ janthanide jons. By deducing hydration
numbers of actinide ions from those of lanthanides with the same charge we
calculated aHy, for divalent, trivalent and tetravalent actinide jons. It gives
the possikility to deduce ionization potentials of tho ectinides.

The second approach is to get experimentai data on the hydrated radii of
the actinide ions, It was interesting to look for a change of the hydration
number in the actinide series similarly as proposed for lanthanides (4}.

Since the study of heavy actinides isoniypossible by radiochemistry we un-
dertook transport number measurements, essentially the dest.mination at 25°C of
diffusion coefficient in Li £1-HC1 orLa C13-HC1 agueorr. medium {pK is adjusted at
2.51inorder to prevent hyd )lysis of trivalent i...;. Il has been verific!that
autodiffusion coefficient are identical with diffusion coefficients masgrei in
the indicated conditions, One obtained in both cases D?u_u)(Eu +)=5.9.10°F a~ 51,

Precise DO values have also been cbtained for gomr lanthanides from con-
ducti /ity measurements. Di* fusion coefficient of Am’* ,as been measured .nd
compared with Eud* data and experiments with miitures of actinides {americium,
curium, californium and einsteinium) make pos:=ible a comparison between the
D¢ and therefore the “idii of the hydrated iors.

+ E.N.S.A.E., 25 rue Larousse, 92240 Malakoff.

1. F. Oavid, K. Samhoun, R. Guillaumont and N. Edelstein, J. Inorg. Nucl. Chem.
40, 69 (1968).

2. W.C. Martin, L. Hagan, J. Reader anu J. 5._ =, J. Phys. Chem. Ref. Jata,
3, 771 (18743,

1. 5. Goldman and L.R. Morss, Can. J. Chem. 53, 26.%, (1975)

4. A. Habenschuss and F.H. Spedding, J. Chem. Phys. 13, 442 61930).
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<K PROBLENS OF THE CHENISTRY OF AGTINIDES
IK THE LOsLER OXIDATION STATES

N.B. likheev

Institute of Physicul Chemistry
USSR Academy of Scivnces
Leninsky Prospect 31,
Lioscow, US3R.

One of the fundamental problems of the chemistiry oi nc~
tinides ig the problem of similarity of this group of elements
with the lanthenide group. Since the first hal. ol nctinides
holds special position in the actinide row it would be impor-
tant to find out the likeness between Lhe sccond half oI nc~
tinides with the group ol lanthanides.

In order to solve this problem it is necesgury to com-
pare the rcgulerity of stability change ror unusual oxidation
states of both groups of elements wilh an increuase in atomic
number. Our lat®st sEudies proved that the oxidation poten-
tials of the Me3+/Me<* couple change symbuticaliy with an in-
crease in atomic number for the first hall of lanthenides and
the second half of actinides, and antibaticelly when compar-
ing the second halves of both groups, A similar picture is
{rue for other unusual oxidation stnutes, guch as 4+, and i+.
It should be mentioned thut while there is a chemical like-
ness between actinides and lanthenides in the oxidation sta-
tes 4+, 3+, and 2+, and therefore, it is possible, based on
this likeness, to predict their behavior, a similar compuri-
gon would noi be possible for monovalent actinides because
monovalent lanthanides are not obtained.

By now, mendelevium is the only actinide obtained in the
oxidation state 1+. Thug any information on the froperties of
Md(1+) is of gignificant secientific value. ve showed /1/ that
mendelevium can be reduced to the monovalent state in the pre-
gence of divalent europium. Using Hertri-Fok radius of maxi-
mel electron dengity we calculated the ionic radius, of Ma (14
(coordination number = 9, electron configuration 5f'4) equal
to 1.20 A /2/. The same value of the ionic radius was deter-
mined by us /3/ derived from the data on the cocrystallize-~
tion of Md(1+) with NaCl and KC1 /1/. Based on this data, we
calculated the value of solubility product of MdCl in aqua-
ethanolic solutions. The solubility product as well aes the
interatomic distence of MdCl lie within the interval between
the respective vmlues for gacl and KC1 /3/. Thus Md(1+) with
electron configuration Sf; ig likely to be an analogue for
Ne™ and K*. similar to No ; with thE seme eleciron configura-
tion being analogous to Ca®* and Sr¢t /4/. Likeness between
Na(1+) end Na*, and K* shows also in the fact that Kd(i+) does
not form steble complexes with C1~ /1/.

We calculeted the hydrotation energy of Md(1+) and deter-

mined thet the hydrotation energy gain in{1+) in electron con—
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figuration £ s can pluv;ue stability for MA{T1+) ms well as
for Fmi1+} in water and aqua-ethanolic solutions. This opens
up a good putlook for obtaining Fm{i+).

1. N.B. Mikheev, V.I, Spitsyn. A.N. Kamenskaya, J. Mikulsgki

?nd T3 Petrine, Radiochem. Radiscanal. Letters 42, 85
1980

2. G.V, Ionove, N.B. Kikheev and V.I, Spitgyn, Rea.ochemistr,
(in'russian) 20, 112 (1978).

3. H. . Lilkheev, A.d. Kemenskeyn, S.4. Berdonoscv ord 5,1.
¥1i , Rediochemistry (in Rusgien, in print).

4o iude “cDowe;i, D.L. keller, F.ud. Dittner, J.P. Terrans
and ¢.U. Caae, J. Inorg. Hucl. Chem. 38, 1207 (1975).
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THE THERMODYNAMICS OF THE
COMPLEXATION REACTIONS OF
AMERICIUM (III) AND:CURTUM (III) WITH
AMINOPOLYCARBOXYLATE LIGANDS*

D. D. Ensor and A. H. Shah

Chemistry Department
Tennessee Technological University
Cookeville; TH. 38501

d

an
Transuranium Research Laboratory
Oak Ridge, TN. 37830
I

The stability constants for the complexation reaction of trivaient

achnidfs with various aminopolycarboxylate ligands have been measured
The thermodynamic data {AH, aS) available for these reactions

'is sparse and contains large uncertainties. Because of the importance of
these very strong complexing agents in various separation processes for
the trivalent actinides from the chemically similar trivaient lanthanides,
a systematic study of the thermodynamic ‘parameters which control these
reactions seems appropriate.

The aminopolycarboxylate ligands used for the study were iminodiacetic
acid, nitrilotriacetic acid, ethylenediaminetetraacetic acid and diethylene-
triaminepentaacetic acid. The stability of the first complex of each of

S NI T o

the Tigands with Am(III) and Cm(III) was measured using a solvent extrac-
tion technique. The organic phase utilized dinonylnapthalenesulfonic acid
as the cation exchanger. A1l aqueous phases were maintained at 0.5 M fonic
strength by the addition of NaC104.

The enthalpies of formation for each reaction were derived from the
var'lat'lnn of the stability constants over the temperature range of 59 -
500 This data was fit by a method of Teast squares analysis to the van't
Huff jsochore. Previous determinations of enthalpy changes for the actinides
have been done by this method

The aminopolycarboxylates used in thi§ itudy were chosen because thermo-
dynamic data for the trivalent lanthanides®>™ was available in order that a
comparison could be made. The thermodynamic data for the complexation of
Am(I11) and Cm(III) with nitrilotriacetic acid is shown below along with
data for Eu(III).

Thennodynamc Properties
(25% u=0.5 M, NaC104)

eu(111)® Am{111) Cm(EI1)
61 (ka/m) -63.640.5 -63.9:0.3 -64.4:0.4
asy {kJ/m) 6.410.5 15.640.9 2142
457 (J/m 5¢) 19242 26742 288:2
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The results, as expected, show that the AG values for the actinides are only
slightly larger than those values for the lanthanides, The enthalpy changes
observed for the actinides are move positive and, therefore, evidence far
greater dehydration of the actinide {on during the formation of the complex.
Cemparison of the entropy changes shows the actinides are more positive by
a magnitude which would indicate the loss of an additional two water mole-

cules.

Previous autho:‘ss’6 have discussed the variations of aH and AS for the
trivalent lanthanides and actinides in terms of the “compensation® effect.
This interprets the variations in the values of AH and AS as being dominated
by hydration effects. The present results for the complexation reaction of
the aminopolycarboxylates and Am{111} and £m{If1} will be discussed in terms
of the dehydration mechanism for the trivalent 5f ac%inide elements.

+ Research sponsored by the Division of Chemical Sciences, Office of
Basic Energy Sciences, U.S. Department of Energy, under contracts
DE-AS05-79ER10489 with TTU and W-7405-eng-26 with Unfon Carbide Corp.

1. A, E. Martel) and R, H. Smith, Critical Stability Constants, vol. 3
{Plenum Press, New York, 1577}.

2. !(i.gl;!.))cmppin and J. K. Schneider, J. Inorg. Nucl. Chem. 32, 3283
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THERMCDPYNAMIC PROPERTLES OF THE GASEOUS LOWER VALENT
FLUORIDES AND CHLORIDES OF URANEUM®

K. H. Lra, R. D, Brictain, and D, L. Hildenbrand

Materials Research Laboratory
SR1 Internatfonal
Menlo Park, California 94025

Chemical techniques were developed for generating effusive molecular
beams containing the sub-valent fluorides and chlorides of uranium, The gas~
eous uranium halide beam species were identified and characterized by mass
spectrometry, with primary identificetion based on the measured fonization
threshold energles (appearance potentials) of the positive ion species ob-
served. These Chreshoid energies, which are clase to the vertical ionization
potentials (IP) of the parent neutrals, progrecsively increéase as successive
halogen itoms are added to the central uranlum atom, varying from values near
the IP of wranium for the monohalides to values approaching the IP's of the
halogen ligands for the penta- and hexahalides.

A number of gaseous reaction equilibria involving the uranium halide
species and certain reference species were studied by high temperature mass
spectrometry, using low fonizing electron energies to eliminate overlapping
fragmentation effects. The gas mixtures were zenerated in an effusion oven
source, and a characteristic test applied to ascertain that chemical equilib-
tiun was attained. The wmagnetic~deflection mass spectrometer, the experimen-
tal technique, and the methods for interpreting anc evaluating the results
have been described In prersious publications.

Because of major uncertainties in the spectroscopic and molecular con-
stants of the U-F and U-C] species, the reaction equilibria were studicd over
wide temperature ranges, and thermochemical data were derived solely from the
temperature variation of equilibrium constants (second-law method). A sum-
mary of the reaction thermochemistry and derived bond dissociatlion energtes
(BDE) is given in Tablc I. The BDE values in Table 1 exhioit several signi-
fican: trends. First, both the U~F andU-C1 data show a dramatic decrease in
bond strength as the fifth halogen atom 1s added to the central uranium atom,
with the U-F data shewing a further substant.ual drop with addition of the
sixth F atom: the results corroborate the relatively high stability of the
tetravalent state of uranium, and indicate that the pentavalent and hexava-
lent states are attained only at the expense¢ of substantinl va.ence promotion
energy. Additionally, the BDE data illustrate that UFy is only marginally
stable and 1s, in fact, an effective fluorinating agent. Secondly, the vari-
ation {n BDE with number of halogen ligands is quite different for the two
halide svstems, reflecting perhaps a substantial change in ionic-covalent
bondins ‘uracter.

