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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 conference 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. Other topics will be presented in two 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. 

I would like to thank the members of the International Advisory 
Committee and the American Organizing Committee, especially W. T. Carnal! 
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 brochurps and abstract volume, and 
B. Komatsu for handling the extensive correspondence for the conference. 

Norman Edelstein 
Chairman 
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INVITED LECTURES 



THE PLUTONIUM STORY* 
Glenn T. Seaborg 

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

.'his year marks the fortieth anniversary 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 f-he history and describe the present status of 
this element. 

The story of plutonium is one of the most dramatic in the 
history of science. For many reasons this unusual element hol'*s 
a unique position among the chemical elements. it is a synthetic 
element, the first realization of the alchemist's dream of large-
scale transmutation, it was the first synthetic element to be 
seen by man. One 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 accept. This, and related work on element 94, was 
carried on in collaboration with J.W. Kennedy, who, like myself, 
was at that time .in instructor in the Department of Chemistry at 
the University of California. After McMillan's departure from 
Berkeley in November 1940, and his gracious assent to our contin
uation 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 radioactivity was found to grow into the chemically 
separatrd 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 California campus in Berkeley. 

The plutonium isotope of major importance is the one with 
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mass number 239. The search for this isotope, as a decay product 
of Np 2", was being conducted by the same group, with the collab
oration of E. Segre, simultaneously with the experiments leading 
to the discovery of plutonium. The isotope P u 2 " was identified, 
and its possibilities as a nuclaar energy source were established 
during the spring of 1941, using a sample prepared by the decay 
of Np' 3 9 produced by neutrons from the 60-inch cyclotron, and it 
was later purified by taking advantage of the then-known chemis
try of plutonium. Using neutrons produced by the 37-inch cyclo
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 Pur*', that this isotope undergoes slow 
neutron-induced fission with a cross section even larger than 
that of U 2 , s . 

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 seal-". The conception and early de
velopment of the process for use in the large-scale manufacture 
of plutonium in the plants in Clinton, Tennessee and Hanford, 
Washington 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 oxidation 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 separ
ation of plutonium from fission products. 

The isolation of olutonium 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, 1942, 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 occurred 
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 compounds of plutonium and to mea
sure properties such as solubilities and oxidation potentials. 
In particular, it was possible—and this was of inestimable im
portance—to test the Bismuth Phosphate 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 
experi.nents 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?*edingly 
well, would not have been chosen. 

In addition to thi need for work with pure plutonium in con
nection with the separations process, it was necessary to deter
mine a numuer of the physical and chemical properties of the dry 
salts of plntonium and of plutonium metal. Therefore, the study 
on the ultr^microscale had *co 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. zacha-iasen and R.c.L. Mooney of the Univeristy of Chicaao 
staff, who were able to use the x-ray diffraction techniqje 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 aqueous 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 melting point (640°C>, and some of these have proper
ties not found in any other known metal. 

The nuclear properties of Plutonium are also very interest
ing. All of the isotopes from * 3 2Pu to 2' 6Pu 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 Director, Office of Energy Kes., 
Div. of duel. Phys. of the Office of High Energy and Nucl. Phys. 
of the U. S. Department of Energy. 
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DISCOVERY OF TfWNSPLUTONI UM ELEK-'NTS 

A. ChiOTso 

Nuclear Science Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 9^720 

Since 1944 there have been thirteen elements added to the periodic table 
of the elements. Elements 96 and 95, curium and americium, were added in 
that order using rather conventional raethuds of nuclear chemistry, but the 
work was very difficult because the tools of discovery had not yet been 
developed. Bombardments of 2 3 9 Pu by cyclotron and neutron reactor were used 
and various laborious chemical procedures! were trii.ii until success was 
achieved, spurred on by Seaborg's advocacy of the actinido concept. 

By 1949, enough 2l*lAn and 2 l , aCm had been accumulated from reactor bom
bardment to be able to make short-lived isotopes of elements 97 and 98, 
terkelium and californium, by cyclotron reactions; by now more sophistication 
in chemical procedures and instrumentation 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 elements 
from uranium to fermium, element 100, were made in a microsecond by the 
successive capture of fast neutrons in the world's f i rs t test thermonuclear 
explosion. Over the next few months, both element 19, einsteinium, and 
fermium were discovered, as well as a number of neutron-heavy isotopes of the 
lighter elements. By now the technology had advanced to the point where very 
small numbers of atoms could be isolated and identified with certainty, but 
the work was s t i l l relatively slow because of the necessity of handling large 
amounts of intensely radioactive debris from thr huge explosion. 

Not long after these discoveries, i t 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, oendeleviua, was dis
covered, the product of bombardment of only 109 atoms of 2 5 3 E 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 f i rs t time that a new element was produced and identified one atom 
at a time. Par this purpose, the recoil technique was used for the f irs t 
time wherein the transmuted atom was separated from the target by the energy 
imparted to i t 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 ions. One attempt was 
made in that year at Stockholm with 13C bombardment of 2 ' * ' , ' 2 1 , 6 CBI which un
fortunately led to an erroneous result. This work was proved to be wrong by 
the Berkeley group who used the just-completed HILAC to bombard curium tar
gets with carbon ions. Further experiments resulted in the discovery of 
element 102, and eventually the name nobetiun 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 ins t rumenta l techniques a t Berkeley were beginning t o 
develop a high degree of s o p h i s t i c a t i o n s ince the re was no p o s s i b i l i t y of 
using ord inary chemical methods f o r sepa ra t ion of t h e new produc ts from 
t a r g e t d e b r i s . The he l i um-gas - j e t method was soon developed, and t h i s became 
the work-horse technique fo r i s o l a t i n g and iden t i fy ing elements 104-106 a t 
Berkeley. At the same t ime, the method of using spontaneous f i s s i o n t rack 
de t ec t ion was developed a t Dubna, U.S .S .R. , to use ii\ the iT sea rches foT 
these same elements . This method i s s e n s i t i v e but not d e f i n i t i v e s i n c e , un
f o r t u n a t e l y , i t i s impossible to t e l l from measurement of a f i s s i on t rack 
alone what the atomic number and mass must be . On the o t h e r hand, the 
Berkeley group pioneered the use of a lpha-a lpha c o r r e l a t i o n techn iques which 
allow one to l ink g e n e t i c a l l y two o r more nuc l i de s , and tbus e s t a b l i s h a 
d i r e c t decay sequence to known e lements . Using our t echn ique , we d iscovered 
element 104, rutherfordium, in 1968, and element 105, hahniun, in 1970, by 
bombardments of 2 l , 9 C f with 1 2 « 1 3 C and 1 5 N . Our d i s c o v e r i e s have been cor rob
ora ted by the Oak Ridge Nat ional Labora tory , but the SF n u c l i d e s claimed fo r 
104 and 105 by Dubna, made by bombardments of 2 u 2 P u and 2**3Ara by 2 2 Nc_ have 
not been shown t o be due to those e lements . 

Element 106, no name y e t , was discovered a t Berkeley in 1974 in i a 0 bom
bardments of 2 I , 9Cf_ Approximately s imul taneous ly , Dubna found a s h o r t - l i v e d 
SF a c t i v i t y in bombardonts of a 0 8 P b with 5 l , C r which they a t t r i b u t e t o 
element 106. By agreement, no name was t o be proposed by e i t h e r s ide u n t i l 
the p r i o r i t y and v a l i d i t y of the d i s c o v e r i e s could be determined 

A claim was made to element 107 by Dubna, bu t the evidence was very i n 
d i r e c t and is not given much credence by most r e sea rche r s in the f i e l d . 
Recent ly , however, a beau t i fu l experiment with SHIP has been performed a t the 
GS1 UNILAR which has i d e n t i f i e d 2 * 2 1 0 7 in bombardments of 2 0 9 B i by 5 " C r . In 
my opinion, t h i s l a s t group deserves the honor of naming th.'.s t h i r t e e n t h 
element beyond plutonium. 



THE ROLE OF ZACHARIASEN IN ACTINIDE RESEARCH* 
R. A- Penneman 

Los Alamos National Laboratory 
University of California 
Los Alamos, NH 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 wa& 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 •Jhich were singly authored. They appeared over 
a period of fifty-five years and covered in depth a range of 
topics whose central theme was that of x-ray diffraction, span
ning both theoretical and experimental advances. 

For the purposes of this Symposium and the topic v.T this 
paper, the focus will be on that part of Zachariasen's work 
which had its pervasive 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, Zachariasen began his fruitful involvement 
with the Metallurgical Laboratory of the University of Chicago 
at a very critical point. 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 chemistry 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, oxalate 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 60 chemists who were 
developing with great intensity chemical procedures for extrac
tion and purification of plutonium. The wartime threat and the 
unknown Btatus of the nuclear effort in Germany, the birth place 
of atomic fission, hung over every one. Would Germany achieve 
success first? German scientific articles j in 1941/42 on the 
diffusion length of neutrons and their absorption showed such 
studies to be abreast 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 (**l.v) redox potential connecting 
the four aqueous valence states of plutonium. 

Thus it was in 1943 that Zachariasen came to play his 
role in understanding the puzzling nehavior of plutonium, a 
role he was unigiiely equipped to fill. Each, as he was known 
to his friends, was already a world figure in x-ray structural 
work with his landmark paper on glass structures and some 80 
publications. As a young student of the gre&c geochemist Gold-
schmidt, he bad 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 dif
fraction was the only analytical tool available to decipher the 
components present in the microgram samples of (usually impure) 
Plutonium compounds. ZachariaBen was simply unique in hie abil
ity to derive quantitative information from what is usually re
garded as hopelessly complex data — a powder diffraction pat
tern of a multicomponent mixture. He studied hundreds of sam
ples and provided identification of most of the plutonium com
pounds and phases important to s«paiation processes; he first 
deduced from cell constant data on the dioxides the magnitude of 
the 5f element contraction, and labeled them thorides; he first 
deduced from meager data alone, the unique, multiple structures 
of plutonium metal. Studies of other 5f metals structures would 
follow, as would studies of many new compounds. Zachariasen 
established a self-consistent set of atomic and ionic 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 cerium under high pres
sure became isostructural with a-uranium, hitherto a nearly 
unique structure. 

Parallel to these studies 2achariasen made outstanding 
contributions to diffraction physics. His work is applicable 
to broad classes of materials: oxides, sulfides, nitrides, 5f-
raetals, 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 
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century that does not bear his nark. Ko other crystallographer 
has done 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. 