Information about the spectrogcopic and molecular constants of the U-F
and U-C] species is relatively sparse, especially that pertaining to rhe en-
ergies and configurations of the law-lying electronic staces. However, the
reaction entropy data In Table 1 together with accurate entropies of subli-
mation of UF,(s) and UCl;(s) yleld reasonably accurate total entropies of the
halide species that can be used to cneck the nssignment these constants. For
the U-F gpecies, the results indicate 'T.at the electronic contributions are
appreciable, and are comparable to those of ztomic uranium in the same tem-
perature range. 1In fact, the experimental entropies of the uranium fluc.ides
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are in good agreement with cnlculated values based on reasonable rotational

and vibrational constants plus the estimated electronic state assignments of

Gurvich and co-ucrkers.? Corresponding data for the U-Cl molerular apecies

{except for UCl,) have not yer been amalyzed fully. For gaseous UF, and UCl,,

wvhere the direct sublimarion data yleld entropies accurate to within about

0.5 cal/deg mole, the experimental data strongly support a distorted tetra-

hedral structure of effective (3, symmelry as suggested by electron diffrace

tion dnta‘j rather than a regular tetrahedral structure that is more im accord
with the photoelectron spectra.% Overall, the nev thermochemical dats define
the equilibrium behavior of the gaseous U-F and U-Cl aystens aver a wide tem-
perature raoge, and provide useful insights into several aspects of the chem-
ical bonding.

* This research vas supported by cthe 0ffice ot Basic Energy Sciences, U, S.

Departmenl of Energy.
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Table T

RFEACTION THERMOCHEMISTRY AND DERIVED BOM DISSCCIATION
ENERGIES OF URANIUM FLUGRIDES AND CHLORIDES

8K a5y Derived BUE
Gageous Reaction g_egl"m]e gal/deg mole kcal/mole
U + BaF = UF + Ba - 17.8 + 0.7 - 3.0 D{U-F) = 156
UF + BaF = UF, + Ba 4,8 + 0.6 Q.6 B(FU-F) = 134
UFp + BaF = UF3 + Ba - 8.3+ 0.4 - 9,5 D(F,U-F) = 147
UF3 + CaF = UF; + Ca - 19.5 + 0.6 ~16.9 D(FyU-F) = 146
D{egU-F) = 102*
D(FsU-F) = 69*
U+ ¢l = Ucl - 98.7 + L.5 -~22.8 Dlu-cl) = 99
ucl + ¢l = ucl, -116.0 + 1.9 -31.2 D(C1y-C1) = 118
UCl, + €1 = uCly -113.4 # 1.2 ~31.8 D(E1,U-€1) = 113
Cull + L'Cl; =Cu+UCl, - 9.2+0.3 - B.6 D(CIJU-Cl) = 99
ucl, + %Iy = UClg - 20.3+ 0.3 D{Cl,U~C1) =~ 49

*From previcus studies, Reference 5.
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Activitiea of Components in the System Th(NOj3),-HNO3;~H,0
R.J. Lemire and C.P. Brown

Research Chemistry Branch
Whiteshell Nuclear Research Establishment
Atomic Energy of Canada Limited
Pinawa, Manitoba ROE 110

The equilibrium composition of the vapor above thorium nitrate-nitrie
acid-water mixtures has been studied as a function of thorium nitrate concen~
tratfon, nitric acid concentration and temperature, using a transpiration
technique. At 25°C the thorium nitrate solutfon concentrations (mr) which
were used ranged {rom 0.1 to 2.5 molal and the nirric acid concentrations (my)
from 0,3 to 25 molal. The vapor pressure of the nitric acid (PN("N-“'T)) was
found to increase with increasing thorium nitrate concentration for a constant
molality of nitric acid in the aqueous solutions. At constant wp the ratlo
Py{myimy) /Py (my,0) becomes larger with decreasing nitric acid concentrations.
This is most pronaounced for my less than 3 molal as shown below.
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The water vaper pressures decreased regularly with both increasing nitric
acid and increasing thorium nitrate concentrations. At 50°C the concentra-
tions of nitric acid in the vapor could be determined over more dilute solu-
tions that at 25°C, but experimental errors were also somewhat greater.
Trends {n the results at S0°C were similar to those found for 25°C but at 50°C
the ratio Py(my,or)/Py(my,0) did not increase as rapidly =t low nitric acid
concentrations.
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Both empirical multiparameter functions and functions based on theorics
of fonic interactions(1.2) were Fitted to the 25°C experimental data. From
these, and available iirerature data for the nitric acjd-warer apd thorium
nitrate~water systems at 25%, expresslons were calculated for the variation
of water and thorium nirrate activities as funcrions of che nigric acid and
therium nitrate concentratlons using the Gibbs-Pubem equaxian(”. The cal-
culated water actlvitles agreed reasonably well with those determlned from
the vxperimental water vapor pressures. Values calculated for thorium
nitrate activities vere, hovever, strongly dependent on the form of the func-
tions originaily vsed to fit the nitric acid vapor pressurc data. Consistent
trends were found In the thorium nitrate activitles [(or solurfons 0.5 ~ 10
molal in aitric acid. The analysis of the 50°C data was less satlsfaccory
both because of larger errers in the 50 C measurements and because the
behuviour of the binary systems has not ocen as thoroughly Llnvestigared.

1. K.$. Pitzer, J, Solurion Chem. &, 249 (197%).
2. L. Scarchard, R.M. Rush and J.S. Johnsen, J. Phys. Chem. 74, 17B6 (1970},

i, W. pavis, Jr., P.S. Lawson, H.J. deBruin and J, Mrochek, i. Phys. Chem.
69, 1904 (1965).
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VAPOR PRESSURE AND THERMODYNANICS OF Bk-249 METAL*

John W. Ward and Phillip D. Kleinschmidt
Los Alamos National Laboratory, Los Alamos, NH 87545

Richard G. Haire
Oait Ridge National Laboratory, Oak Ridge, TN 37830

The vapor pressure of 299Bk metal has been measured over the range 1100~
1500 K, using combined Knudsen cffusion mass spectrometric and target collection
techniques. Vapor pressure data arc combined with appropriate estimates for
solid free-energy functions and the crystal entropy $%29g to calculate enchal-
pies, entropies and heat capacities from 298 to 3000 K. The vaporizations are
described by the equations:

Log)g P(acm) = ~ (15734264)/T + 5.8640.22 [solid, 1107 - 1319 K|

Logyp P{atm) = - (15047+203)T + 5.2740.14 [liquid, 1345 - 1528 K|
from vhich we calculate

AHOzpg (2nd law) = 74586%1192 cal/mol Isolid]

aH029g (2nd law) = 73331+ 891 cal/mol [liquid]

HOz9g (3rd law) = 76,168460 calfmol ([solid and liquid].

Seven milligrams of high-purity berkelium-249 metal were loaded into a
single crystal tungsten cup, which was inserted into a tungsten ctfusion cell.
The apparatus and techniques have becn described previously.! Six liquid data
points and ten solid daca points were obtained with the mass spectometer before
sample exhautsion. 1In additien, three target exposures were taken to calibrate
the data line. Thesc results arc plotted in the figure. The related data are
shown in tae table.

Data were taken in random temperature jumps throughout the range. No
apparent scatter or residual cell effects were scen during this process. The
target values were analyzed by combined windowless soft-beta and pulse-analyzed
alpha counting; the californium daughter growth also allows a post-analysis
check ot the validiry of the Bk-data. The early data points contained a varying
signal from the 249Cf daughter, which graduall, disappeared during the experi-
ment. Correction for the Cf contribution was made from the target analysis.

The data clearly show a change in slope in the neighborhood of 1300 K.
From the pressure cquations we caleculated a heat of melting of ™~3200 cal/mol and
an entropy charge of 1.9 cal/mol-deg. This heat may or may not include a dhep-
fcc tramsition, which in any case occurs near the melting point. Early work?
indicated a temp¢ rature of melting of 986°C; some recent preliminary results show
a possible higher temperature.” Wehave arbitrarily chosen a melting temperature
of 1050°C, showing (on the figure) a fair possible range. In any case the exact
location (21009C) does not materially affect the values calculated or the
conclusions drawn. From the data, we estimate a boiling point of 2860450 K.

Te crystal entropy S°zgg was calculated using Nd as a model, according to
the correlation of Ward and Hill.% Since 8k develops its full paramagnetic
momen’,? we used the magnetic entropy of the 5% trivalent ground-state
configuration for this calculation. GCas phase data were taken from the work of
Convay, et 1.5 uho list 102 odd and 72 even levels between 3700 and 12,000 ca™}.
The calculated crystal cntropy S°jgg = 18.740.3 cal/deg-mol. Free-energy
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functions, entropies of vaporization, heat capacities aid heat contents were
calculated by the self-consistent method described for +~- work with califor~

aium.

Our choice of M as a model was based on similarity of crystal structures,
phasce transitions, melting point and heat ot vaporization. Using the Johansson
correiation,® which shifts Pu, etc. under Ce, etc. in terms of similar physico-
chemical properties, Pm would have been e proper homolog; however, there are
as~yet essentially no published thermodynamic data for this metal. A preliminary
measurement on a very small sample of Bk gave an anomalously high heat “Hy = 91
kecal/mol, which was probably due to the sample size and use of a Ta centainer,
which has since been found to interact with the Bk. Empirical predictions for the
heat of sublimation based on spectroscopic data and the calorimetric heat of
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P, atm ~logig_P _H%39g, Third Law, cal/mol
Solid
Tio? 4.02 x 1079 8.39577 74,120
1126 6.62 x 1079 8.17914 74,113
11281 B.54 x 109 8.06854 73,798
1155 1.46 x 1078 7.84164 74,315
i1y 1.66 x 1078 7.77989 74,238
1178 2.85 x 1078 7.54510 74,031
1219 9.04 x 108 7.04383 73,852
1254 1.95 x 1077 6.70997 73,978
P2t 4.01 x 1077 6.39686 73,728
131y 7.04 x 1077 6.15241 74,287
sed
S 1.24 x 1076 5.90658 74,168
53} 1.87 x 1076 5.72816 74,412
[0 2.44 x 1076 5.61261 76,145
1a2it 4.70 x 1076 5.32790 74,367
1443 7.09 x 1076 5.14915 74,263
18 2.59 x 1073 4.58670 74,600

tienrtes also target data point.

11ond.10 predicted a value of 70-76 Rkcal/mol; our results confirm these
. dictwens.  Our final value for the heat of vaporization ‘Hopgg = 74.130.9
¢ ilrmal is the average of our sccond and third law data.

. ¢h performed under the auspices of the V. 5. Departmont of Encrgy, Office of
©+.t. Energy Sciences, Chemical Sciences Division.
J. W. Ward, P. D. Kleinschmidt and R. G. Haire, J. Chem. Phys. 71 (1979)
3u20.
4 A, Fahey, J. R. Peterson and R. D. Baybarz, Inorg. Nucl. Chem. Letters
% (1972) 101.
R. G. Haire, private communication.
J. W. Ward and H. H. Hill in Heavy Element Properties, cds. W. Miller
and H. Blank {North Molland/American Elsevier, New York, 1976) p. 65.
§ E. Nave, P. 7, Huray and R. G. Haire, in Crystalline Electric Field
and Structural Etic.cs in f-Electron Systems, eds. J. F. Crowe, R. P.
. I. G. Conway, E. F. Worden, J. Blaisc, P. Camus and J. Vergds, Spectro-
chimica Acta 32B {(1977) 101.
‘. W, Ward, P. D. Kleinschmidt, R. G. Haire, and D. Arown, in The Chem-—
i1stry of Lanthanides and Actinides, ed. N. E”elstein, ACS Symposium

Siries No. 181 (1980) pp. 199-220.
S 8. Johansson, Phys. Rev. BLl (1975) 2836.
+ K Samhoun, PhD. Thesis, Universitd Paris-Sud, Centre d'Orsay, series

v, Tw. 1727 (1976) p 87,
to F. David, K. Samhoun, R. Guillaumont and K. Ed¢lstein, J. Inorg. Nucl.
Chem. 40 (1978) 69.
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ENTHALPY OF FORMATION AND MAGNETIC SUSCEPTIBILITY OF CmO. 3

2 AND CmZO

L.R. Morss

Chemistry Division, Argonne National Laboratory
Argonne, Illinois 60439 USA

J. Fuger and J. Goffattb
Laboratory of Analytical Chemistry and Radiochemistry, Universiry of Liege
{Sart Tilman}, B-400D Lige, Belgium

and R.G. Haire
Transuranium Research Laboratory, Oak Ridge National Laboratory
Oak Ridge; Tennessee 37830 USA

Stoichiogetric curiwn dioxide has been prepared fram 2980 (contalniaa
0.17 at. & Cm} by careful calclnation of pure curium{III} oxalate at
550-600°C, followed by prolonged heating at 300°C. Monoclinic curium sesqui«

oxide was prepared by hydrogen reductlon of the dioxide at 825°C. The
purity of these compounds has been verified by X-ray powder crystallogrephy
and by thermogravimetric analysis.

The magnetic susceptibility of milligram~scale samples of each compound
was mecasured on a Faraday balance at temperatures between 2 and 296 K.
Following the magnetic measurements, the enthalpy of formation of each
compound was determined by sclution calorimetry.

Susceptibility data on 24%cm oxides are compared with earlier values
obtained on Cm and Bcm oxides in terms of expected magnetic moments
for cm(111} and Cm(IV) and in terms of nonstoichiometry of Cm0, caused by
incomplete oxidation or by radiation damage. The thermochemical data on
t.. oxides are interpreted in terms of the agueous reduction potential
£ icm?*/cn3*) and in terms of the stabilities of other lanthanide and
actinide dioxides and sesquioxides.

a Work performed under the auspices of the Offlce of Basic Energy Scionces,
Division of Nuclear Sclences, U.S. Department of Energy under contract
N° We3i-109-ENG-38 ; the Institut Interuniversitaire des Sciences Nuclé-
aires {Brussels) ; and a collaborative Research Grant from the North
Atlantic Treaty Organization.

b Chercheur Quallifié de 1'I.1.S.N. {Brussels}.
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STABILITIES OF TERNARY ALKALINE EARTH - ACTINIDE (VI) OXIDES M]l\no6 a

L.R. Morss and J.A. l"a.heyb

Chemistry Division, Argonne National Laboratory
Argonne, Illinois 60439 USA

R. Gens® and J. Fuger

Laboratory of Analytical Chewmistry and Radiochemistry, University of Liége
(Sart Tilman), B-4000 Li2ge, Belgium

and H.D.B. Jenkins
Department of Chemistry and Molecular Sciences, University of Warwick
Coventry, Cv4 7AL U.K.

The complex oxides caawe, 51'3006, Bdlwﬁ' Ba NpOsl ana BaJ.PuOB were
prepared by solid-state syfitheses it temperatures Op tO 1200°C. X-ray
powder photographs show that BajNpOg and Ba,Pu0g have lower symmetry than
was reported earlier ; the X-ray data on the other complex oxides confirr
previous structural studies. Spectropholometry, volumetric and gravimetric
aralysis, isotope-dilutlon mass speccrometry, and alpha counting have been
used to characterize these compounds.

Samples of these compounds were reacted in soiutlon calorimeters
in appropriate dilute acids to determine thelr enthalples of formation.
In wost cases, the reported results are derived from two or more preparations.
These complex oxides alt have similar crystal structures {distorted,
ordered perovskite} with actinide(VI) ions in octahedrul oxide coordination.
The enthalpies of formation, coupled with lattice-energy calculations., have
been used to estimate the stabilities of hexavalent actinides in these
perovskltes in comparison with the binary oxldes and other species, and to
calculate enthalples of formation of the E— complex icns.

a Work performed under the auspices of the Office of Bas‘ic Energy Sclences,
Division of Nuclear Sciences, U.S. Department of Energ)y under contract
N° W-31-109-ENG-38 ; the Institut Interuniversitaire des Sciences Nuclé-
aires {Brussels) ; and a collaborative research grant from the North
Atlantic Treaty Organization.

b Faculty Research Particlpant from B -onx Community College, Bronx, H.Y.

c Boursier I.R.S.I.A. {(Brussels).



COMPARISON QF THE AFFINITY OF TRIVALENT ACTINIOE
AND LANTHANIDE FOR NITROGEN AND SULFUR ODNORS

€. Musikas, P. Vitorge, G. Le Marpis, R. Fitoussi, C. Cuillerdier

0GR-SEP
Centre d*études rucléaires de Fontenay-aux-Rases
Fontenay-aux-Roses - France 92260

This work is part of an investigation of the differences and analogies of
the trivalent actinides and Tathanides complexes in liquid phases. Aquecus or
organic complexes of the two series with nitrogen and sulfur donors ligands
will be described.

1t appeared that nitrogen ligands form stranger complexes with the acti-
nides even if the values of the ionic radia were in favor of lanthanide more
stable species. For example Am(I111) with r = 1.06 A give a 1:1 complexe with
1-10 orthophenanthroline For which 81 = 102.68 when Eu(I11} of which r = 0,93 &
give a weaker complexe with 83 = 101.88, In order to compare the ability of
several ligands to complexe selectively the 4f or the 5f ion of a given pair
we reported in Table I the value of Sp of Am{II1)-Eu(lI1) couple. SF is 2
selection factor defined as :

SF = 2(8GAc -46Ln) / (8Gac +i6Ln)

*GAc and AGLn are the free enthalpy changes for the formaticn of the actinide
and lanthanide 1:1 complexe.

Table I : S for the Am{111)-Eu(1II) pair for selected axygen, nitrogen and
nitragen-oxygen donors

Most probable|Most probabie] ]
Ligand Camplexe Sg i ig:::?;tﬁgr Ei‘::i:,of References
than N)-metal bonds !
bonds %
F- HF3+ -0.084 1 0 33 }
CH3C0?"™  |M(CH3CO2)2+aq| 0.03 2 0 (2) !
6T ¥ [M(EDTA)- 0.09 4 2 gg; ;
Ny MN32+ 0.93 0 1 This work
phen ¥ M{phen}3+ | 0.69 0 2 This work
iz ¥ w(TPTZ)3¢ | 0.38 0 3 This work |

* We used the above abreviation for the following ligands
DTPA = diethylene triaminopentaacetic acid, phen = 1«]0 orthaphenanthroline,
TPTZ = 2-4-6 tripyridyltriazine.

It can be seen that the higher 5. factors are obtained with the nitrogen dorors.

Dialkyldithiophosphoric acids ((RO)PSSH) have teen chosen as sulfur donors
camplexing agents. We observed agueous complexes for tetravalent or hexavalent
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actinide but no soluble species for pentavalent actinide or trivalent actinide
and lanthanide. S0 it was rot possible to compare directly the stability of
Am(111) and Eu(II1) aqueous complexes with dialkyldithiophosphate.

Hovever Am{1Il) and Eu{lIl} showed a very diff: "ent behavior when extracted
by mixtures of diZethylhexyldithiophosphoric acid (HUEHDTP) and tributylphosphate
(TBP). The distribution coefficients of Am(IIl) and Eu{I1I} as a function of the
reactants ratio are shown figure 1

0 §0 100
HDEHDTR {5/}

FICeRE |

DISTRIBUTION COEFFICIENTS OF an’” ann Eu’" fons
AETWEEN AQUEOUS SULUTIONS 0.0SN 1N MUy AND (IDEHUTP « TBP) | ¥ IN DODFCANE

I. can be seen that tiie two ions are extracted via different synergistic
effects. From these curves and comp]ementary extraction data it can be deduced
that the complexes ir the organic phases are respectively : Am{DEHDTP)3 TBP and
Eu(DEHDTP) (NO3)2.(TBP),. This difference illustrates the greater affinity of
actinide for sul?ur daonars ligands.

In conclusion, we have to point out that contrary to what is observed
with oxygen donors for which the formation constants of actinide and lanthanide
complexes are governed by the ionic radia of the metal ; the nitrogen and sulfur
donors show a significant higher affinity for the actinides even if the radius
of lanthanide are smaller.

These features suggest that the covalent part of the nitrogen or sulfur
actinide bond is sufficient to counter balance the smaller size of the heavier
lanthanide, They imply also that the covalent part in nitrogen or sulfur bonds
to lanthanide are smaller than the covalent contribution in the homologuous
actinide complexes.
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ELECTROCHEMICAL AND SPECTROSCQPIC STUDIES OF ACTINIDES IN
CARBONATE-BICARBONATE BUFFERS*

Oennis W. Wester and James C. Sullivan

Chemistry Division
Argonne National Laboratory
Argonne, [11inois 6043S

The electrochemical and spectroscopic properties of actinides in
carhonatc and bicarbonate solutions are under investigation.

For uranium, the reduction of U(VI), which exists primarily as the
triscarbonatodioxouranate{V1) ion U0, {CO; }5", is observed by cyclic voltam-
metry. In carbonate solutions (0.1-1.0 M), an irreversible one-electron
reduction leads to stable U{(V) species. Spectroscopic studies are consistent
with the presence of only one U(V) species, the spectrum of which is re-
markab'y featureless. Electrochemical reduction of the U(V) species is not
achieved in carbonate solutions. In bicarbonate sotution (1 Mg, u{vr) is
reduced to U(V) at putentials comparable to those for cartonate solutions,
but at the lower pH values the U(V) species disproportionates to U(IV) and
UEVI . Spectroscepic results are consistent with the presence of only one
U(IV) species, the spectrum of which shows similarities to other U(IV{
species in bazic solution. i

For neptunium, results are nearly identical throughout the pH range
8.3-11.2, i.e., in bicarbonate or carbonate. At a potential much Tess
negative than that required to reduce U(VI) to U(V}, Np(VI} is reduced
quasi-reversibly to Np{V}. Spectroscopic results are consistent with the
presence of only one Np{VI) and one Np(V) species. One difference in the
spectrum of Np{V} in carbonate versus bicarbonate occurs at 997 nm. In
bicarbonate this peak has a much larger extinction coefficient than in
carbonate. Reduction of Np(V) to Np{IV) occurs near the limit of useful
potential range for mercury. Although accurate coulvmetric data are
unattainable, comparison of spectroscopic properties clearly indicates that
Np(IV) is produced.