PHOTOEMISSION TECHNIQUES 
Yves Baer 

Laboratorium fUr Festkorperphysik 
EidgenSssische Technische Hochschule ZUrich 

HQnggerberg, CH-8093, Switzerland 
The recent development of photoemission techniques and 

other related methods has opened unique possibilities for in
vestigating the electronic structure of solids. Many fascinating 
properties of the Actinides are rela*="i to the presence of the 
open 5f shell. Spectroscopic studies can therefore be expected 
to yield a very fundamental contribution to the understanding of 
their electronic structure. A brief presentation rf the photo-
emission techniques will be given. In these the photon energy is 
a very important 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 str^Lghtforward chemical 
analysis. In addition, well resolved spectra can reveal many in
teresting aspects of the outermost electrons: the variation of 
the charge distribution around the different atoirs (chemical 
shift), tt.a existence of both localises open shell (multiplet 
splitting) and of spin (exchange splitting) and the localization 
of outermost levels (shake-up and shake-down satellites]. The 
XPS \"lence band spectra can be usually interpreted as the super
position of the partial densities of states weighted by the cor
responding cross-sections. In the low energy rpnge, cht- use of 
synchrotron radiation allows a detailed investigation of the 
electronic states in the vicinity of the Fermi energy. 3y taking 
advantage of the continuous character 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 isochromat 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 photoemlssion 
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 proportion have sc far be attempt
ed. This situation is mainly due to the fact that quite special 
and dedicated equipment is necessary to work with highly radio
active samples. There is little doubt that this field will expand 
in the next few years since the actinide secies 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 
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(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 ACTrNIDES 

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

and 
Institut Laue-Langevin 

156X, 38042-Grenoble, France 

Since the last joint actinide meeting in 1975 a great number of investi
gations using neutrons on actinide systems have been performed. The relative 
weakness of neutron beams, together with their weak interaction with nuclei 
and/or electron spins, means that large samples must be used, thus often con
fining experiments to uranium systems, and certainly prohibiting investiga
tions of transcurium species for the forseeable 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 5f systems. The principal reason 
for this is the very detailed information in both space and time (energy) 
coordinates that neutrons provide on the microscope interactions. Some of the 
basic principles wil 1 be explained in this talk. 

The unpaired 5f electrons are of major interest in the actinides because 
their considerable spatial extent implies that they may interact either with 
neighbouring 5f orbitals, or with other bonding electrons. By virtue of the 
neutron magnetic moment, neutrons interact with the resultant moments of 
these unpaired electrons. Experiments at the Centre d'Etude NuclGaires, 
Grenoble investigating the magnetic structure of, for example, UAs, USb, 
NpAs?, and U3P4 have used high magnetic fields (100 kOe) and uniaxial stress 
to snow that the moments develop complicated arrangements as a consequence of 
competing^inte/actions. Even in such simple systems as the UX (X = N, As, Sb) 
we have 1q, 2q, and 3q" magnetic structures. 

Another series of experiments aimed at determining the spatial extent of 
the 5f wavefunctions, are performed with polarized neutrons, mostly at the 
Institut Laue-Langevin, on compounds such as URh3, \JSe3, USn3 and Np02. 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 involve 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 UPd 3, in which 4f like 
localized behaviour exists, the experiments have found a complex excitation 
spectra reflecting the localized-itinerant duality of the 5f electrons and, 
at least in metallic systems, the interaction with the conduction electrons. 

Neutron scattering has also been used to investigate atomic ordering 
processes. The most important discoveries concern the longstanding mystery of 
the 43K transition in alpha uranium. Experiments at Oak Ridge land ILL have 
shown that at this temperature a charge-density wave appears 1n a-U, anf* the 
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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 is to illustrate the bradth of neutron scattering and how the 
results have provoked questions about current theoretical models of 5f 
systems. Some future experiments and the importance of extending this"work 
into transuranium system; will also be discussed. 
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BAND STRUCTURE. STUDIES 

P. Weinberger 

Institut fUr Technische Elektrochemie 
Technical University 

Vienna, Austria 

By recalling the fully relativistic, semi- or pseudo-
relatxvistic and non-relotivistic level of effective one-
electron Hamiltonians, methods for the calculation of the 
electronic structure of actinides ana actinide compounds 
era reviewed. This survey relates band structure methods 
versus cluster methods, reviews some of the linearized 
approaches to band theory and includes o discussion of 
methods for alleys and mixed crystals. Examples *ill 
illustrate common ~ T * - - - of these method*. In particular 
relativiutic multiple scattering theory will be used to 
show the usefulness of model band structure studies of 
the electronic structure of actinides and th»ir compounds. 

The importance of relativistic effects fc:- «rth, low-
lying valence bands and typical f-bands will be discussed 
in some detail for NaCl-type Uranium compounds. 
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SINGLE CRYSTAL PREPARATION OF 
ACTINIDFS AND ACTINIAE COMPOUNDS 

0. Vogt 

Laboratorium flir Festkorperphysik, 
ETHZ, 

CH-8093 ZUrich, Switzerland 

I 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 realize 
it? 3. How much effort and time does it take? 

The crystal grower should be consulted before deciding on point 2 and 
3. He can estimate the chances to grow crystals of the desired size, and 
how much time and effort would probably 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 crow crystals of utopical size as re
quired i:>? the existJ >g equipment. 

II Much effort has already beep put into growing single crystals of the 
«ct1nides and their compounds. Crystals have been grown of some actinide 
metals and their intermetallic compounds with Mn» Co and N1, as well as 
some of their oxides, borides,"fluorides, chalcogenides and pnielides. 
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 welting points of most of the compounds (2000° C and 
more) causing problems with the crucible materials. A general tendency is 
to use low-temperature methods in order to avoid part of the difficulties 
and to improve crystal perfect!en. 

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

a) T<*T« 
Salt like compounds can be crystallized at or near room temperature. 
Thus Rb U02(N03)3 crystals were grown from solution in hot HNO3.UO2 and 
Np02 crystals were grown by electrolysis in fused salts solutions. 

t>l T ^ 2 T B 

In this temperature region transport reactions in sealed fused quartz 
tubes ( l imit ing the ttmporature to about 1200 C) are commonly used. 
Transporting agents are HC1, Clg, Brgi Igi B r 2 + S 2 and TeC.14. Crystals 
of Ux0y (especially UO^), Ul- xTh x02 and polypnictides and chalcogeni-
des o r u were obtained. A modification of this method, bi»zZ on r f -
heating of tungsten plates inside the quartz tube allow:; to extend the 
temperature range up to 180Q°C. Monochalccgenides and monopnictldes 
have successfully been grown with this so-called modified van Arkel 
technique. 



c) T & Tm (T just below or close to T m) 
Crystals can be grown from a low-temperature melt using a flux. Promi
sing results have been obtained with the following fluxes: PbFg-BgO^, 
Li20.2Mo03, Li20.2VK>3, NaF.8203 and Ga-Al.Np02, ThOj and ThB6 crystals were grown by this method. Monopnjctide and monochalcogenide crystals 
are obtained by mineralization. Pressed pellets of the powdered sub
stances are carefully heated in sealed tungsten crucibles up to almost 
the melting temperature and kept at this temperature for several weeks, 
Big UO2 single crystals were grown by elaborate technique of sublima
tion. 

d) T "fc T m (melt growth) 
Arc melting is widely used - UOg 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. Hater-
cooled crucibles corundum- and tantalum-carbide lined tungsten cruci
bles were used to grow crystals (by the Czochralski technique or by 
directional cooling) of UO2, ThOj, UMn?, UOj, UNic and US02. Floating 
zone melting was successful for UO2 and UN crystals. 

V* The decisive parameter needs not to be temperature in all cases, 
pressure can be of equal importance. High-pressure technique was applied 
to preparev-Pu crystals. Desolving PuOg in glass and pulling fibres 
avoided oxygen loss and yielded stoichiometric PuOg single crystals en
capsulated in the glass fibres. 



AB INITIO CALCULATIONS ON ACTINIDE COMPOUNDS* 

D. E. E l l i s 

Physics Department 
Northwestern University 
Evanston, Illinois 60201 

and 
Argonne National Laboratory 

Arggnne, Illinois 60439 
The evolution of first principles theories capable of describing the 

electronic structure of ectinlde compounds is reviewed. Particuler emphasis 
1B placed upon molecular orbital and cluster models for gaa phase and solid 
state systems respectively. Comparisons are made between "direct" methods 
based upon Dirac-Fock (DF) and local density DIrac-Slater (DS) schemes, and 
"indirect" pseudopotentlal or perturbative schemes. Prospects for basing a 
full many-electron treatment upon the aclf-consistent DS single particle 
orbitala are discussed. 

The nature and magnitude of relatLvistlc effects on chemical bonding and 
valence electron level structures have been subjects of perennial interest. 
DF studies on heavy atom hydrides, using a one-center expansion teachnique1, 
have been uaed co study the relatlvistic contraction of bond lengths. Early 
beliefs that the bond contraction was simply due to contraction of the under
lying atomic orbitals; i.e. an overlap effect, have turned out to be 
incorrect. Recent results^t^ which throw light on this aspect are discussed. 

The development of reliable pseudopotential methods ' ' In a relatlvis-
cic framework gives hope that rather large systems (both in terms of atomic 
number, and number of nuclear sites) can be treated by considering only 
valence electron states explicitly. It is possible at present to carry out 
all-electron calculations on actinidc complexes in local density mod-la, so 
interesting comparisons between direct and indirect methods ber.ome feasible. 

Self-consistent DS energy levels and charge distributions are presented 
for a number of (Ac0n)1 complexes, where AcTh,U,Np,Pu, r L present at ive of 
oxide compounds and spectroscopieslly accessible "free" complexes'*^. An 
effort is made to correlate the f-electron occupation and bonding inter
actions co the variables; coordination number, formal valency, and bond 
lengths. The magnetization density in UO2 is discussed, and preliminary 
results on some halldc compounds are presented. 

* Thlt work was supported in part by the National Science Foundation, 
Grant No. DMR-79?S179 and the V, S. Department of Energy. 
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COMPLEX OXIDE SYSTEMS OF THE ACTINIDES* 

Lester R. Morss 

Chemistry Division 
Argonne National Laboratory 

Argonne,, Illinois 60439 
This a r t i c l e reviews recent research on the s t r u c t u r a l , spectroscopic-

thermodynamic, and magnetic propert ies of ternary and other complex oxides 
containing act in ide ions. Since complex compounds often exh ib i t unusual 
coordination s i tes and ox idat ion states f o r t rans i t i on elements, the unique 
propert ies not found in the binary OM'des are emphasized. For complete
ness, a b r i e f summary of propert ies of the binary oxides is also given. 

Since the las t comprehensive reviews of act inide complex ox ides , : * 
much new research has been published. Complete crystal lographic studies have 
shown that r e l a t i v e l y few complex oxides have sample high-symmetry struc
tu res . 3 New spectroscopic techniques (x-ray photoelectron spectra,*" 
Mossbauer spectra 5 } have extended the understanding of e lec t ron i r structure 
of act in ides. The number of thermodynamic studies 5 of complex act in ide 
oxides has vast ly increased, bringing improved con e la t ion of s t ruc tu re , 
coordination number, acid-base relat ionships and s t a b i l i t y . Magnetic 
measurements ( suscep t i b i l i t y , neutron d i f f r a c t i o n , paramagnetic resonances, 
have reached matur i ty for simple oxides s u t are s t i l l l i c k i ng for comply 
oxides. 

This a r t i c l e c lass i f ies complex oxides by st ructural types and by 
re l a t i ve ac id i t i es and bas ic i t ies of component oxides. Within th is frame
work, the recent l i t e r a t u r e has been assessc to h igh l ight major developments 
in complex oxide systems: 

(a) Structural studies. 7 

(b) X-ray photoelectron spectra. 8 

(c) Vibrat ional spect ra . 9 

(d) Electronic spec t ra . 1 " 
(e) Solution ca lo r ime t r y . 1 ' 
(f) High-temperature EHF s tud ies . i ! 