For plutonium, results to date indicate that Pu(Vl) is reduced guasi-
reversibly to Pu(V) at a slightly more negative potential than the corre-
sponding reduction of Np(VI}. This system is currently under investigation
and results will be reported as they become available.

i'Nor'k performed under the auspices of the Office of Basic Emergy Sciences,
Division of Nuclear Sciences, U. S. Department of Energy under contract
No. W-31-109-ENG-38.
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SPECTROELECTROCHEMICAL STUDJES OF THE ACTINIDES: RECENT
RESULTS ON Np AND Am IN AQUEOUS CARBONATE SOLUTION*

D. E. Hobart, K. Samhoun**, J. Y. Bourges*. B. Guﬂ]aume‘,
R. G. Haire, and J. R. Peterson

Department of Chemistry, University of Tennessee, Knoxville, TN 37916
and the Transuranium Research Laboratory {Chemistry Division),
Oak Ridge National Laboratory, Oak Ridge, TN 37830

Spectroelectrochemistry at optically transparznt electrodes (OTE's) in
conjunction with cyclic voltammetry has becn applied to the study of the
Np(VII)/Np(Vi) and Am(IV)/Am{III) redox couples in aqueous alkali metal
carbonate solutionrs. The strong complexation provided by carbonate ions
affects the formal reduction potentials of these redox couples and stabilizes
the higher oxidation states. The absorption spectra and redox potentials of
the Np{VIi)/Np{VI) couple in NapCO3 solution and the Am{1v)/Am(11{) couple in
(NHz }2€03, MapCO3-NaHCO3, KpCO3 and CspC03 media are reported.

Heptavalent neptunium can be prepared by electrolytic oxidation of Np(VI)
in 0.25-1.5 M NapC03-0.2 M NaOH.l "The stability and absorption spectrum of
Np(V1I) in cartonate solution make the Np(VII}/Np(VI} redox couple amenable
to spectroelectrochemical investigation,

A concentrated solution (> 1 M) of 237Np(VI) wag prepared in 1 M HC10g
and an atiquot introduced into 2 W NapC03. This 107¢ M Np{V1) solution was
adjusted to pH 13 by addition of NaOH, and cyclic voltammetry was then per-
formed at a platinum wire microelectrode. The cyclic voltammogram displayed
a reversible wave for the Np(VII}/Np(VI) redox couple, and the formal reduc-
tion potential {E°'} was found to be 0.46 t 0.01 V in this medium. (AN
potentials given here are “aferenced to the normal hydrogen electrode (NHE)].
This Np(VI)-NapCO3 solution was subsequently placed in a platinum screen OTE
in the 1ight beam of a spectrophotometer. An absorption spectrum of the
yellow-green Np(VI) solution was recorded (Fig., 1) prior to :lectrol,tic
oxidation, and spectra were then recorded as a function of time during tre
potential-step electrolysis. The spectrum of dark green Np(VII) in NapCl;
solurion is shown in Fig. 1. The E°' for the Np{VII)/Np{VI) redox couple in
this medium is presently being determined spectroelectrochemically io nrov.de
a more accurate value than that obtained via cyclic voltammetry.

Tetravalent americium is unstable with respect to disproporticnmation in
most mineral acid solutions, because of the high value, about 2.4 vc, of the
Am{1V}/Am{11I) potentfal. It is possible to prepare stable Am{IV) in strongly
complexing aqueous solutions such as concentrated alkali metal fluorides3,
concentrated phosphoric acid4:9, and acidic sodium pyrophosphate solutions.
Our recent work stabilizing Pr(IV) and Tb(IV} in concentrated aqueous alkali
metal carbonate solutions suggested the possibility of stabilizing Am{1V) in
this same medium.

Solutions of from 10-! to 10~2 M 2431\m(III) were prepared in various
carbonate solutions (2 M (NHq)2C03, Z M NapC03-NaHCO3, 5.5 M KpCO3, and 5 M
Cs2C03) by dissolving freshly precipitated Am?OH)a {nto these carbonate
solutions.

Cyclic voltammograms of Am(III) in NasCO3 solution were recorded at a
platinum microelectrode as a function of pﬁ. The pH was adjusted by bubbling
€0z through the solution. AL p.” 9.7 a reversible voltammogram of the Am{IV}/
Amilll) redox couple was obtained from which an E°* value of 0.92  0.01 V was
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FIGURE 1

determined. The same solution was placed in an OTE of reticulated vitreous
carbon (RVC). An absorption specirum of the Am{11I) solution was recorded
prior to electrolysis (Fig. 2}). A potential of 0.60 V was applied to the cell
and increased to more positive values until a change in the spectrum was
noted. The solution first turned golden-yellow and then red-brown. The ab-
sorption spectrum of the product, Am(IV), is shown in Fig. 2.

The assignment of oxidation state 1V to the oxidized americium species
was based on electrochemical and spectroscopic evidence and determinatiun that
only a one-electron transfer was involved, as shown by spectrophotometric and
potentiometric titrations with KaFe(CN)g in 2 M NapCO3 solution .

Assuming the shift in reduction potential provided by compiexation with
carbonate ions is 1.7 V more positive than that in non-complexing solution,6
the standard reduction potential for the Am{IV)/Am(III} couple can be calcu-
lated. This value is 2.62 + 0.01 V which agrees well with that recently
reported.?

It is expected that concentrated alkali metal carbonate media may be
exploited as a means to generate and stabilize other. less-stable, nigher
oxidation state actinides such as Cm(IV) and Cf(V).

*  Research sponsored by the Division of Chemical Sciences, U.S. Nepartment
of Energy under contracts OE-ASO5-76ER04447 with the University of
Tennessee (Knoxville) and W-7405-eng-26 with the Union Carbide Corporation.

** National Council of Scientific Research - Lebanon.

+ Centre d'Etudes Nucléaires, Department de Genie Radicactif (SEP),

B.P. No. 6, 92260 Fontenay-aux-Roses, France.
1. G. A. Simakin and I. V. Matjascuk, Radiokhimia 11, 481 (1969).

*
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APPLICATIONS OF SPECTROELECTROCHEMICAL TECHNIQUES
TO STUDIES OF THE ACTINIDES*

D. E. Hobart, K. Samhoun**, M. Hara‘. and J. R. Peterson

Department of Chemistry, University of Tennessee, Knoxville, TN 37916
and Transuranium Research Laboratory {Chemistry Division},
Oak Ridge National Laboratory, Oak Ridge, TN 37830

Simultaneous application of electrochemical and spectroscopic techniques
(spectroelectrochemistry} to the generation and characterization of less-
stable oxidatiun states of the actinides is described. An electrochemical
reaction can be monitored by passing 1ight directly through an optically
transparent electrode (OTE) and the solution adjacent to it. This provides a
convenient method for obtaining spectra, redox potentials, electron-exchange
numbers, and reaction rates of electrogenerated species, Because of the
simplicity and sensitivity of the technique and the advantages of using small
sample volumes (less than 1 mL}, spectroelectrochemistry is well suited to
studies of actinide redox couples.

New electrode materials such as reticulated vitreous carbon (RVC)! and
porous metal foam (PMF)2 have been employed as OTE's for actinide studies.
RVC is a three-dimensional network of glassy-carbon struts with a large sur-
face-to-volume ratio which allows for rapid and complete electrolysis
throughout the solution in and around the electrode matrix. RVC exhibits high
optical transparency, is an inert electrode material, and is not easily
damaged by radicactive solutions. PMF is similar in structure and appearance
to RVC, but the PMF mnatrix, being metal, is a supericr conductor of electri-
city. In addition, PMF is more versatile than RVC in that it is easier to
plate platinum or mercury onto PMF for extended potential range capabilities.

Simple OTE's were made by sandwiching a thin slice of RVC or PMF between
quartz microicope slides {(Fig. 1) and placing epoxy on three edges as described
elsewhere.3>4 The OTE was dipped into a small reservoir of actinide solution,
and by means of a suction tube at the top of the cell, a portion of the solu-
tion was drawn up into the electrode matrix. An SCE reference electrode and a
platinum wire counter electrode were placed in the bulk solution reservoir,
and the entire assembly was placed in the sample compartment of a spectropho-
tometer for spectroelectrochemical studies.

A more elaborate OTE cell design was utilized in our recent work. It
consists of a Teflon cell holder which positions a quartz cuvet in the sample
beam of a spectrophotometer. The Teflon cell holder is equipped with a lid
which supports the OTE, SCE reference, and platinum wire counter electrodes.
¥hen the iid is lowered the electrodes are immersed in the solution. Two
different quartz cuvets were used with the cell holder, a 0.5-cm path length
cuvet (0.75 mL) and a 2.0-cm path length ane (1.0 to 1.5 mL).

Spectroelectrochemical studies of the actinides Np through Cm were per-
formed in a gloved box modified with an appendage, fitted with quartz windows,
which slides into the sample compartment of a Cary Model 14-H spectrophoto-
meter, Electrochemical measurements were performed with an EGAG PARC Model
173D/179D/175 potentiostat/coulometer/universal programmer.
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FIGURE 1

The Np{VI)/Np(V) redox couple in 1 M HC1G4 is used hers as an example to
demonstrate the spectroelectrochemical method for determination of the formal
reduction potential {E°') and the number of electrons 2xchanged (n) for the
reaction

No03" + &” — NoDj.

The relationship between the applied potential (E} and the concentrations of
neptunium species is described by the Nernst equation,

2+

Np037]

EoeEet 4 o.a59 1o 3 .
[Np0,]

and the relationship between the absorbances of the neptunium species and
their concentrations is expressed by Beer‘s iaw,

A=cb prog*] and  A'=c'b [No03].

Combination of these expressions relates the applied potential to the ratio
of the absorbances of the electroactive species:

= D.059 A/
E = E°' + == Tog 7

L7 UNN
€

Experimental data were obtained by placing the NpU%" starting solution in an

OTE. A potential to ensure retention of Np{VI)} was applied to the cell, and
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an initial spectrum of Npog’ was recorded. More negative potentials were then
applied to the cell to generate NpO7, identified on the basis of its character-
istic absorption spectrum, After equilibrium was established at each applied
potential, an absorption spectrum was recorded. A plot of the appiied poten-
tial versus the ratio of concentrations of the Np species {expressed as
absorbance values} yielded a straight line (Fig. 2) with slope equal to
0.059/n and y-intercept equal to E°'. The E-' value determined for the Np(VI}/
Np(V) redox coupic in 1 M HC104 was 1.140 ¢ 0,005 V {n = 0.93}, in excellent
agreement with the accepted value of 1,137 V. 5

Important advantages of this i _thod inciude (a) current measurement is
not required, (b) the same solution can be recycled for many experimenis, (c)
attainment of equilibrium is readily determined by noting constant absorbance
with time, and {d} the path length of the cell, b, and knowledge of the molar
dbsorphnty, c, of the redox species are not required if tha proper monitor-
ing wavelength is selected.3 Additional advantages of this technigue, as
well as descriptions of other spectroelectrochemical methods applicable to
actinide studies, will be presented.

*  Research sponsored by the Oivision of Chemical Sciences, U.S. Department
of Energy under contracts DE-ASG5-76ER04447 with The University of
Tennessee (Knoxville) and W-7405-eng-26 with the Union Carhide Corporation.

** Natfonal Council o Scientific Research - Lebanon.

4+ On leave from Tohonu University, Sendai, Japan.

1. RVC is a registered trademark of Fluorocarbon, Anaheim, CA.

2. Obtained from Astro Met Associates, Cincinnati, OH.

3. T. P. DeAngelis and W. R. Heineman, J. Chem. Ed. 53, 594 {1976).

4. V. E, Norvell and G, Mamantov, Anal. Chem. 49, 1470 (1877}.

5. D. Cohen and J. C. Hindeman, J. Am. Chem. Sbc. 74, 4679 {1952).
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REDQX PROPERTIES OF GRANIUM IN Au AC101C
ROOM TEMPERATURE MOLTEN SALT

R. De Waele, L. Heerman and W. D'0lieslager

Department of Chemistry, Kathoiieke Universiteit
te Leuven. Celestijneniaan 200F, B-3030 Heverlee,
Belgium

There has been an active interest irll Ehe eiectrochemistry of uranium
ard the other actinides in molten salts *+¢. This work describes the redox-
properties of uranium in the AfCl, + n ‘n-butyl)pyridinitm chloride SBgC)
room temperature molten salt systgm. described by Osteryoung et al. =7,
Experiments have been restricted to the acidic regior (mole ratio AIC), :
8PC - 1). The results are compared with those obtai ~* ~ a previous siudg
of the electr cnemistry of uranium in acidic AIC1; + Naui melts 2t 175°C .
Fig. 1 shows a voltammogram for the reductjon/oxidation of UCl, solutions
in 2:1 melts at & glassy carbon rotating disc electrode (35° C; 150 rpm).
Cathadic scans exhibit an almost reversible wave (at low rotation rates) for
the reduction U{{V} -~ U{I11}; anodic scans show two irreversible waves for
the oxidatians U{IV) -~ U{V) and U{V) ~ L(VI). The height of ~ach wave in-
creases linearly with the uranfum concentration as shown in vig. 2 {1 :
reduction wave; 2 : sum of both oxidation waves). The oxidation wave 5
»{¥} » U{VI} has not been owvserved previously in acidic AICi, + NaCi meits 7
in the rpom temperature melt, this wave is found at potentia‘?s more positive
than the thermodynamic 1imit of tne solvent and stable solutions of hexava-
lent uranium cannot be prepared, In 2:1 melts, solution of pentavalent ura-
nium also reacts to seme extent with the solvent; at 30° C the standard
potential of the U{V)/U{IV) ~ouple is estimated as 1.9 V (vs. AT). The stan-
dard potential of tge u{Ivy/u(tn) coup’lg‘1 determined by coulometric titra-
tion, is given by £° = 1,146 - 5,25 x 10" T{V) {at 30° C; € = 0.987 V).

If the acidity of the melt is decreased, the waves U(IV) + utIll)} and
U{IV) - U(V} shift %o iess positive potentials; the wave U(V) - U{VI) merges
with the de.omposition of the solvent.

For the reductios wave, the variation of half-wave potentials with melt
composition is shown in fig. 3 (the dotted lines have slopes of 62 and 186
my/decade change of pll™, respectiveiy)}. The results can be explained by the
reactinn

ver{0) 4 e 3

+x 017 (1)
where x varies from 1 to 3 as the composition of the melts changes from 2:1
to 2:1,05 AICI1.:BPC mole ratios {2ddition of more BPC causes UC1, to preci-
pitate; UC1l, i% also insoluble in melts that are anly slightly aéidic)‘
Reaction {1) has begn proposed already for the reduction of Ui, solutions in
AICY3 + NaCl melts .

The variatjon of half-wave potentials with melt composition for the wave
U(IvV}) » UtV}, at 150 rpw, ic shown i: fig. 4. Since this wave is irreversibie,
its pesition is dependent on rotation rate and no definite conclusions can be
drawn from the data of fig. 4; it is wort'while to mention nowever that stable
solution of U{V} can be prepared in meits wi.n a 1,7:1 to 1,2:1 A?Cla:BPC
composition range



At present, spectral studies are undertaken to characterize the dif-
ferent valence states of uranium in these roum temperature molten salts,

* This work was supported by the I.1.K.W., Belgium
1. J.A. Plambeck, in Encyclopedia of Electrochemistry of the Elements,
l]&gds Bard, ed,, Vol. X, Fused Salt Systems {Marcel Dekker, New York,
76)

2. L. Martinot, in Encyclopedia of Electrochemistry of the Elements,
A.J. Bard, ed. Vol. VIII, Chapter VIIi-2, Actinides {Marcel Dekker,
New York, 1978)

. R.J. Gale, B. Gilbest and R.A. Osteryoung, Inorg. uhem., 17, 2728 (197B)
and refs. cited in -

4. B.J. Welch and R,A. Osteryoung, J. Electroanal. Chem., 118, 455 (1981)

5. f. Meuris, L. Heerman and W. D'0tieslager, J. Electroch®f. Soc., 127,

1294 (1980) -

'

276



ired — 80f 21 AlLL BPC
€1V vs Al 150 ram
1210 08 06 04 6o (1w
16 18 20 22 2.4
\ 0
\
\
1
‘.‘ 20
toxydation |
\
| € (UCY,) Inmotest)
0
0 B 3 3 8
Fig 1t Fig.2
10 2o} v
0.9 19}F
0.8 18
0? 1.7
06 16
15
Altly  BRC ag,  BRC
1y 151 1 115 18 21
| i |
M (14}
[} 1 % 15 12 13 1% 15
fi9.

277




THE CHEMISTRY OF PLUTONIUM {1II) ~ AQUEOUS CARBONATE*
J.D. Ravratil and P.G. Hagan

Rocky Flats Plant
Rockwell International
P.0. Box 464
Golden, Colorado 80401

Evidence of plutonium {III) carbonate complexzs was observed firat
witen plutonium (II1) hydroxide and sulfate were dissolved in potasaium
carbonate solutlonsl. Plutonium (III) "carborate" was made by addimng an
excess of ammonium carbonate to a hydrochloric acid solution of plutonium
(111)2, but the precipitate was a~t apnalyzed, Plutonium (TII) carbonate
was also reported prepared by precipitating plutonium (III) sulfate with
ammontur hydroaide and reacting the precipitate with carbon dioxided; this
compound was not analyzed, but was found to be {nsoluble in water and
carbonie acid and soluble in 45% aodium carbonace.

A gystematic study was reported tu characterdze compounds precipitated
by the addition of alkali metnl cacrbonates to dillute hydrochloric acid
solutions of plutonium (XL1);%the precipitate was suggested as impure Pu,-
(€0,)y which redissolved ac PuiM,C0, ratios of 1.0:30 to 36, when
MaCs and Rb, but did wor redissoive at maximum PuiM,CO, ratios of 1.0:42
and 1.0:75 when H«K and Nn, respectlively. Prepnrat;on of a more crystalline
compound was achieved by precipitation ar elivated temperatures and was
chapacterized by elemental analysis, infrarea spcctroscopy, therwogravimetrle
analysis, and X-ray diffractior as Pu(OH)CO3-xHz0 or Pu(o}l)rs-l"uz(CDJ)l-xHZO.5

This paper will attempt to elucrdate the complex chemiatry of plutonium
(1I1) in aquecus carbonate media as well as to ldentify the solid compounds
precipitated. The explanation will be based on the above studies as well as
unpublished resules from the authors’ laboratory.

This work is supported by contract with the U.5, Department of Energy.
1. The Actinide Elements, National Nuclear Energy Series, IV, 14-aA,
eds. G.T. Seaborg and J.J. Katz (McGraw-Hill Book Ca., New York, 19543.
2.  D. Boreham, J.H. Freeman, E,H. Hooper, I.L. Jenkins, and J L. Woodhead,
J. Inorg. Nucl, Chem. 16, 154 (196U).
3. B.C. Blanke, E.N. Bousquet, and R.J., Steinmeyer, US AEC Report
T10-12161 (1961}).
&, J.D. Navratil, US AEC Repoct RFP 1760 (1971).
5. P.G. Hagan, J.D. Navratil, and R.S. Cichorz, J. lnorg. Buzl. Chem.
in presa.
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To describe the behavior

Gel*man, et. al.,

INTERACTION OF PU(VI) WITH BICARBONATE

James C. Sullivan

Chemistry Division
Argonne National Laboratory
Argonne, I1. 60439

and

Pegqgy A. Bertrand and Gregory R. Chuypin+

pDepartment of Chemistry
Florida State University
Tallahassee, Fl.

32306

of plutonium(VI), PuOp
ral water systems it is necessary to_know the extent of hydroly-
sis and of complexation by HCO3 /€032~
with both inorganic (e.g. F, 5044~; etc.) and organic (e.g.
humates, amino acids, etc.) ligands_may occur should these be
present but hydroxide and HCO3~/CO3<~ anions are always present.

2+

. in natu-

Additional interaction

{l) reported stability constants for the

formation of PUOR(CO3) (OH) 32, Puo,(co3) (OH}” and Puoz(C03) 52,
However, their method of measurement of the solubility can r. ult

in large uncertainties,

We have studied the reaction at pH 8.3

between plutonium({VI} and bicarbonate in 0.1 M ionic strength

solution by titration calorimetry.

The titrations were conducted

using Pu-242 in the 4 ml volume Peltier-cooled minicalorimeter
(2). The techniques used in the titration calorimetry
The heat of

at F.S.U.

experiment have been described previously (3).
dilutinn of the Pu02*2 gsolution was very small, indicating that
the Pu(VI} existed in either monomeric or quite stable oligomeric

form,

Analysis of the data, using B, =
gave the values listed in the tabl&.

463 from previous work (4)

Thermodynamic Parameters for a
Complexation of Pu(VI} and Bicarbonate

T = 25.09C; I = 0.10 M (NaClO,); pH = 6.3

complex 8 aetkdm Yy | oantraem | astaklacl
1:1 463 + 60 -15.2 = 0.4| ~1.46 ¢ 0.5 +46 + 3
1:2 2.3 £ 0.5 x 10? ~25 & 1 -56 + "5 | =105 50
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At pH 8.3, 90-95% of the Pu(VI} exists as the dihydraxy
species, PuOp(OH),. From literature data, thermochemical cycles
can be constructed which support Pu0O3{CO3},"“ as the 1:2 species;
i.e.,
= Pu0, (CO4)

Puo2 (OH) 2(a} + 2HCO + ZHZO

- -2
3(a) 2(a)

Assignment of the reaction forming the 1l:1 species is more
uncertain. However, it seems likely that Lhe species 1s a -1
bicarbonate complex such ad Pu0j;{OH) (HC03! or PuOZ(OH)Z(HCO;;)
rather than PuO3{CO3) or PuO,(OH) (CO3).