(g) Low-temperature calorimetry. 1 3 

{h) Vaporization phenomena and phase s tud ies . 1 1 -

( i ) Kagnetochemistry. 1 s 

Research advances are summarized in terms of the impact on fundamental 
- o l i d - s ta te chenistry and thermodynamics, and in terms of the i r appl icat ions 
to nuclear fue l s , radioisotope sources, and long-term nuclear waste disposal. 

Work performed under the auspices of the Off ice of Basic Energy Sciences, 
Div is ion of Nuclear Sciences, U. S. Department of Energy under contract 
No. W-31-1Q9-ENG-38. 
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FISSION PROPERTIES OF THE ACT1NIDE5 

H. C. Britt 

Los Alamos National Laboratory 
University of California 

Los Alamos, New Mexico a7id5 
Kecent progress in the experimental determination of fission barrier 

and scission properties is reviewed. The importance of deformed nuclear 
shells in influencing fission decay rates in actiniae nuc)ei is 
demonstrated. Tne dramatic influence of shape symmetries on fission 
rates and evidence for increasing complex barrier shapes is presented. 
Recent data and interpretatian suggest doable and triple peaked fission 
carriers and multiple parallel paths in the saddle point region. These 
effects are generally unoerstood in terms of modulations of a simple 
liquid drop fission barrier by energy deviations of M-3 MeV due to ttw 
extra stability of some deformed nuclear configurations { i.e., shell 
effects). Hie scission properties (mass and total kinetic energy 
distributions) for actinidc nuclei are also reviewed, and it is 
demonstrated that nuclear shells in the nascent fragments near scission 
art- also important. The most striking effect of this type is in the 
Femium region *rtere fission undergoes a sudden transition from 
asymmetric to symmetric mass division as tne result of appraacmng the 
doubly magic configuration of two " S n nuclei which have extraordinary 
binding energies. Various recent and proposed measurements to. trv *o 
isolate shell and dynamic effects in toe fragment distributions are also 
discussed. 
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THE PREPARATION OF PROTACTINIUM METAL AND COMPOUNDS 

D. Brown 

Chemistry Division, A.E,R.E., Harwell, Oxon, England 

Prior to the isolation of approximately 100 g of 2 5 1Pa by U.K. scientists 
in 1960, the preparative chemistry of protactinium ;iad been little investi
gated and few compounds were known. As a consequence of the availability of 
macro-quantities of a nuclide with a reasonably long half-life, world-wide 
interest was generated in the chemistry of protactj•ium. Much of this was 
directed at the preparation of the metal and a wide range of compounds, and 
investigations of their chemical and physical properties. 

The currently available methods for the preparation of metallic 
protactinium are discussed together with publications dealing with its 
chemical properties. Details are provided of the preparative routes to all 
protactinium compounds, particular attention being given to those pentahalides 
and tetrahalides which are valuable starting materials for the preparation of 
other classes of compounds, interesting structural aspects are highlighted 
and differences between the chemistry of protactinium (V) and that of uranium 
tV) are identified. Brief consideration is given to potentially interesting 
areas fcr future investigation. 
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DEFECT STRUCTURES IN ACTINIDE COMPOUNDS 
C, H. de Novion 

Section d'Etude des Solides Irradies 
Centre d'Etudes Nucleaires, B. P. n°6 

92260 Fontenay-aux-Roses, France. 
Many of the physical properties of actinide compounds, and 

in particular the transport properties Eelectrical and thermal 
conductivity, atomic 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 tlay the major role. The Importance of the radia
tion-induced point defects on the behaviour of the nuclear 
fuels has of course not to be emphasized. 

This paper will be f i r s t concerned with the atomic struc
ture, electronic and thermodynacciic properties of the point de
fects in two main actinide systems : the oxides with fluorite 
structure HOjtx* and the carbides with trocksalt structure 
MCi±x- Indeed, these two categories of compounds may be consi
dered as "model compounds" for the treatment of non-stoichiomG-
try, because- of their simple crystax structure, and because we 
have a preliminary knowledge of their bonding. The two systems 
are very different, the f i rs t having a large ionic character 
and being semi-conductor, the second displaying a predominantly 
metallic character. In both systems, the defects responsible 
for thermal disorder and non-stoichiorcetry have been proved to 
be vacancies and intersfcitials of the metalloid sublattice • but 
the electronic structure of the metal atoms near-neighbours of 
thRse point defects is largely modified compared to what i t is 
in the pure compounds. 

The understanding of the thermodynamic and physical pro
perties of these compounds at high temperature or off-stoicniu~ 
metry needs the knowledge of : 
- the formation energies of the various possible point defects ; 
- their interaction energies ; the la t te r may be separated into 
two contributions : an electronic contribution and a strain 
contribution, which includes the change in the average latt ice 
parameter, and the atomic relaxations near the point defects. 

We want to emphasize on the fact that, because of their 
large refractory character, i t is difficult to obtain these 
compounds in true thermal equilibrium below 1000 °C. in part i
cular, there is a temperature range in which the metalloid sub-
lat t ice is ir thermal equilibrium, but where the metal sublat t i 
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 yet 
been developped to calculate properties of the point defects 
and describe fhe non-stoichiometrie 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 obtain data on : 
- the high temperature phase diagrams, 
- the short-range ordering of carbon vacancies, especially in 
T h c l - x < 
- the atomic relaxations due to the 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 * will be 
discussed. 

2) Oxides. 

The defect structure of U02+x» consisting of short-range 
order clustering of oxygen interstitials, has been studied in 
details by Willis 2 , using neutron scattering techniques. 

Because of the predominantly ionic character of U 0 2 , cal
culations of the formation and interaction energies of point 
defects in this compound have been performed in a purely ionic 
approximation, for example by Catlow 3, These will be compared 
to the experimental data. 

We shall recall our knowledge on the electronic structure 

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

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)0_+ or 
(CJ,Ce)02-x, X 

- 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. 2.5, 431 (1964). 
3, C. E. A. Catlow, Proc. R. Soc. Lond. A 353, 533 (1977). 
4. L. Manes, 0. T. SjJrensen, L. M. Mari a n d l . Bay, in Thermo

dynamics of Nuclear Materials (IAEA, Jillich, 1979) paper 
SM-236/6. 



THERMODYNAMIC PROPERTIES OF THE ACTINIDES : 
CURRENT PERSPECTIVES 

Laboratory of Analytical Chemistry and Radiocnemistry 
University of LiSge (Sart Tiltnan), R-400Q U e & e . Belgium. 

The chemical thermodynamic properties of the actinide 
elements and their compounds are being assessed by an interna™ 
tionai team of scientists under the auspices of the Internation
al Atomic Energy Agency (Vienna)' : This undertaking ahouId 
result in the publication of fourteen distinct sections. Since 
1976, three parts, dealing with the elements, the aqueous ions 
and mi seellaneaus compouuds, have been published, the other 
parts being in various stages of preparation. That study is 
carried out in coordination with the U.S. National Bureau of 
Standards, which has issued since S97S several reports in the 
field of aetinide the rctody nasi cs^""^ supplementing a comprehen
sive critical review of thorium thermodynamics-*. Tabulation of 
thermodynamic data based on these assessments will also be found 
in two forthcoming books 6' 7. Finally, an extensive list of the 
thermodynamic properties of the actinides and their compounds 
has been published by the USSR Academy of Sciences 8. 

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

I• The review and the evaluation of a number of important 
results in actinide thermochemistry that have appea-ed 
after the Fourth International Transplutonium Elements 
Symposium and the Fifth International Conference on Pluto
nium and Other Actinides (Baden Baden, September 1975). 
Vaporization studies on the metals,and enthalpies of forma
tion of transplutoniuEE aqueous ions, of halides and of 
binary oxides are only 3 few examples of such results. 

2. The identification of areas in which experimental studies 
are definitely needed whether the existing data are unsatis 
factory or simply lacking. This situation can be found even 

the most studied elements of the series 

A brief discussion of the usefulness and limitations of 
data analysis for the evaluation and the prediction of 
thermodynamic values. Tha escablishsnent of a network of 
thermodynamic data involving the compounds of a given 
element is an extremely useful and straightforward method 
of identifying inconsistent data. The systeraatization of 



properties throughout the actinide series is 
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SPECIFIC SEQUESTERINC ACENTS FOR THE ACTINIDES 

K. N. Raymond, V. L. Pecoraro, H. J. Kappel, W. R. Harris, 
C. J. Carrano, F. L. Welti 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 aa diethylenetriamlnepentaacetic acid 
(DTPA), are used in decontamination and decorporation applications for the 
actinides. While there are various chemical methods used for the separation, 
concentration, and purification of these elements, it has been true that 
there are no specific sequestering agents for the actinides. That is, the 
coraplexing agents such as DTPA form very strong complexes not only with the 
actinide(IV) ions, b-jt also most other metal ions with a +2 or greater oxida-
Lion state. For some time we have concerned ourselves with the design and 
synthesis of compounds which would be specific for the actinide(IV) Ions. 
Much of this work has been recently reviewed. "' Our initial approach to 
this problem has been the recognition of the chemical and biological simi
larities of Fe(III) and Pu(IV). Our test of the degree to which we have an 
actinide-spt!cific complexlng agent has been based on studies in which Pu" + Is 
a biological contaminant. Under physiological conditions, plutonlum exists 
primarily in the +4 oxidation state. The chemical similarities of Pu(IV) and 
Fe(IIl) extend from their similar charge per radius ratios, through their 
similar hydrolytic and hydroxide solubility properties, to their coordination 
behavior by the serum Iron transport protein transferrin. Indeed, Pu^ + is 
transported In the blood plasma of mammals as a complex of transferrin and Is 
bound at the same site that normally binds iron. It can thus be anticipated 
that coordinating groups or ligands which have a high affinity for high-spin 
ferric ion will show a similar affinity for Pu(IV) - and the design of multi-
dentate specific sequestering agents based on such units can be envisaged. 

Microorganisms have evolved low-molecular-weight chelating agents which 
use primarily hydroxamate or catecholatc functional groups to solubilize 
Eerric ion.1* In particular, enterobactin, a tricatecholate compound, forms 
the most stable known Fc(IlI) complex, with an approximate formation constant 
of 1 0 " . Using enterobactin as a prototype, but recognizing that a pre -
ferred coordination number for plutonium will be fl rather than 6 [as for 
Fc(EII)), we have synthesized a series of tetra catechoylamide (CAtf) ligands 
which are specific for Pu(IV) and other actinide(IV) ions. These ligands 
have been designed to facilitate the formation of the D2J trigona.-faced 
dodecahedral cooidlnation environment we observed in structural studies of 
several [An(catecholate)^] complexes.6'7 In addition, the length and sub
stitution pattern of the organic backbone has been varied to optimize the 
thermodynamic and biological properties of the ligands. A number of these 
tetra catechoylamides sequestering agents are shown In Figure 1. 

An important consideration fo; metal ion decorporation therapy is the 
relative affinity of the ligand for the target metal ion as compared to its 
affinity for essential biological m^tal ions which are present in the body. 
A series of coraplexometric studies have examined the degree to which the newly 
synthesized compounds bind such biological ions. Neither Ca(II) nor Kg(II) 
are bound to any significant extent.8 The strongest complex is formed with 
CuUi), but even this complex is approximately l O ^ times less stable than 
the corresponding ferric chelate under physiological conditions. The compil
ation of ferric ion is not considered a problem, since this occurs only for 



Fig. 1. Structures of the naturally occurring iron seques
tering agent enterabactin (A) and the bionlmetic synthetic 
tetracatechoylaulde analogues 3,4,3,4-CYCAH, 2 « 3, n = 4, 
n = 3; 3,4,3-LICAMS (C), m - 4, n - 3, X - H, Y - S0 3~; 
3,4,3-LICAMC (D), o - 4, n - 3, X - C0 2H, Y = H. 