From the log 8 7alues of the table, we estimate that Pu(VvI)
in trace level concentrations exists predominantly in the form
of the mono-bicarbonate complex in marine waters although the
fraction present as Pa0,(OH}; is not jinsignificant. However,
10% or less is present as Pqu(C03)2'2 in anstrast to (V)
which is considered to be mostly U0, (C03)2' is sea water (6).

This research was supported by contracts with the U.S.D.0.E.

1. A.D. Gel'man, A.I. Moskvin and V.P. Zaitseva, Soviet
Radiochem., 4, 138 (1962).

2. E. Ensor, L. Kullberg and G.R. Choppin, anal. Chem., 49,
1978 (1977). -

3. E. Orebaugh and G.R. Choppin, J. Coord. Chem., 5, 123
{1978) .

. J.C. Sullivan, unpublished data.

. C.F. Baes, Jr. and R.E. Mesmer, "The Hydrolysis of Cations”,
Wiley, 197C.

6. S.R, Aston, Marine Chem,, 8, 319 (1980).
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STUDIES ON TRIVALENT AND TETRAVALENT NEPTUNIUM AND
PLUTONIUM WITH COMPUTER CONTROLLED VOLTAMMETRY*

H. Nitsche, S. D. Brown,* and N. M. £de’stein

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Thermodynamic data for aqueous actinide systems in trace and ultra-trace
concentrations are needed as ingut parameters for chemical modeling of nuclear
waste in yeologic repositories.! Computer controlied voltammetry is a
relatively new analytical technique that can be used at these Jevels for the
determination of stability constants?-3 of tri- and tetravalent neptunium and
plutonium systems.

Prel minary studies have been carried out on the performance of various
electrodes {dropping mercury, hanging mercury drop, mercury film rotating disk,
glassy carbon, gold film rotating disk, platinum rotating di.k} with the appli-
cation of different waveforms (linear scan, differential pulse, differential
pulse anodic stripping voltammetry}. The detection limits were determin.’
for various conditions.

Np(I¥,1I1} in acidic selutions gave reproducible responses on stationary
Hg electrodes. The Np(IV)/Np(I11) couple can be considered as quasi-reversible
with the transpart of the electroactive neptunium species to and fram the
electrode surface controlled by a diffusion-limited adsorption or desorption
process. No electrochemical response was observed with Np(1V) carbonate solu-
tions with Hg electrodes, which suggests the reduction potentials are more
neyative than -1.9V, requiring fairly large stability constant{s) for the
complex(es) of Np{IV) with carbonate jons.

Pu{!11} and Pu({1V) solutions in 1M HC1 did not produce any response on
a glassg carbon electrode with linear sweep voltammetry contrary te a previous
report.” In addition, no response wa< obtained with the appl isatiog of a
square wave to a platinum disk elcotrode in a solution of 9.u x 10-2 M Pu(IV)
in 1M HC1.5 Differentia) pulse and differential pulse anodic stripping
voltammetry gave excellznt response and precision on the platinum cisk elec-
trode with peak potentials ir agreement with values obtained by coulometry.’
The Pu(IV)/Pu{III) couple appears to be electrochemically reversible in 1M
HC1. The mode of transport, as with Np(IV)/Np(1II}, is a diffusion-limited
adsorption process.

Pu{IV¥} in 1M carbonate solutions gave good signals using differential
pulse polarography at the hanging mercury drop electrode. Peak potentials are
in excellent agreement with oscillopolarographic data.® Lowering the carbonate
concentration by use of 1M NaHCO3 shifted the Pu(IV) peak to a distinctly less
cathodic potential than in 1M NapC03. Differential pulse polarography 2t a
platinum disk electrode, applied to solutions of Pu(IV) in 1M NagC03, showed
well-formed peaks for the Pu(IV)}/Pu(II1) charge transfer. Again, sensitivity
appears to be limited by a diffusion~controlled adsorption process.

The results of complexation studies of Pu{III},IV} carbonate systems,
which are currently under investigation, will be presented,
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FREPARATION AND PROPERTIES OF PENTAVALENT
AMERICIUM IN PHOSPHORIZ ACID SOLUTIONS

l.A.Lebeder, V.Ya.Frenkel, Yu.M.Eulyako,
B.FP.Myasoedov

V.l.Vernadsky Institute of Geochemistry and
Aralyiical Chemistry, Acmdemy of Sciences
of the USSR, 117334 Vorobiovakos Shosss 47a,
Moscow, USSR

A convenient method was develpped for the preparation of Am(V)
in phosphoic acid solutions based on electrochemical oxidation
of Am(III) to Am(VI) with subsequent electrochemical redaction
of 4=(VI) to Am(V).

The electrolysis at the anode poientiml 2.02V provides within
1 hour practically complete (> 99.5%) oxidation of Am{III) !3
Am(VI) in the mixtures containing 0.02-Q.1 M HGlO; and > 10
phosphoric acid. The reduction of Am{VI) to Am(V)*reaches at the
second stage of the electrolysis at the anode potentisl 1.27V
for 30 minutesn.

an(v) is stable in diluted phomphoric acid and is slowly
reduced to Am(III) by the radiolysis. It disproportionates into
An(VI) and Am(III) at the concentration of phosphoric acid > 2 M,
the ra_t! of the disproportionation increases proportionally to
[HJP,O 1 <. The apparsnt order of the dimproporionation reaction
in rafation to the concentration of Am(¥) is equal to ca.? at
25°C, it increases with the temperature rise. This phenomenon
can be sxplainsd by the participation of am(V)-phosphats
complex ions in thim reaction.

4n(V) instantly interacta with aAm(IV) in 5.5-10 M phosphoric
acid being oxidized to Am(VI)}, diract exparimental svidences
for this reaction were obtained for the firat time. A method
for the coulometric determination of americium was developed
using Am(VI)/Am(V) couple; this metbod permits to determine
over 30 micrograms of smericium with 1.5-2% srror im tho
presence of twofold and thresfold amounts of Cm, Pu and
hundredfold amounts of La, Ni, Al, Cu, Cr end other slements.
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ACTINIOE COMPLEXATION WITH HYDROPHILIC
LIGANDS. LACTATES OF Am(III) AND U([V)

R. Lundqvist J. F. Le*™ and 1. Svantesson

Ogpartment of Nuclear Chemistry, Chalmers
University of Technology, 412 96 Giteborg, Sweden

The TBP,HDEHP and HITA extraction systems were analyzed for their use
in the study of complex chemistry and new information about the thermodyna-
mics of the lactate complexing of Am, Eu and U(IV) was derived. Furthermore
it was found improbable that the extraction mechanism of the Talspuak process
involves extraction of any An or Ln lactate containing species.

In our study of the complexation of the actinides with hydrophilic
ligards we are presently studing the carbonate, phosphate and carboxylate
systems, Of special interest is the situation at near neutral conditions
and the separation of actinides from Purex waste. The investigations are
carried out by solvent extraction techniques using HDEHP(bis,2-ethyl-hexyl-
phosphoric acid), NTTA(2-thenoyl-trifluoroacetone) and TBP({tributylphosphate)
and by electromigy-tion. Here, we are reporting the results on the lactate
complexing, which 1s of importance for geolagical (groundwater), biological
and industrial! applications. Firstly we present the extraction systems, the
extraction mechanisms and extracted species. Secondly we present the obtain-
ed st??ih‘ty and thermodynamic constanis for the lactate complexes of Am, Su
and U(IV),

)
L

[}
eTEP
o

B HDEHP “
LuTTA

) . .
3 4 5 6
PH

"L, L. fr:mcuwn austems for corplex studies. Distribution of Am (unfill-
ed ayrbolo) and X as a fwnction of pH, 1 ¥ (Na,i#)Cl0,. Tha i tial orgai-
ic phases vere; 100% TP 510 ° # HDEHP in n-heptmic; 0.5 M HTTA in toluene.

The extraction of Am, Eu and U (I11,1V,¥1) with the three reagents TBP,
HDEHP and HTiA were thomughly studiec mth respect to ionic strength, pH,
r?agent concentratwon, reproducibility, mass balance and extraction of lactic

4[;\ acid. It was concluded that HDEHP and especially TBP behaved very re-
prnaut:lbly and in accordance with the expected behaviour whereas we had some
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problems with HTTA. Relatively poor reproducibility was obtained and the rea-
gent and hydrogen ion concentration dependencies became somewhat lower than
expected, especially with n-heptane. TBP has the advantage of beeing indepen-
dent of pH in a wide range, pH 2-7, Fig. 1, but has the drawback of becing la-
borious to quantitatively interpret at very high concentrations, in comparison
with the perchlorate, of complexing figand.

tog B/D°

_af § ]
\\ Tep
.a} slope-3 ]
HDENH
s}
L
-4 -3 -2 -1 1]
log [tac?)

it by lastate ton at pi d - ¢
in n-heptowe fai pf 4}, o

In the presence of lactic acid a reduction of the distribution value D
{D = [Ml{organic phase)/[M){aqucous phase)) is obtained corresponding to the
degree of complexing between the metal M and the lactate anion. In Fig. 2 a
plot of log (D/D®) versus the lactate anicn concentration is shown for Am
with HDEHP and TBP. The very similar curvature obtained for the completely
different extraction systems suggests that a stepwise complexation occurs in
the aqueous phase according to:

¥ itac), M 4 LacT = ptac), T, ne00.23 ()

There is no indication of any extraction of a mixed lactate-extraction
complex 1ike Am(Lac){DEHP}> which was reported resently for the Talspeak pro-
cess. The deviation 2t higher lactate conceatrations for TBP is due to the
change in ionic mediz as mentioned above.

The pH dependancy of the lactate complexation was analyzed by perform-
ing TBP extractions at various constant pH between pH 2 and 6, Fig,3. By con-
sidering the effect of pH on the dissociation and distribution of lactic acid
one concludes that the complexation proceeds as in eqn. (1). Futhermore, some
association with undissocialed HLac is indicated.

U{IV} was obtained by electrolytic reduction and followed by measuring
the redox potential. Its distribution between TBP and 1 M NaCl104 was deter-
mined together with data for U{III) and U(VI). The order of extractibility
of the uranium valency states with TBP is; U(VI) U(ITI) U(IV). Introduction
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of Jactic acid at pH 2 and 0.003-0.01 M U(IY) gave information on the stahil-
ity of the formed complexes. Both natural uranium and U233 was used after
purification from daughter activities.

The temperature inflvence on the ex&raction of Am and Eu was investi~
gated in the temperature interval from 5 °C to 45 OC allowing determination
of the enthalpy and entropy of the complex formation. Pre'iminery stability
and related thermodynamic constants for the lactate complexes of Am and Eu
are coliected in the table. OData for the uranium systems are not completed
at present.

-3F opH2 .
ApHI )
vpH4 N

Al apHsie .

[HL-c]m

Re dinerhusion
2 of total

Fig. 5. The pY dependemcy of the lactate corplezing of im.
D of Am between wndiluted TEP and 1 # N2{C124 Lac) as a !
added laetic acid at conctant pii.
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SUBLIMATION AND GAS GHROMATOGRAPHY OF A-DIEKETONATES
OP ACTINIDE AND LANTANIDE ELEMENTS IN THE VAPOURS OF
ﬁ ~DIKETONES

A.V.Davydov, B.PF.My dov, E.V.PFed N
S.5,.Travnikovy, L.A.Ivanova

V.I.Vernadsky Institute of Geochemistry anid
Anslyticsl Chemistry, Academy of Sclences
of the USSR, 117334, Vorobiavskoe Shosse
478, Moacow, U.S.S.R.

Sublimation and gas chromatography of p-dikeionates and
thelr adducts with donoractive compounds can be used for the
separation and isolation of actinide and lantanide slements.
Practical application of these method., was limited, however,
by difficultes associated with the synthesis of volatile com-
pounds of the microamounts of radionuclides ss well as with
the decomposition and sorption of coordination-unsaturated che-
lates in gublimation and gas chromatograpby becasuse of the
interaction with the impurities in the carrisr ges and with
the equipment construction materials.

It wag eatablished /1/ that a large number of metsl com-
pounds(hydroxides, salts of readily volatile aclds: chlorides,
axychlorides, nitrates, acetylacetonates, tenoyltrifluoroace-
tonates) reactid in miligram or irace amounts with the vapo-
urs of fluorinated and other f-diketones forming volatile

fi-diketonates which at certain temperutures can be quanti-
tatively extracted into the gas phase. This method was used
for the aynthesis of volatile hexafluoroacetylacetonates,
trifluoroaceiylacetonates and pivaloylitrifiuorocacetonates of
rare earth alements, smericium, berkelium (IV) and (III)},
neptunium, thorium and some transition metals,

The synthesis of volatile ~diketonates of radionucli~
des at elevated temperatures can be combined with their trans-
port through the gas phase as well as with the gas chromato-
graphic and sublimation separation. The methods of quantita-
tive meparation of varlous couples of the slsments were deve-
loped on this basis.

Gas ad.orgﬁon therggghro-ntogmphy of hexafluoroacetyl-
acetonates of sm and Np in a glass column h a tempe-
rature gradient was used for the separaiion of these elsments.
Tenoyltrifluoroacetylacetonatas of these slements (prepared
by extraction) were placed into a starting zone, and argon
saturated with HPA vapours was pessed above them at ca,200°C,
After the quantitative sublimation hexafluoromcetylacetonates
of americium (III) and neptunium (IV) were precipated in the
column at ce.100 and 60°C respectively.

The separation of ‘1‘h-233m and 95“-9521' couples is based
on a fraction sublimation of their hexaflucroacetylacetonates.
Protactinium and niobium form latile hyd batituted

-diketonates, whereas thorium and zirconium sre quantita-
tively transferred into the gas phase when being treated with
HFA vapours.




The gas chromatography of f-diketonates and their adducts
with donoractive compounds in the carrier gas saturated with
HFA vapours 1s used for the separation of actinide and lantanide
elementa.

1. A.V.Davydov, E.V,Fesdoseev, S.S,Travnikov, B.P.Myasoedov,
Radiokhimiym, 22, 529 (1980).
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INVESTIGATION OF MECHANISM OF URANIUM SORPTION
FROM THE SEA WATER

B,P.Myasoedov, Yu.P.Novikov,
V.M. Komarewsky

V.I.Vernadsky Inatitute of Geochemistry and
Analytical Chemlsiry, Academy of Sciences
of the USSR, 117334 Vorobievakoe Shosse
4Ta, Mopcow, U.5.S.R.

The report presents the investigaiion results of the thermo-
dynamics and kinetics of the sorption concentration of uranium
from the artificial and natural sea water using natural and syn-
thetic inorganic sorbents of various types.

Chemical interaction leading to the formation of hard-to-
dissolve uranium compounds with the sorbent subatance is the
general feature of the sorption proceas studied. Awraami-Yero-
feyev kinetic equation depicting the topochemical nature of
the transformation in the sorbent phase was used for describ-
ing the process.

The rate constants of the topochemical reactiona were calecu-
lated and semi-empirical relationships between initial uranium
concentration in the solution, its distribution factor in the
pystem, thermodynamic atabiliiy constaunt of tricarbonate-uranyl-
ate coxplex and the temperature were obtained. The calculated
values are in good agreement with the results of the experiments
carried out in the waters of the Pacific Ocean as well as Bare-
nts and Caspian mean.

The rate constants of the sorption of uranium and other ele-
menta were determined for the sorbents tested in natural condi-~
tions. The sorbent on the basis of titanium dioxide with s par-
tially changed anatuse structure was found to he the most pro-
mising one and is known under the trade name of "Thermoxide-5",

The granuiatsd sorbent possesses a high mechanical atrength
permitting to use the latter in a fluidized bed in order to
prevent from mudding and fouling of the sorbent., The roncentra~
te containing grams of uranium was isolated in optimum condi-
tions at the linear filiration rate equal to 1 m/min and with
the grain size ranging from 0.6 to 1 mm.



EXTRACTIOF OP TRANSPLUTONIUM ELEMENTS BY DIPEENYL-
{ARYL)DIALKYLCARRAMOYIMRTHYL PHOSPHINE OXIDES

M.E.Chmutova, X.E.Kochetkova, 0.E.Koiro,
B.F.Myasoedov, 7.Ya.Medved', K.P.Kesterova,
M.I.Xzbachnik

V.I.Vernadsky Institute of Geochemistry mnd
Analytical Chemistry, Academy of Sclences
of the USSR, 117334 Voroblevakoe Shosse 47a,
Moscow, U.8.5.R.

Polydentate neutral o horus P attract
great interest as efficient extractants of tranaplutonium sle-
menis (TPE) €rom acid waste nuclear fuel element solutionas.

High cost of production and refinement of these resgents, their
limited solutility in organic solvents or high solubility in

the agueous phase can bs the main obstacle preventing from their
extensive utilization.

Por instance, neutral bi-, tri- and tetradentate organo-
phosphorus reagents posses a high extraction capacity, but a
1imited solubility in a small number of the solvcnta /1/.

With the view of the further saarch for the optimum extra-
ctante the following group of the reagents was synthesized and
investigated.

R=R' = CeMs, R = CyHs (1)

R = R" =Gy Hs, A" = CoHs (M

N A R G o) B%=Catls (@
/E‘C“"E'"\ R'=R"= Ly Hg RY = €, s (W)
0 0 N R'=CoMy, A C, Hs R" = L2Hs )
R'= R%= Cy Hs0 R®= ol @

We have studied the effect of the substituents, associated
with phosphorus and nitrogen atoms, on the extraction capacity
of the r ents. The figure below illustrates the relationsbip
between Am(III) extraction by 0.1 M solutions of the reagents
I-VI in dichlorestbane and nitric acid concentration. The sube
stitution of alkoxyl groups (VI) atteched to the P«0 groups
for alkyl groups (IV) increase substantislly the
etraction capacity of the resgent. The subsiitution of butyl
{IV) for phenyl radicels (II) also increases tbe r t X~
tyaction capacity, whersas the substitution of one o’ phenyl
radicels for ethyl radicals markedly decreases this capacity.
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The difference in radicals (reagents I and II) associated with
nitrogen atoms has no marked effect upon the extraction proper-
ties of the reagents, while their solubility is affected.

The solubility of reagents I and II was investigated in
organic solvents and in nitric acid solutions.

Reagent I was mhown to be the best one, since 1t posses-
ges the highest extraction capacity, a good sclubility in a
large number of organic solvents (unlike reagent II) and a low
solubility in nitric acid. Ita synthesis and rsfinement presenta
no problems.

We have inveatigated the relationship between TPE extrac-
tion by resgents I and II in various sclventas and the time,
the nature of the solvent, the concentration of the acid,
salts, reagents and the volume ratio of the phases.

The investigation hae shown fbat resgent I can be used
for a rapid quantitative TPE concentrating from highly acidic
media with any content of‘_thn salts and 1:50 volume ratio of
the organic and agq '

1. M.K,Chmuto N.E.Kochetkova, B.P.Myasoador, J, Inorg.
897 (1980).
.X.Chmutova, N.P.Nesterova, {.E.Koiro,
N.E.Kochetkova, F.P.My d M.I.Kabachnik, Igv.
AX 535R, ser. Khim. (in primt).
3. M.K.Chmutova, N,P.Nesterova, X.E.Kochetkovas, 0.8.Koiro,
B.F.Myasvedor, Radiokhimiya (in print).
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EXTRACTION 0P TETRAVALENT BERKELIUM BY HIGH-
MOLECULAR AMINES IN THE PRESENCE ~F HETERO-
POLYANIONS

B.P.Myasosdov, N.S.Milyukova,
D.A.Malikov, B.V.Kuzovkina

V.1.Yernadsky Institute of Geochemistry and
Anaiytical Chemistry, Academy of Sciences
of the USSR, 117334 Vorobievskoe Shosae
4Ta, Moscow, U.5.5.R.

The report presents investigation results of the extrac-
tion of tetravalent berkelium by high-molecular amines from
0,1-14 M HRO, solutions containing heteropolyanions. Berkelium
oxidized by aro-te ions in the pressnce of these anions was
found to be quantitatively extracted by primary, secondary,
tertiary amines and by quarternsry ammonium bases all kmown to
be practically incapable of extracting tetravalent berkelium
from nitric acid solutions containing 1051'03 oxidant.

The effisiency of the sxtraction of berkelium by the amines
from nit-ic acid solutions containing heteropolyanions iy some-
what lower with the use of the mixture of AgNO, and (l'}l4}2820a

(as berkelium oxidant) compared to the oxidation by bromate
ions.

The extraction degrse of tetravalent berkelium in the pre-
asnce of heteropolyarions is dependent of the nature of the
smine and the initial concentration of nitric acid in the aque-
ous phage. Decylamine extracts berkelium quantitatively over a
wider range of the concentrations of nitric mcid (0.5-6 M) com-
pared to dioctyl- and trioctylamine (1 X B!OJ) or to quarter-
nary ammonium bases (0.1-2 ¥). It should be “particulasly noted
that Bk(III) cannot be extracted under these conditions by high-
molecular amines in the presence of heteropolyanions.

m:‘:ro; ratio in the organic phase was found to be six when
extracting “by decylamine and four when extracting by trircatyl-
amine and quarternary ummonium bases.

Nuch lower concentrations of aminus are reguired for the
maximum extraction of Bk(IV) from nitric acid solutions contain-
ing heteropolyanions as compared to the extraction from nitric
acid solutiors containing bichromates iczc in the absence of
hetercpolyanivns, The association of two, three, three and eight
molecules of decylamine, dioctylemine, triocctylamine and quar-
ternary ammonium bases respactively with one molecule of ber-
kelium nitrate was established by the ralationship between the
degree of the extraction of Bk(IV) and the concentration of
the amine. Heteropolymnion:Bk(IV) ratio in the organic phas.:
was found to be three in the case of extracting by decylamine
and two when oxtracting by dioctyleamine, trioctylamine and by
quartsroary ammonium bases.

The results obtained parmit the conclusion that hetaro-
polyanions do not only stabilize the tetravalent state of
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berkelium, but alsoc enter into the composition of the compounds
extracted.