Che relatively snail amount of labile, high-spin Fc-(III) present in vivo. It 
is established then that these ligands demonstrate great specificity, partic
ularly when compared to DTPA,9 the ligand currently used to treat actlnide 
contamination In humans. 

Since plutotilum does follow ferric ion metabolic pathways in the body, v s 

we are concerned with Its mode of coordination and binding by scrum Iron 
transport proteins. The similarity of the coordination chemistry of Th(IV) 
and U(IV) with that of Pu(IV) have made both uranium and thorium convenient 
models for plutonium binding in biological systems. En particular, because 
of its simple redox chemistry, thorium has bsen widely used. To test the 
degree to which it Is in fact a good model for Pu(lV) in such systems, ue have 
Investigated the binding of Th(IV) to transferrin using difference ultraviolet 
spectroscopy. It has been found that Th(IV) is bound in each of the two sites 
of transferrin as a aonohydroxo species. More important, the two sites differ 
in the manner In which the Th(IV) is bound. In the Oterminal site two tyro
sines are bound to thorium, whereas there is only one tyrosine Involved at tHe 
N-terminal site. This may be associated with the fact that the C-terminal 
site is slightly larger than the N-tenatn&l sice. Since PuC.IV) is smaller 
than Th(IV), it should fit easily into both ^ices and this may explain the 
difference that has been observed previously in the in vivo distribution 
between Th(IV) and Pu(IV). i ; The in vivo evaluation of CAM llgands in mice 
and dogs has shown that the CAM ligands are Indeed effective sequestering 
agents for Pu(IV)-' 1' ** Chemical modifications of the catechol rings substan
tially increases the water solubility of the tetra catechoylamide compounds, 
increases the acidity of the catechoyl rings, and decreases the sensitivity 
of the ligand toward air oxidation. While sulfonation increased the effec
tiveness of the Ligands for Pu(lV) removal, It was found to have some toxic 
side effects in test animals over prolonged periods of administration.13 Incor
poration of a carboxylate group instead oE a sulfonate group accomplishes 
these same chemical modifications of the ligands described above, but has been 
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found to produce compounds which maintain t h e i r e f f e c t i v e n e s s without any i 
served side e f f e c t s . " " A summary of the a c t l n i d e seques te r ing p r o p e r t i e s . 
t e t r ane r i i - cn tec l ioy lamldes I s given in Table I . 

T.iblc I . Summary of a c t l n i d e seques te r ing p r o p e r t i e s m 
te t racier ic catechoylamldcs. 

Cyclic 
3,3,J,J-CYCAM 
3,2,3,J-CYCAM-NOT 
3,3,3,3-CYCAMS 1 
2,3,3.J-CYCAKS t 

Line. . ' 
2,3,2-LICAMS 
3,3,3-I.lCAMS ( 
4 , 3 , 3-LICAT-1S 1 
4,4,4-UCAMS 
J,4.i-UCAMS 

3 , ' , 3-I.U:AMC 

Less ion 
pounds. 

Mobilizes Pu but d e p o s i t s i t in kldnevs 
VLT/ toxic 
Sui foniit ion Increases a c i d i t y and s o l u M l i 
prevents Pu depos i t ion in kidneys 

Least e f f e c t i v e of l i nea r compounds 
l i nge r chain length , a l i gh t improvement, 
s t i l l not very e f f e c t i v e 
S l i g h t l y tox ic i Longer cen t ra l br 
Der ivat ive of spermine > .^ives optimum geoi 
(a n-'Cural product) » 
Mosf L-ffectivt agent to d a t e , 732 Pu(JV) 
r e v i v a l . Non- tox i r . 

1 s '*perior to i spondini i-l i 

* Tills work, was supported by the D i r ec to r , Office ot Energy Research, 
Office of Basic Energy Sciences , Chemical Sciences Division: of the V. S. 
Department of Energy under Contract No. 1-7405-ENC;-4d. 

1. K. N. Raymond »nd W. L. Smith, S t r u c t u r e and Bonding 43_, *W i'' 981 > 
I. K. N. Raytaond, W. L. Smith, F. L. Wel t i , P. W. Durbln, E. s . lones, K. 

Abu-Dari, S. ft. oofen, and S. R. Cooper, ACS Symposium S e r i e s , No. l i , 
143 (1980) . 

3 . K. N. Raymond, W. R. i i a r r l s , C. J . Carrano, and F. L. Wel t i , ACS Sympo
sium S e r i e s . Ho. 140, 313 (1980). 

4 . J . B. Hei lands , Ed., Microbial Iron Metabolism, Academic P r e s s . New York, 
1974. 

5. W. R. K a r r i s , C. J . Carrano, S. R. Cooper, S. R. Sofen, A. Avdeef, .1. V. 
McArdle, and K. N. Raymond, J . Am. Chen. Soc. .101, 6097 (1979). 

6. S. R. Sofen, S. R. Cooper, and K. N. Raymond, Inorg. Chen. JjS, 1611 
(L979J. 

7. S. R. Sofen. K. Abu-Dari, D. P. Freyberg, and K. N. Raymond, J . An. Chen. 
Soc. 100, I6»£ (1978). 

8. H. J . Kappel ar.d K. N. Raymond, manuscript in p repa ra t i on . 
9. A. E. Mar te l l and R. M. Smith, C r i t i c a l S t a b i l i t y Constants . Vol. 1, 

Plenum P r e s s , New York, 1974. 
10. B. J . S tover , W. Stevens, and F. W. Bruenger, Radloblology of Plutonium, 

J . U. P r e s s , S a l t Lake Ci ty , 1972. 
I I . W. R. H a r r i s , C. J . Carrano, V. L. Pecoraro , and K. N. Raymond J . Am. 

Clica. Soc . , in p re s s -
12. The Metabolism of Compounds of Plutonium and Other Ac t ln ides , Pergamon 

P r e s s , New York, 1972, p 4 1 . 
13. P. W Durbin, £. S. Jones , K. N. Raymond, and F. L. We l t i , Rad. Res. fU, 

170 (1980) . 
14. C. W. Mays, G. N. Taylor , R. D. Lloyd, and M. E. Wrenn, in Ac t in ides in 

Man and Anlrat ls , M. E. Wrenn, Ed,, in p r e s s . 



CHEMICAL PROBLEMS ASSOCIATED WITH REPROCESSIHU 

A. CHESHE 

Division d'Etudes de Retraitement et des Dechets et de Chimie Appliquee 
Departement de tien.'e Radioaitlf 
Service des Etudes de Procfides 

B.P.6 - 92260 Fontenay-^.ux-Roses - France 

After a general introduction giving an overview of the production of LWR 
fue1s for the n<*xl decides 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 feaures are des
cribed. 

L ing as a reference thirty years of experience of reprocessing of natu
ral uranium metallic fuels, one examines for LWR and F8R fuels what are the 
major changes and their co'.sequences on the process chemistry. 

For a same mass of uranium, the presence of larger quantities of pluto-
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, effluent 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 recovery and purifica
tion and also of eazeoos an̂ . iiquia effluents treatment, 

. to gain a better knowledge of the chemistry of fission products : 
mainly Ru but also the minor ones : Tc, Pd, Ku etc ..., 

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

. to complete the kinetics studies of redox and extraction processes of 
Plutonium systems when using short residence time contactors in 
liquid-liquid extraction, 

. to extend studies on the adequate solid compounds which allow safe 
long term storage of the wastes. 



CHEMICAL PROPERTIES OF THE HEAVIER 
ACTINIDES AND TRANSACTINIDES-

E. K. H u l e t 

Nuclear Chemistry Division 
University of California 

Lawrence Livermore National Laboratory 
Liver-mere, Cal'iornia 94B50 

The chemical properties of each of the elements 100 ,'Fm) through lu& 
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*«id2s, which differentiates them from the comparable lanthanfdes, is 
the increasin -tability of the divalent oxidation state with increasing 
atonic 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 aqueous 
solution. In this range of elements, the II - III 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 
lowering of the 5f energy levels with respect to the Fermi level as the 
atomic number increases. 

The metallic state of the heavier acttnides has not been investigated 
except from the viewpoint of the relative volatility among 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 6j> electrons by the 5f_ electrons. These 
relative ionic radii have been obtained from comparisons of the elution 
position in chromatographic separations. 

Completion of the actinide series of elements is expected with the 
element lawrencium (Lr) in which the electronic configuration is either 
5f/^6d7s5 or 5v47sj-7|i. From Mendelev's periodicity and Hartree-Fock cal-
culatTons, the'next group of element is expected to be a d-trans1tion 
series corresponding to the elements Hf through Hg. Only tne chemical 
properties of elements 104 and 10S have been studied and, indeed, they 
appear to shew the properties expected of eka-Hf and eka-Ta. However, the 
nuclear lifetimes are so short and so few atoms can be produced that a 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 about the de
ductions and conclusions drawn from observing the behavior of less than one 
hundred atoms. The question of whether this behavior is representative of 
the true chemical 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. 



PREPARATION OF TRANSPIUTONIUM 
COMPOUNDS AND METALS* 

R. G. Haire 

Transuranium Research Laboratory 
Dak 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 the preparation of 
both compounds and metals. At the present time, and for the foreseeable 
future, attinides beyond einsteinium in the series will only be available to 
the extent of 10*0 atoms (4 pg ) 0£ less, which precludes the use of micro-
chemical techniques that have been applied 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 radioactivity 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 today even though Urger 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. One 
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 the concentration and manipulati'»i of wg 
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 limited to M O ug or less, and has not been successful for the high specific 
activity encountered with 2 5 3 Es. Thus, it became apparent that another ap
proach was required. A microprecipitation process using teflon molds was 
developed which allows the preparation of as little 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 tne 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 isolate 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 final purification and the sample preparation often became an integral 
part of a study. This is especially true with studies of "3j: s a s t n e rate 
of daughter in-growth is approximately 3% per day. 

The number, type ?nd complexity of compounds that can be prepared is 
mainly limited by the ability and imagination of the researcher. Often the 
preparation vf a compound on a ug or mg scale is carried out in the solid 
state but preparations have also been done in solutions, the vapor state and 
in molten salts. Some examples of these preparations will be discussed but 
the major emphasis w>H be placed on the preparation of oxides, halides and 
metals> since the majority of the work has been done on these substances 



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 
EsOj) of the first five transplutonium elements have been well established, 
efforts ^re still being made to understand phase behavior, explain the trends 
observed in the melting points, and to investigate oxides with 0/H ratios be
tween 1.5 and 2.0. There is also interest in stabilising higher oxidation 
states of the transplutonium elements by employing ternary oxide systems and 
using oxide samples to ascertain the effects of radioactive decay. Magnetic 
susceptibility measurements provide valuable information on these oxides and 
these data can serve as reference values for comparing susceptibilities in 
other transplutonium compounds. In all 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 iodides 
can also be conveniently prepared by reacting the elements directly and in 
the case of Ami* this is the best procedure to obtain its low-temperature 
crystal form. To 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 cf fluorides involves treatment with HF, F 2, 
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 
Fluoride 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 chemical consequences of radioactive 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 thin 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 normally considered. The first of these is a reduction of the 
transplutonium oxide by lanthanium or thorium metal followed by the volatil
ization and subsequent condensation of the actinide metal. The second method 
is the reduction of a transplutonium fluoride with lithium metal, followed by 
volatilization of the excess reductant and lithium 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 quantities of metal normally available, especially for the trans-
curium metals, preclude analyses for these three contaminants. Their presence 



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 

Vu.Ts.Oganessian 

Joint Institute for Nuclear Research 
Dubna, USSR 

The (discovery and 40-year studies of the chemical and 
radioactL«C properties of actinido elements from Np to Md have 
greatly contributed to the development of natural sciences. 
Ounnij the last 25 years, main efforts in experiments to synthe
size new elements haue been concentrated on advance in the di
rect ion of transmerdelevium and transactinide elements. While 
most of actinides can be accumulated in relatively large quan-
tities in high-density neutron fluxes (powerful reactors, ther
monuclear explosions, etc-), the transactinide reaion has been 
reached by the nev means -- accelerated heavy ions. 