The extraction bebaviour of a number of TPE, REE and fis-
egion slaments was ztudied in the conditiona optimum for berke-
lium axtraction, and the majority of the above-mentloned ele-
ments was found to be only slightly extractable.
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THE EXTRACTION OF URANTUM FROM SEA WATER
WITH LEAD SULPHIDE AND GALENA.

S.NDegetto and M.Faggin

Consiglio Nazionale delle Ricerche
Istituto di Chimica e Tecnologia Padicelem.
Corso Stati Uniti- 35100~ Padova,ITALY.

Many studies for the purpose of colleciing uranium from

sea water have been carried out in recent vears and various
methods have been proposed. In particular the method of
adsorption has beenlggamined for numcrous organic and
inorganic materials .

For the recovery of uranium from sea water the adsorbeat
nust posseses some prerequisites which may be summarised
as follows:
i) insolubility of the material,
ii) ability to extract uranium with high selectivity
and high loading canacity,
i1i) easy elution of uranium from the adsorbent

Among the vroposed materials the mineral Galena and lead
sulphide despite an uncertain solubility in sea water have
been veported to be in so far between the most efficient
adsorbing materials.

In a recent paper the distribution constant of uranium,
was determinedefor a large series of materials directly
from sea water , as part of a screening test. However some
doubt on the behaviour and reproducibility of the data
obtained with lead sulphide and Galena were reported.

In the present communication an investigation on the
adsorption equilibrium,pH and temperature effect and adsorption
kinetic for the title compounds will be discussed.

1. R.V,Davies,J.Kennedy,R.Spence,K.M.Hill,Nature203,1110, (1964)

2, N.J.Keen, Chem.and Ind. 579,(1977)

3, C.P.Haigh,"The extraction of uranium from sea water",
Symposium on long term studies,CERL, (1974)

4, C.Bettinali,F.Pantanetti, Notiziario CNEN,6,53,(1976)

5. S.Khan, The Nucleus,9,39,(1972)

6. L.Baracco,S.Degetto,A.Marani,l.Croatto,La Chimica e 1'JIn-
dustria, in the press (1981)
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THE PLUTONTUM CONCENTRATION OF SURFACE AIR AT VIENNA
IN THE PERIOD 1962 - 1979

K. Irlweck, Ch. Friedmann and T. Schonfeld*)
Institute for Radiation Protection
Austrian Research Center Seibersdorf, A-2444 Seibersdarf

+) {nstitute for Inorganic Chemistry, University of Vienna
Wihringerstr. 42, A-1090 Vienna

Air filters for the period 1962 - 1979 from a monitoring statjon in
Vienna {Wien/Hohe Warte), which is operatl‘ng as part of the Austrian network
for measuring environmental radioactivity!, were analvsed for plutonium by
chemical separation and alpha spectrometry. The procedure used h2s been
described previously2, Several filters, all having been exposed for 24 hours,
were combined, so that the analysis of each sample gave the average plutonium
concentration in air for a period of two or three months.

1000
% 750
3
3
3
£
z Vieans
% sampling statinn: Vieans
£ 500 P
8
g
H
g
L
£ J
3
3
~ 250
° ! {"L"LH__M . HE}HIW
Year 1362 63 f64 &5 €7 68 6% 1970 11 12 73

0ee 15 Apr.2T {SNAP~9A)
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The 239(220);,

u concentration of surface air was found to have reached the

highest values (up to 1 fCi/m3) in the spring of 1363, i.e. some months after
the high yield nuclezr weapon tests in the fall of_ 1962, Afterwards the Pu

concentration decreased, reaching about 0.03 fCi/m
result of the Test Ban Treaty coming into force. The annual course of the
Pu concentration showed “spring maxima" especially in 1963, 1964 and 1965,
such maxima having been gbserved also for other fallout radinnuc]idea. in

1968 and 1976 the Pu concentration increased again {up to 0.06 fCi/m

in 1967, This was 2

), this

being due to French and Chinese weapon tests in the atmosphere. In the last
years of the period investigated, the Pu concentration was around 0.01 te

0.02 fCi/md.

In 1963 and 1964 the

ZJBPu activity was between 2 and 6 % of the

2390220,

activity, such ratios being in agreement with those expected for fgﬂout

ngfggaym from weapon tests. Beginning in 1967 the activity ratie

38py/

Pu ingcreased to values of 20 to 80 %. This was a consequence of the
3

release of 23!
april 21, 1964)3.

Py when the satellite SNAP-9A burnt up in the atmosphere (in

232, Loncentration of Sur‘ace Ar at ienm

38,

238,

2. z .
Fertos e/ o gt Fertad e it ity
19631 - 11 ad? - W8T - 11 JEI 88 21
nr-w n.d. -
- k=7 19681 - T11 @2 67 2 17
VI - vt =7 Iy - vl B 2
- n:a Wi 10:2 91
X1 - X1 12:5 x - X 4 20: 10
196478 « 11 A:6 W72 2.3 1983/ - 111 T:e Z: 1
ure-w 155 0t 1,3 w-vt 92 WS
LER n.d. wir -1 n.d. -
vII - vl 10=2 2.9 40 % - xlr §71 510
w-x n.d -
2l - xit n.d. -
1965 ane 1965 n.. -

non detectable
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1. P. Vychytil (ed.}: Radioaktivititsmessungen in Usterreich
{Federal Ministry of Health and Environmental Protection, 1970}.

2. K. Irlweck, 5, Streit, Mikrochim.Acta (Wien) II, 63 {1979)

3. B.W. Wachholz {ed.}, US Atomic Energy Commission, Rep. WASH~1359 (1974).
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WAVELENGTHS OF THE M X-RAY SPECTRA
OF URANIUM, NEPTUNIUM, PLUTONIUM, AND AMERICIUM

k. Kleykamp

Kernforschungszentrum Karlsruhe
Institut flir Material- und Festkidrperforschung
7500 Karisruhe
Federal Republic of Germany

The qualitive and quantitative analysis of the actinides are being in-
creasingly important for the characterization of nuclear fuels in the as-
fabricated condition and after the irradiation as well as for the analysis of
the residues frem the reprocessing of burnt fuels. The identification of
these elements requires the precise knowledge of the wavelengths and the in=
tensities of the X-ray emission spectra of the M series which have a favou-
rahlc wavelength region between 200 and 500 pm for the electronprobe micro-
analysis. X-ray emission spﬁtra of the M lines of thorium, protactinium, and
uranium have been reviewed i); further measurements on uranium have also been
reported 2:3), The major M lines of the transuranium elements haye been ana-
1yzed recent]; in most cases an metallic specimens of neptunium 4.5,6} plu-
tonium 5:7.8,9), and americium 8)

In this study the complete series of the M lines of wranium, neptunium,
plutonium, and americium have been measured between 250 and 520 pm. Sintered
U02, 2% Np0z dissolved in a borosilicate glass, sintered Pulp, 2nd a two-
phase AmAl4-Al alloy have been prepared by the hat cell metaflographic tech-
niques. The samples were embedded into araldite resin and were polished with
0.25 um giamond paste. The homogeneity was checked by a autoradiography.

The instrument consisted of an a and y shielded electrornrobe microana-
lyzer JRXA 50 (Japan Electron Optics Ltd.) which is connecter to a shielded
cell, The sample loading was carried out inside of the cell from which an
automatic and radiation protected transport in:o the rear of the instrument
was guaranteed. The spectra have been analyzed using a linear spectrometer in
Johann geometry with a Rawland radius R of 180 mm and a constant take-off
angle of 35" between the polished sample surface and the X-ray which is dif-
fracted on the 1011 plane of a Guartz crystal (2d = 66B.62 pm). The distance
b between sample and crystal is not constant but varies linearly with wave-
length X and sin 9, resp. The spectra have been recorded continuously with a
proportional counter in cps using 20 kV electron accelerating voltage and 100
to 250 nA sample current (fig.1),The high precision analysis has been made by
count rate measurements by varying b in steps of 0.05 mm which are approxi-
wately equivalent to 0.093 pm. The wavelength measurements ware absolute
usias the relation A = b+d/R and were calibrated far cross-check using the
¥a] rires of internal standards, resp. The error in the wavelenyth measure-
ments is * 0.1 pm for the stronger lines; it is + 0.2 pm for intensities
lower than 3% of the strongest line of the respective M snectrum.

The measured wavelengths and the relative intensities (Ma] = 100%) of
the M series of uranium, neptunium, plutonium, and americium are given in
table 1. The Ma2 1ines could be detected on the high wavelength tails of the
Ma] lines for all four elements investijated. However, theywere too weak in
intensity for a precise wavelength determination. The Mz lines of neptunium,
plutonium, and americium and the MrINIy and MypiNy transitions of neptunium
and americium have been measured for the first time. The results of the re-
maining lines of uraniuvm, plutonium, and americium agree very well with the
fiterature values. However, the wavelengths of neptunivm are throughout 0.1
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to 0.5 pm lower than the values cited in literature in spite of the fact
that different interns! standards (Ce lLal, Ti Kay, Ca Kay) were used for
the analysis of t s tement,

Tatle 1. Wavolengths (in pm)} and relative intensities (Mai = 100%) of the
M series of the X-ray lines.

line uran.um neptunium plutonium americium
) r.i. 3 r.i, ) r.i. by r.i,
uIHIII 275.4 1 - <1 258.1 <1 - <1
MII“!‘.’ 281.9 2 272.3 1 264.1 1 )255.5 3
R 290.7 1 - <1 - <1 - <1
HIXIOIV,‘.' 295.1 5 286.2 2 278.3 3 1270.4 3
M”HI 333.1 2 32z.2 2 312.7 3 {303.0 6
MHI”V("]) 347.9 13 338.7 3 329.5 6 [320.6 7
B (eo) 352.0 2 342.5{ <1 333.7 1 1324.9 1
M1v0py 357.6 1 - <1 336.2 <1 - <1
4 _-”H,“(i\ 371.6 § 180 380.8) 72 351.0 67 1381.3} 64
M, Hv”(xl) 391.0 | 100 380,0{ 100 370.1 | 100 }360.2 | 100
LITTLN 433.0 0.5} 421.5( 0.2} 412.2 6.2[402.2 0.2
M‘IHIH("l) 494.3 0.9 480.4 0.3 467.2 0.21454.3 0.2
L Myfry(2p) 506.9 0.6] 491.3| 0.2§ 478.4 c.2{466.2| 0.2

1) J.A. Hearden, Rev. Mod, Phys. 39 (1967) 78

2) G. lacheré, Ccmpt. Rend. B 267 {1968) 821

3) 0. keski-Rahkonen and M.0. Krause, Phys. Rev, AiS (1977) 959

4) F. de Keroulas, D. Calais and G. Lacherg, J. Less Common Met. 46

(1976) 39

A.G. #iller, Phys. Rev. A13 (1976} 2153

Kvause, C.W. Nestor and J.H. Cliver, Phys. Rev. A 15 (1977) 2335

7 J. L. Bobin and J. Després, Compt. Rend. 252 (1361) 1302

8) Y. Cauchois, X Coll. Spectrosc. Int., Washington, 1962, proc. symp. p.321
9}  G. Lacheré, J, Phys. F 7 (1977} 2451
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