Heavy ions have made it possible to extend the Mendeleev 
Periodic Tnble from element II to element 107, produce and in
vestigate several dozens of ne« isotopes over the entire range 
oT transuranium elements. Those studies have substantially added 
to the knowledge of the radioactive properties of the heaviest 
atomic nuclei and led to the very import ant conclusion that the 
stability of transactinide nuclei crucially depends on sponta
neous fission. The studies of the chemical properties oT element 
10^ (kurchatuvium) have permitted the direct verification of one 
of the basit: implications of the Periodic Law, following which 
the actinidt series ends with element 103 and, as a result, a 
drastic change in chemical properties takes place as one goes 
to element 100. Finally, the development of knowledge about nucl
ear stability against fission has given rise to the hypothesis 
concerning the possible existence of superheavy elements j.n the 
region of magic numbers Z= 114 and N=184 (Fig. 1 ) . Subsequently, 
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 ;ics and 
nuclear chemistry, thus considerably enhancing the importance of 
further progress in the regi.. np tranuactinide elements. 

An analysis of cross sections for forir^'tion jf known actini-
de and transactinide nuclei in di fferent ni-clear processes 
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involving heavy iona up to U, as well as the direct consider
ations of the results of synthesis of elements throû .'-: i07 shoo 
that Fusion reactions are likely to remain the most efficient 



^ _ L 3 T" 
.73 

i l -
\r 

'70 a B^ 190 

— NEUTRON NUMBER * -
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ores Tor the synthesis (Pig. 2 ) . Among these reactions, of 
special interL-st are those induced by the Ca, fi , Cr 
ant1 other ions, which allou one to produce moderately excited 
compound nuclei with a wide range of Z and fj. In recent years, 
it hay been ascertained experimentally that the use of heavy 
ions with r,3ss AY50-60, in combination with Pb-Bi targets, 
leads to formation of transactinidc elements and isotopes uith 
2=104-107. There are sufficient grounds to assume that just this 
type of fusion reactions, in somewhat different target-project lie 
systems, is most promising for producing the heavier transact in id 
cs uith I up to 114-116. The adi/ent of a new generation of hi re
current be^uy-ion accelerators, such as SUPfTFIHILAC, UVJUAC and 
U-iOO allows one, in our view, to substantially extend research 
into this field. 



ISOTOPE IDENTIFICATION IN THE TRANSFERMIUM REGION 
BY a-a CORRELATION AFTER IN-FLIGHT-SEPARATION 

G. MUnzenberg, S. Hofmann, w. Faust, K. GfJttner*, 
F.P. HeSberger, H. Reisdorf, C.C. Sahm**, K.H. Schmidt, 

H.O. Schbtt, B. Thuma***, D. Vermeulen**, and P. Armbruster 

Gesellschaft fllr 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 also 
demands the extension of the explorable halflife range especially to 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 limited to seconds or milli
seconds and have the disadvantage of being sensitive also to nuclei 
formed in other reactions than fusion. 

Separation of the unslowed fusion products, taking advantage of 
reaction kinematics,extends the explorable halflife region to the micro
second region and provides a separation of the nuclei to be investigated 
from background. The results from this experimental technique, 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 slightly by neutron evaporation during the de-
excitation of the compound system or by energy loss in the target. Hence, 
fusion products can be separated efficiently in-flight with a velocity 
filter1. 

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: All decays of a certain nucleus implanted 
in the detector have to be observed at the same position2. The time dis
tances between the signal from the evaporation residue impinging the 
detector and subsequent decays allowto evaluate the halflives of the 
evaporation residue and eventual daughter decays'. A time-of-fli^ht 
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 isotopes 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 
fusiqn reactions formed with cross sections even below nanobarns. The 
in-flight-separation allows to investigate nuclei with lifetimes down to 
mi croseconds. 

We investigated fusion reactions of l"1Ar, 5 0Ti, and sl*Cr with targets 
of a»«-™«pb and 2 Q 9 B i . 
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With "''Ar on " a P b we observed all known deexcitation channels of 
2n to 4n evaporation leading to 2"6~z'*1'Fm reported by various authors. With 
""Ar on 2 0 S P b we found the new isotopes 2'*1frm and Z 3 9 C f , for Z 0 9 B i irra
diations we observed firstly 2 l , 7Md. In 'chese experiments, where most of the 
observed isotopes are well known, formation cross sections range from 
1.5 nb to 15 nb, halflives range from ms to s and nuclei undergo either 
a decay or spontaneous fission, we could prove the sensitivity of our ex
perimental technique and the high background suppression of the velocity 
filter especially with respect to a-active transfer products near Pb. 

For S QTi on 1 0 6 P b the isotope , , , s t K 4 is formed, which due to results 
from Oganessian1- 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 a decay of 
2 5 7 1 0 4 S indicating the In channel and at increasing projectile energy a 
spontaneous fission activity with (B.ltJ;?) ms halflife and an excitation 
function of less than 10 MeV width, indicating the formation of 2 S 6 1 0 4 via 
I neutron evaporation. The observed formation cross section of (6t$) nb 
also agrees well with the results from Oganessian. 

In an irradiation of 2 0 7 P b with S 0Ti we found the expected a decay 
branch of Z S 5 1 0 4 discovered in Dubna by its spontaneous fission, and also 
spontaneous fission of corresponding halflife. 

tn the fusion reaction of : o i B i and S 0Ti we intended to investigate 
the a decay of the isotope 2 " 1 0 5 to which a spontaneous fission activity 
of 5 s has been attributed. This isotope plays an important part in the 
assignment of 2 6 l 1 0 7 by Oganessian et al. In irradiations at various specific 
energies between 4.65 MeV/u and 4.95 HeV/u we observed a decays of 2 S 7 ! 0 5 
and * 5 8105, identified by a-a correlations and also spontaneous fission. 
The exact halflives and decay energies of 3s«,zs3 L r n a v e jj e e n determined 
and will be presented. 

By fusion of s,*Cr with 2 D'Bi element 107 could be produced. We ob
served five a decays of (10376135) keV energy and (4.7-1:1) ms halflife 
and one decay of (9704±5Q) keV and ( U 5 t 2 H ) ms, partly correlated to de
cays of a 5 a 1 0 5 and a s l ,Lr, observed in the S 0Ti on 2 0 9 B i irradiations. Some 
of the chains ended in known transitions of 2 £ 0 M d and s*°Fm. We assigned 
these decays to the isotope 2 6 2 1 0 7 - The spontaneous fission activity ob
served by Oganessian et al. in the same reaction and assigned to 2 6 M Q 7 was 
not investigated in our experiment, which was performed to collect as much 
information as possible on the a. decay of = 6 2 1 0 7 . 

* Now Kraftwerk-Union, D-6050 Offenbach 
** Technische Hochschule, D-6100 Darmstadt 
*** II. Phys. Institut Univ. Giessen, O-63Q0 Giessen 
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2. S. Hofmann et al., 2. Phys. A291 53 (1979] 
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5. C.F. Bemis et al., Phys. Rev. Lett. 3 f W (1973) 
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SOLUTION CHEMISTRY OF THE TRANSPLUTONIUM ELEMENTS 
B.P.Myaaoedov 

V.I.Vern^dsky Institute of Geochemistry and 
Analytical Chemistry, Academy of Sciences 
of th« USSR, 117334 Vorobievskoe Shosae 
47a, Moscow, U.S.5.R. 

Discovery of the possibility of existence of some transplu-
tonlum elements (TPE) in unusual oxidation states is the great
est achievement in the study of chemical properties of tranBplu-
tonium elements in aqueous solutions. During the time since the 
International symposium on chemistry of TPE In Baden-Baden 
(1975) Am(VII) /I/, CmCVI) /2/, Cf{IV) /3/ were obtained for 
the first time. At the same time stabilization conditions of 
An(IVtV,VI), Cm(IV) and Bk(IV) were found, new methods of their preparation were suggested and their stability was studied. 
These remarkable achievenehts are associated with the use of 
such compounds for the stabilization of TPE in unusual oxida
tion states as unsaturated heteropolytungstates, phosphoric 
acid, alkaline and carbonate solutions. 

The use of phosphortungstate ions / ^ n ^ o / a n d 

/PgW.-Oc-/- /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 /5/ has permit
ted to obtain rathar stable solutions of AnTlY), Cm(IV), Tb(IV), 
FT CIV) and for the first UHt - solution of Cf(IV). The stabi
lity of these ions was investigated and the reduction of Am(IV) 
was shown to take place mainly under the action of radiolysis 
products, whereas Gm(IV) and Cf(IV) are reduced by water. 

In the presence of K I O P 2 W 1 7 0 6 1 a a e r l c i u J > B a y b e quantita
tively oxidized to Am(IV] or Am(VI) depending upon existing 
conditions, even in 3*6 M HNO- /6/. 

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 including electrochemical oxidation 
/7/. Pure Am(IV) is formed on the anode in 10-15 M H-jPO. and 
is later reduced to Aa(lII) and is dlsproportioning with the 
Am (III) and Am(VI) formations under the decreasing of H.PO 
concentration. The spead of Aa(IY) disproportion strongly in
creases under the decreasing of the solution acidity and beca
use of this during the electrochemical oxidation only Am(VI) 
is being formed under the concentration of H.PO.£2 V. 

The reaction involving four americium ions in different 
stateB of oxidation: Am(IVj+Am(V)=*Am(III)+Am(VI) was the first to have been studied experimentally. The reaction of 
Am(IV) with water was established to be the main cause of its 
reduction in concentrated H,P0. solutions. 
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Am(VTI) was initially obtained in 3-4 K allcallne solutions 
in the course of oxidation of Am(VI) at 0°C under the action of 
ozone or 0~ ion radicals formed during /^irradiation of the 
solution saturated with S0Q /1/. It can be also produced by die-
proportioning Am(VI) in d12-18 H HaOH. 

The utilisation of concentrated carbonate solutions in which 
oxidation-reduction potentials are shifted into a more negative 
region by 1.7 V seems to be very promising for the stabilisa
tion of the highest oxidation states of TPE. Pr(IV) and Tb(IV) 
have been recently produced In a 5*5 M potassium carbonate solu
tion /8/. 

The method of the impulse radiolysis with a rapid spectro
photometry recording of ahort-llved products Is used very exten
sively nowadays along, with the utilization of chemical oxidants 
and reductants and electrochemical methods f«r the preparation 
of the TPE in unusual oxidation states. This method was used for 
the preparation of AM(II) and Cm(II) as well as for the prepara
tion of Am(IV) and CmClV) in perchlorate solutions /9,10/. 

j9-Decay can also be used as an oxidation process, thus 
permitting to obtain an experimental evidence of the existence 
of hexavalent curium /2/. 

The investigation of the oxidation and stabilization condi
tions of TPE in highest oxidation states has permitted to deve
lop efficient methods for isolation, separation and determina
tion these elements. In the report behaviour of BkljIV), Am(V) 
and Am(VI) during extraction using organophosphorous 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 investigations of TPE reduction tD a lower oxidation 
states are still in progress. The results obtained through the 
use of radiopolarographlc and radiocoulometric methods are sum
marized in the report /11/. The oxidation potential of 
Fm(II)/Fm(III) couple (found to be close to analogous 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 possibi
lity of Ma(I) existence in the solutions was indicated in 1972 
in the co-crystallization experiments of KLxheev and coworkers 
/13/. However, possible existence of Kd(I) was not confirmed 
in subsequent work /4,5A In a new series of the Mikheev and 
coworkers experiments ic WAS shown that uendelerlum is reduced 
to a monovalent state and co-crystallized with HaCl and KOI 
in the presence of Bu(ll) /16/, On this basis an efficient 
method was developed for the separation of Md from Pm and EB 
by co-crystallization of Md(I) with BaCI in water-etbanol 
solutions. Separation time it 5-7 min and factor af separation 
of Md- 10 /17/> The solubility of XdCl as well as Interaction 
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distancea war* shown to 11a between the appropriate values of 
HaCl and KCl /1S/. Thus, monovalent Hd Is analogous to the Ions 
of alkaline metals (Ha, K) by Its properties aa also Ho(II) is 
similar to Sr and Oa /19, 20/. 

In conclualon, aome methoda of chemical and radio
chemical determination of Am In presence of Cm and BK 
are discussed. 
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SOLUBILITIES OF ALTINIDES IN 
NEUTRAL OR BASIC SOLUTIONS 

fl. A l la rd 

department of Nuclear Chemistry 
Chalmers University of Technology 

5-412 96 Gbteborg, 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, fluoride, sulphate, phosphate),!"7

 a n (j w o r k on the important carbonate 
system,^ and on macromolecular acids {e.g. humic and fulvic acids) 9 are in 
progress. Considering known or estimated actinide complex formatior- con
stants for these anions and their expected concentration ranges m natural 
waters,10 -jt can be concluded that the speciations and solubilities of acti
nides in undisturbed natural waters are almost entirely related to " 
- hydrolysis, including formation of polynuclear complexes 
- complex formation with carbonate, and possibly 
- complex formation with organic macromolecules. 
Of prime importance is naturally also the redoxpoteiUial of the water, deter
mining the valence state. 

In a ycclogic system the total analytical concentration is also related 
to the properties of solids present, since particularly hydrolyzed cationi--
actinide species in solution tend to be strongly adsorbed on exposed oxidt 
and silicate surfaces.12-14 A I S O the presence of strongly completing anions 
ir. the lattice of water exposed solids (e.g. phosphates) will lead to an in
creased surface adsorption, thus influencing the analytical concentration in 
solution. 

A probable set of complex formation constants and si/ubiMty products 
are suggested, based on measured, or in some cases estimated data, and ex
pected actinide speriations and solubilities are calculated for various 
waters. The distribution of actinide species between aqueous 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. 
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ORCANOACTINIDE CHEMISTRY* 

Department of Chemistry 
Northwestern Univers i ty 

Evanston, I l l i n o i s 6Q201 

The organometal l ic chemistry of the a c t i n i d e elements has been the sub
ject of increasingly intense research activity during the past several 
years.*~* This 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 thin lecture is to review recent developments in the 
organoraetallic chemistry of the 5E elements. Our effort at Northistern has 
focused largely on the chemical and physicochemicaL properties of metal-to-
carbon and metal-to-hydrogen aigma bonds (fundamental building blocks of 
synthetic and catalytic organometallic chemistry), ' - vhiLe thrusts else
where have deal* with other ligand systems (e.g. , cvcL ucitadienyl, cyclo-
octatetraene, dLalkylamide, e tc . ) . The research at ">r -astern has been 
conceptually motivated by the properties of actinide jna which we consider 
to be unique: large ionic radii, 5f valence orbital*, '..gh oxophilicity, and 
high kinetic labili ty. 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, pentaraethylcyclopentadienyl, and homoleptic organo-
actinide hydrocarbyla A-D 

• Th, U 
• alttyli >ryl> alkenyl, or alkynyl group 



range from thermal ly s t a b l e but r e l a t i v e l y unreac t ive t r i s c y c l o p e n t a d i e n y l s 
(A), to thermal ly uns table t e t r a a l k y l s (D) . The chemistry of the pentamethyl-
cyclopentadienyl d e r i v a t i v e s B and C_ i s by far the most d i v e r s e . Unusual and 
i n s t r u c t i v e reac t ion pa t t e rn s incLude vigorous C-H, H-H, CO, o l e f i n , a c e t y 
l ene , and COj a c t i v a t i o n . Much can be deduced about the bonding in these com
pounds from X-i ay and neutron d i f f r a c t i o n , i n f r a r ed , Hainan, NHR, and o p t i c a l 
spec t roscopy , magnetic s u s c e p t i b i l i t y , and He- l /He- t photoelectron 
spec t roscopy. 

* rhia work was supported by the National Science Foundation under grant 
CHE8OO906O. 
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STATUS OF SUPERHEAVY ELEMENT RESEARCH 

N. Trautmann 

Institut Fiir Kernchemie, University Ma^nz 
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. Host 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 ceep-inelasti, reactions. A number 
of fusion reactions have been studied among them the reaction between 2**sCm 
and " 9Ca which provides the closest approach to the predicted island of 
relatively stable nuclei around atomic number 114 and neutron number 184. All 
these experiments have failed, delivering upper limits for production cross 
sections between 4x10"^ and 2 x l 0 - 3 5 cm 2 in a half-life range of 10" ? s to 
10 yr. 

A search was made for superheavy elements in damped collisions o? two 
uranium nuclei using different techniques. No spontaneous fission acti'ity 
that could be attributed to the decay of superheavy elements was found at 
upper cross section limits of 1 0 - 3 Z , 10" 3 3 and 1 0 - ^ 5 cm 2 for half-lives from 
1 to 100 ms, 100 ms to 1 d and 1 d to 1 yr, respectively. The status of the 
most recent experiments where targets of 2 l , 6Cm metal were bombarded with 
2 3 aU-ions is discussed. 



PREPARATION OF ACTINIDE METALS 

J. C. Spirlet 

Commission of the European Conwunities 
Joint Research Centra 
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European Institute for Transuranium Elements 
Postfach 2266 

Federal Republic of Germany 

The actinide elements forma unique series of elements with proper
ties changing from those of the transition elements to those typical of 
the localised oartially filled shell. In the first 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 6:1 and 7s 
electrons and participate in the chemical bond. Lanthanidi 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 lanthanides to produce a sufficently large spectrum 
of samples of the different elements. 

Thorium and protactinium metals are obtained by a van Arkel process 
starting frow the carbides. The van Arkel process allows an excellent re fin-
ing of the metal and small single crystals (up to 5o mm 3) are produced. 
Uranium, nectunium and plutonium .jre prepared by the calciothennic reduction 
of the fluorides and refined by electrolysis in molten salts. Stating 
with americium, tne typical lanthanide metal preparation processes 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 
tran^po: X. 
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EFFECT OF PRESSURE ON THE FERMI SURFACE OF L'Ir3 

J . E. Schirber* 

Sandia national Laboratories 
Albuquerque, New Mexico 87185 

Materials Science Division 
Argonne National Laboratory 

Argonne, I l l i n o i s 60439 

The ef fect of pressure on the two smallest cross sections of the Fermi 
surface of U I r 3 {branches a and Y in Fig. 1) has been determined from de 
Haas-van ftlphen measurements i n so l id He to - 4 kbar. In th is measurement1 

the posit ion in f i e l d , or the phase of a single o s c i l l a t i o n , is measured as 
the pressure is varied and i s related to the der ivat ive of the cross sec
t ional area by the simple re la t ion 

dwi F/dP = B - 1 i H / t f 

where F is the frequency in Gauss 9*4 P is pressure. 

- - ^ 

We f ind that the a. frequency (2.14 
x 106G or 0.0057 atomic uni ts) 
decreases rapidly with pressure:, dan 
a/dp « -1.9 (± 0.2) x 10" 3 kbar" 1 . The 
larger y frequency also decreases but 
aL the lesser ra te: dan o/dP = -1.8 (± 
0.41 x 10"^ kbar " 1 . Such a decrease 
would be consistent with the cursory 
observation that the comparable 
frequencies in isostructural and iso-
electronic URhj ( l a t t i c e constant = 
3.991 A vs 4.023 in U l r 3 ) are much 
smaller so that the effect of pressure 
is to decrease these surfaces. 
However, in addit ion to quant i tat ive 
differences between the two i ra te r ia l s , 
there are ?i=o some qual i ta t ive d i f 
ferences in the Fermi surfaces. Direct 
comparisons may not be possible. 

The band structure calculat ion for 
U I r 3 (shown in F ig . 2) has been 
extremely successful^ in mapping out 
the large M-centered pieces of Fermi 
surface (frequencies B-; in Fig. 1) . 
The so l id l ines in Fig, 1 in fact are a 
resul t of a theoretical calculat ion and 
they are wi th in a few percent cf 



experiment. The ca lcu lat ion has beenjless successful for the fi-frequency, 
while the a and t frequencies are not found in the present calculat ion at 
a l l . Since the band structure calculat ion is not sel f -consistent 1t is not 
surprising that i t f a i l s to sat isfy a l l parts of the Fermi surface. 
Relative sh i f ts in the bands can be obtained by s l i gh t l y changing the elec
t ronic po ten t i a l . I t Is known1* that by assigning some s-electron character 
to I r ( - 0,2 electrons/atom) the r- and (or] R-centered d-bands can cross 
Ep. In a i l l i ke l i hood , the a and 7 frequencies are due to hole pockets 
ar is ing from these bands. Our present pressure derivat ives should be able 
to d is t inguish between the two sets of hole pockets in more detai led 
ca lcu la t ion . 

U(f 3d 25']lr 3(d 9} 

F ig . 2. 

Me were unable to s h i f t the be l l ies of the large multiply-connected 
electron surface 8j because of the i r sens i t i v i t y to o r ien ta t ion . Nor were 
we able to separate the % or & frequencies from the strong harmonics of 5 
su f f i c i en t l y to obtain pressure der ivat ives. Clearly these would be useful 
in any future calcualt ions as a function of atomic spacing. He believe 
however that enough data already exists to make clear i den t i f i ca t i ons . 

*Work supported by the U.S. Department of Energy under contract AT(29-l)-789. 
**Work supported by the U.S. Department of Energy. 
1 . J . E. Schirber and R. L. White, J . Low Temp. Phys. 23, 445 (1976). 
2. A. J . Arko, Proc. 2nd In t . Conf.:on Electronic Structure of 

Act in ides, eds. J . Mulak, W. Suski and R. Trcfc (Wroclaw, Poland 
1980), p. 309. 

3 . A. J. Arko, M. B. Brodsky, G. W.Crabtree, D. P. Karim, D. D. 
KoelUng, and L. R. Mindmlller, Phys. Rev. B .12, 4102 (W75) . 
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ANGLE RESOLVED PHOTOEMISSION IN UPd3* 

A. J . Arko and L. W. Weber 

Materials Science D.vision 
Argonne National Laboratory 

Argonne, 1L 6043V 

We have made angle resolved photoemission measurements in UPd3 [using 
16.8, 21.2, and 40.8 eV incident photon radiat ion and a standard Vacuum 
Generators AOES-400 spectrometer) in order to ver i fy the expected non-
dispersive nature of the localized f - l e v e l , versus the dispersion of the 
f i l l e d d-bands. 

Neutron scattering experiments of Hurray et a l . * have shown that hex
agonal 'JPdg exhib i ts wel l-def ined magnetic exci tat ions which are consistent 
with crystal f i e l d t rans i t ions in a 5f^ conf igurat ion. In addi t ion, 
specif ic heat measurements of Andres et a l . ^ show that the f - v ^ l " ^ of UPd3 

can be no larger than 5rr,jmole K ind icat ing a low density of states at 
E F . Al l th is points to a local ized f - leve l near E F which apparently has 
been observed by Baer and O t t J in the i r XPS measurements (feature A in 
bottom spectrum of F ig. 1) . Their i den t i f i ca t i on of the f - l eve l was based 
on a comparison with isostructural ThPdj which contains a l l features in the 
XPS spectrum except feature A. 

Single cry ' were prepa'ed by an r f heated f loa t ina lore 
technique and (0001) face was cut from the ingot and mech
anical ly poM-.c j of the surface was accomplished in s i tu by 
argon ion spu t te i . annealed at = 600°C. Auqer spectroscopy and L^ED 
were used to characterize the surface and or ient the sanple in s i tu along 
the (1QTQ) and (U2~Q) azimuths. 

Our UV photoemission spectra from the (00011 face of UPdj at normal 
emission are shown in F ig. 1 (cwves 2-41 for 3 photon energies in 
the [1120] azimuth. Shoulder A is c lear ly observed in the 40.8 eV spectrum 
but not at lower energies, ""l is is consistent with previously observed 
energy dependence for f -e lectron photoabsorptian cross-sections and can be 
iden t i f ied unambiguously as an f - l e v e l . Peaks H and J in the 16.8 eY 
spectrum (curve 5) are seen only at low photon energies and k | | ^0 , and are 
l i k e l y due to uranium 7s leve ls . 

Peak posit ions ( re la t i ve to Ep) are plot ted versus the para l le l com
ponent of momentum ( k i t ) in Fig. 2, Note that shoulder A at -0.7 eV is 
t o t a l l y non-dispersive wi th in experimental e r ror . This tota l lack of 
dispersion is consistent with a local ized f - leve l and indeed may prove 
useful in future measurements to deterc- » the degree of l oca l i za t i on . 

There is small but de f in i te dispersion in the d-band soectra (-2 to 
-5 eV). We have connected the peak posit ions with l ines which we believe 
are a reasonable reprr entation of the band st ructure. However, without a 
band structure calculat ion we cannot be certa in that we have connected the 
data points properly. 

There is almost complete correspondence 1n peak positions between the 
21.2 eV and the 40.8 eV spectra fo r peaks A-E. Indeed, even the 16.8 eV 
peak positions correspond except that addit ional peaks F, G, H and J are 



observed. Thus, we believe that peaks in the spectra correspond to peaks 
in the one-dimensional densit ies of states. A band structure calculat ion 
would prove most usefu l . A f i r s t qlance might indicate that peak J closely 
corresponds to the local ized f - leve l observed with 40.8 eV l i g h t , but the 
clear dispersion of th is branch (J) rules out the correspondence. I t does 
however raise interest ing questions as to why there is no hybr id izat ion. 
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Figure 2. 
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PHOTOEMISSION SPECTROSCOPIC STUDY OF THE URANIUM 
INTERMETALLIC COMPOUNDS USi 3 , UGe3, UA^ and UFe2* 

D. P. Karim and D. J . Lam 

Materials Science Division 
Argonne national Laboratory 

Argonne, IL 60439 

This study examines the electronic band structure in the valence band 
region of the cubic Laves phase compounds UAi 2 and UFez, and the Cu3Au-type 
compounds USi3 and UGe3, usinq both x-ray photoemission spectroscopy (XPS) 
and u l t r av i o l e t photoemission spectroscopy (UPS). This combination of 
techniques enables us to observe the valence band features using a s i g n i f i 
cant range of photon energies, 21.2 and 40.8 eV from a He discharge UV 
source and 1486.6 eV from an A i anode x-ray source. This can aid 'n peak 
iden t i f i ca t i on because i n i t i a l states of d i f fe ren t orb i ta l angular momentum 
character have photoemissiop cross-sections which exhib i t d i f fe rent depend
ences on exci tat ion energy. 

The measurements were taken on a Physical Electronics model 54fi 
spectrometer equipped with an auxi l iary rare-gas discharge lamp. Bar 
shaped samples were prepared which could be fractured in u l t ra high vacuum 
(~ 1 0 ' 1 U tor r ) to expose a fresh clean surface for exaroinatir-n. 

UPS spectca on UAe^ n a v e been previously taken and discussed by 
Naegele et a l . We have extended the data to include an XPS valence hand 
•ipectrum (Fig. 1). (Al l spectra are presented with arb i t rary re la t ive 
scal ing.1 The spectra show a narrow peak at Ep which grows re la t ive to the 
other features with increasing photon energy indicat ing probable 5f 
character. A pa r t i a l l y f i l l e d narrow 5f band at Ep would also account for 
th? very high Y value of 142. 

Figure 2 shows valence band spectra of UFe2 taken at thres d i f fe rent 
photon energies. The He(I) and He(JI) spectra show a prominent peak about 
1 eV below Ep together with a narrow shoulder at Ep. Features at s imi lar 
posit ions were seen by Naegele et a l . in UCOo, however, in uTo? the narrow 
peak at Ep grows substant ial ly upon going from He( I ) to He f l l l whereas 1n 
'JFe, t h i height of the shoulder remains about half that of the peak at I eV 
in both spectra. 

Figure 3 shows XPS valence band data on UGe3 and USi3. The overall 
s im i l a r i t y is s t r i k i n g . Both reveal a narrow strong peak at Ep wi th a 
shoulder on the high binding e'argy side. The peaks at Ep are almost 
cer ta in ly 5f in character becoming progressively more prominent in going 
from He(I) to He(II) to A£ K photoemission spectra (UPS data no*, shown). 
The presence of 5f states a t T p *s also consistent with the rather high > 
values of 20.4 in UGê  and W.O in USi-j. The only noteable dif ference 
between the UGe3 and DSi3 spectra is the more prominent shoulder in UGe3. 

These photoemission spectra w i l l be analyzed in terms of the known 
physical properties and electronic structures of these compounds. 
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on Applied Surface Analysis. Dayton, Ohio (1979). 
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ITINERANT 5f-ELECTR0N BEHAVIOUR 
IN USn3 and U"0 i5 Ce 0.85 S n3 + 

Wolf-Dieter Schneider and Clemens Laubschat 
Institut fdr Atom- und Festkorperphysik 

Freie Universitat Berlin 
D-1000 Berlin 33, Fed. Rep- Germany 

Many uranium-halogenides, -chalcogenides, and -pnictides as 
well as -intermetallic Ill-group compounds show typical 7 eV-
satellite structr.res in the photoemission spectra. Recently it 
has been show" that these satellites are due to two hole final 
states in the photoemission process and that their presence is 
an indication for a 5f-locali2ation in these compounds1. The 
reason for the increased 5f-localization as compared to a-U and 
to uranium-transitian-raetal-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 
compounds. 

In this content the compounds USn3 and L"Q -\^CGQ g^n-, have 
been investigated by means of X-ray photoelectron spectroscopy 
(XPS). These compouris crystallize in the Cu^Au structure with 
lattice constants a=4.626 A and a=4.720 A, respectively. The 
samples have been prepared separately in an arc furnace under 
reduced Argon atmosphere, have been nixed appropriately, remelted 
several times and annealed for one week at 8O0°C. An X-ray struc
ture analysis yields reflexes which are in accordance with the 
1Jterature for USn3 and pure CeSn3-

The X?S-mcasurements were performed with a VG-ESCA-3 elec
tron spectrometer with a resolution of about 1 eV mainly due to 
the inherent AlKi1 2 X-ray linewidth. The base pressure in the spectrometer chamber was about A x i0~'0 Torr. 

Fig. 1 shows the XPS-valence band spectrum ol USn3. Formally it can be described by a superposition of the valence band spec
tra of a-U and Sn where the sharp structure in the vicinity of 
E F can be ascribed to the 5f-electrons, the shoulder at approximately 3 eV to the U6d and Sn3p and the hump at about " ev to 
the Sn3s electrons. Fig. 2 shows the U4f region of the two com
pounds USn3 and U Q i5CeQ as S n3- T h e energetic line positions at 
377.4S0.2 and 388.ito.2 ev 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 lines which by comparison with 
the Sn 3d spectra (not shown) can be attributed to ̂  ".anion 
losses. 

Both core-level spectra show no sign of a V eV satellite 
indicating a predominantly itinerant character of the 5f elec
trons in 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 excluded, a .strong hybridization 
of the 5f states with conduction electron states is concluded 2 to take place. Bandstructure calculations of Arko and Koelling 
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on the isoelectronic and iso-
structural comoound VGe pre
dict a strong 5f-4p hybfidiia-
tion caused by the contribution 
of the 5f electrons to 7i-bondinq 
with the Ge 4p arbitals. 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« ,5^^ 8 5Sn, leads to itinerant 5f electron be
haviour. 

This work was supported by 
the Deutsche Forschungsge-
meinschaft, Sfb-161. 
W.D. Schneider and C. Laub-
schat, Phys. Rev. Lett. 46, 
1023 (1981). 
A.J . Arko and D.D. Koel l ing , 
Phys. Rev. B 17, 3104 (1978). 
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X.F.5. STUDIES ON BINARY AND TERNARY URANIUM COMPOUNDS 
IM THE SOLID STATE 

Elisabeth THIBAUT*, Jacques J . VERBIST 

Facultes Universi ta i res Notre-Dame de l a Paix 
Laboratoire de Soectroscopie Electronique 

rue de Bruxelles 6 1 , B-5O0O NAMUR, Belgique 

The contr ibut ion of X-ray photoelectron spectroscopy to the knowledge of 
e lectronic st ructure and chemical bot.-iing wi th uranium i s analyzed, mainly 
from unpublished resul ts obtained with .ronochromatized Al Ka rad ia t ion . 

The compounds studied are oxides, halides and oxyhalides ; also chalco-
genides and pn ic t ides. Samples (of ten d i f f i c u l t to prepare) were obtained 
from various sources^, and had to be handled under i ne r t condit ions. In sp i te 
of t h i s , surface oxidat ion remains a major d i f f i c u l t y of th is research. 

The resul ts w i l l be analyzed in a threefold way, taking in to account 
a l l aspects of the experimental data which make X.P.S. a powerful technique : 
simultaneous observation of core levels - w i th the i r sa te l l i t e s - and valence 
levels ; surface s e l e c t i v i t y . 

1. An approach to def in ing i o n i c i t y as a funct ion of U 5f e lect ron ic 
populations, using d i f fe ren t degrees of oxidat ion and d i f fe ren t hal ides. 

2. A discussion of bonding in the uranium - oxygen system, as a funct ion 
of the proportion of oxygen : degrees of ox ida t ion , role o f uranyl groups,. 

3. A summary of contamination problems, and some conclusions as to the i r 
in te res t f o r the understanding of so l id state chemical propert ies. 

+ Holder of a fel lowship of I . f t .S.I.A.(Belgium) from 1975 i o 1978. 
1. We q ra te fu l l v acknowledge in par t icu lar the cooperation <vith f)rs.H.NOEL 

ani J.C.LEVET, Universi ty de Rennes, Laboratoire de Chiraie Minerale B 
(France), and Dr. R.TROC, Ins t i t u te of Low Temperature and Structural 
Research of the Polish Academy of Sciences, Wroclaw (Poland). 



ANGLE RESOLVED PH0TOEHISS1ON OF U02* 

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 eV (Hel l l exci t ing radiat ion were obtained on single crysta l 
samples of UOg. Spectra were taken on l i g h t l y sputtered samples that 
showed a simple LEED pattern character is t ic of a cubic surface. 

The dotted l i ne of Fig. 1 shows a smoothed energy d i s t r i bu t i on curve 
(EDO for hv = 40.8 eV taken at 18° from the (100) sample normal. The 
so l id curve i s the (smoothed) second der ivat ive . The sharp peak at 1.5 eV 
(dots) is a local ized 5f electron peak. The broad band centered near 5 eV 
binding energy contains electrons that predominately or ig inate from 0 2p 
o rb i t a l s . Features in the normal spectrin (dots) are weak but they are 
adequately enhanced in the second der ivat ive. 

Second der ivat ive minima (arrows 1n F1g. 1) are monitored as a func
t ion of electron emission angle to establish the region of the B r i l l ou in 
zone from which the electrons were exc i ted . 2 The plane r X r' X1 in F ig. 2 
shows the region of the Br i l l ou in zone examined in th is study. For a given 
6 (which defines k , . , the crystal momentum paral le l to the sample surface) 
the spectrum monitors those eler t ron states along a l ine paral le l to the rX 
line. 

Figure 3 shows a composite of the second derivat ive minima, taken at 
various electron emission angles, plotted versus ? , . . Data for both Hel 
(squares) and Hell (dots) radiat ion are included. 'A s ign i f i cant amount of 
dispersion occurs in the "0 2p" bands. Symmetry should occur about the X' 
point shown as the dotted l ine in F ig. 3. 

The nond'sperslve 5f maximum is located at 1.5 eV (so l id l i n e ) . A 
prominent shoulder appears in the second derivat ive EDC's at 2..1 eV. This 
nondispersive feature may be associated with the ^7/2 f ina l state mult ip-
l e t of the local ized 5f l eve l ; the strong peak at E = 1.5 eV being associ
ated with the F5/2 mu l t i p le t . 

. : -A 
v/ : 

IINOINO fNctGY (EV) 
Fig. 1 . 
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*Work supported by the U.S. Department of Energy. 
1 . Angle Integrated spectra f o r UO? are reported by J . Haege j i n the 
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(1979). 

2. See T. Grandke, L. Ley and H. Cardona, Phys. Rev. B ^8_, 3B47 (1978) 
for discussion of ARPES technique. 



ENERGY DEPENDENT PHOTOEMISSION OF UOg, NpO ? AND Pu02:02p AND An5f 
CONTRIBUTION TO THE VALENCE BAND 

J.R. Naegele and L. Manes 

Commission of the European Communities 
Joir r Research Centre 

Kar'jruhe Establishment 
European Institute for Transuranium Elements 

Postfach 2266 
D-7500 Karlsruhe 

Federal Republic of Germany 

tnergy dependent photoemission measurements of the valence band region 
(UPX, XPS) have been published only for UOJ^.3,4, To the best of our know
ledge, only one XPS study has been published** for the oxides of the trans
uranium elements. These data are interpreted mostly on the basis of the final-
state multiplet structure of the f n" T 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 small for oxides higher than U0 2. 

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(HeIh 4Q.8eV(HeII) and 
48.4eV(HeII*). The photoemission spectra were obtained by using a Leybold. 
spectrometer with a modified UHV preparation chamber (base pressure 5-10"yPa) 
for work, under glove box conditions. The energy resolution was 1 .OeV for MgKc* 
excitation, 45 meV for Hel and 85 meV for Hell excitation. The base pressure 
in the analysis chamber was 8.1Q"9Pa. Polycrystalline samples of Np0 2 and 
PuO ? (ion sputter deposited layers'1", molten bulk samples'*"1') and singfe 
crystals of U0„ were used. The samples surfaces were cleaned in situ by 
different methods like Ar* and Oj* sputtering, annealing at different 0 
pressures and temperatures, and mechanical scraping with an A1.0, file. 

The UPS valence band spectra varied strongly with the surface preparation 
whereas the XPS valence band spectrum was not influenced and gav? the 
published results5,6. Especially for Pu02 the valence band emission varied 
seriously 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 "2o" valence band and the 
An5f level. The spectrum for 21.2eV excitation for which the 2p cross-section 
is 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 48.4eV excitation, showing the effect of the increasing cross-
section for 5f electrons. Thus the f-character of this peak is clearly 
identified. 

Due to localization of the An5f electrons in the oxides a final-state 
multiplet structure is expected. Theoretical calculation8, predict 2," ^nd 6 
emission lines for U0 ?, Np0 2 and PuQ 2 respectively which are not obse.-vad in 
the spectra. Only for PuO» the Hell sp^.trum shows a second strong line at 
the bottom of the valence band, in addition to the 02p and Pu5f peaks. This 
indicates a 5f emission. Assuming the final state multiplet theory to be 
valid, this peak isay be attributed to the 4 F state whereas the 4 G state could be 



hidden in the 2p emission. Hultiplet components are presumably not resolved 
di/e to strong phonon broadening. A mure detailed comparison with multiplet 
intensity calculation^ w - m j>e given; cov?lent contribution by 5f electrons 
to the bonding will be discussed as well. 

Figure 2 shows the actinide 4f core levels and its satellites. The main 
satellite for all oxides is separated by 6.9eV from the An4fs^2 peak on the 
high binding ene: jy side. The intensity of this lVne varied with the surface 
conditions for PuOg: the higher the 01s to Pu4f intensity '"Hio the higher 
is the 6.9eV peal. This gives further evidence thrt the 6.9eV peak has to 
be assigned to an excitation from the p valence band to an unoccupied 
localized An5f level6,y[shake-up). The second satellite (16.0-17.OeV) is 
assigned to an energy loss process. The close similarity of the spectra for 
U0 ?,NpO 2 and PuO, supports the assumption that the valence band is essen
tially tne same for the three oxide. 

wo are thankful to Dr. J. Kwinta, Paris, for providing the Np0~ and PuO, 
films. l 2 

+*We are thankful to Dr. K. Richter and Dr. C. Sari for proving bulk 
samples of PuOg. 

1. S. Evans, J.C. S. Faraday, II _73» 1341(1977). 
2. J. R. Naegele.J. Phys. C4, 169 (1979) 
3. P. R. Norton, R. L. Tapping, D.K. Creber, and W.J. L. Buyers 

Phys. Rev. B21, 2572 (1980) 
4. N. Beatham, A.F. Orchard and G. Thornton, .1. Electron Spectr. 19, 

205 (198u) — 
5. B.I'' Veal, D.J. Lam, H. Diamond and H. R. Hoekstra, Phys. Rev. 15, 

2929 (1977) — 

70 

http://16.0-17.OeV


6. Y. Saer and J. Schoenes, Solid State Comun. 33, 885 (1980). 
7. E. E. Jackson and M. H. Rand, Rpt. AERE-R-3636 (1963). 
8. P. A. Cox, Structure and Bonding 24, 59 (1975). 
9. C. C. Allen, I. R. Trickle and P. M. Tucker, to be pulished. 



ELECTRONIC STRUCTURE OF U0 2 

Michael Boring"'" 

Los Alamos National Laboratory 
UniversiLy of Ca l i fo rn i a 

U s A lamos , KM 87545 

and 

R D. Koell .ng 

Solid S ta le Division 
Argonne National Laboratory 

Argonne, 11. 60419 

V..- have < a l m l a t e d the e l e c t r o n i c s t r u c t u r e of 1)0 usinR several 
i i l iw i ' t i t terhi>i<|ues in order to i n t e r p r e t and c o r r e l a t e XPS, UPS and 
BIS <\:t\. i (in t h i s compound. 

F i r s t a s e l f - c o n s i s t e n t - f i e l d (SCF) energy band c a l c u l a t i o n s was 
performed .is i ng the LAPW (non-muffin t i n ) method. 1 Next a SCF Mult i 
ple S c a t t e r i n g X c l u s t e r 2 c a l c u l a t i o n (UO *~) was performed. Both 
•, ili ul.it IOOK were r e l a t i v i s t ! c . a ' ^ T r a n s i t i o n s t a t e e n e r g i e s 5 were 
(.iliul.-itet) in Lilt* c l u s t e r Lo obtain some estimaLe of r e l axa t i on ener
g i e s . The r e s u l t s of these c a l c u l a t i o n s were compared with previmis 
hand'"' i r ! u s ! » r 7 c a l c u l a t i o n s on t h i s system. 

I'.sing om • a l c u l a t ional r e s u l t s we have t r i e d to i n t e r p r e t and 
l o r r e l . i t e the I ol Lowing experimental da ta : 

I I ) The o p t i c a l ? a p 8 and the dens i ty of s t a l e s of the unoctupied 
leve l s as seen in the BfS expe r imen t s . w 

UJ The s t r u c t u r e in the -a lence band (oxygen-2p) as seen in 
the UPS d a t a 1 0 1 * and the 5f p e a k . 1 0 

( J ) The XPS peaks below the valence band (Gp and 2 s ) . 1 1 

(4) The XPS data in the 5p and 5s region (atomic o r i g i n ) . ] ~ 

(5J The XPS data in the 4f energy region (bulk e f f e c t s ) . 1 3 

Using a l l t h i s information, we can comment on the roLe of the 5f 
e l e c t r o n s in t h i s system ( l o c a l i z e d - v s - n o n l o c a l i z e d ) . 

•'•'Work supported by the US DOE. 
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SIGNIFICANCE OF 6ri VS. $f ELECTRONS IM ACTINIOE SYSTEHS 

B. Re iM, 0.£. Eastman, and N. Kartensson 

iBH T.J . Watson Research Center" 
Yorktown Heights. New York 10598 

and 

0. Vogt 

Laboratorium f i i r Festkarperphysik 
rTH Zurich 

Similar to the hf electrons in the rare-earth ser ies, the actinides and 
• 'KMT compounds are believed to be determined by the 5f e lec t rons . ' * - ' In 
imtrast to this be l i e f , we have Found in a systematic study of single 

t r«s ta l U and Th pnict ides and chalcogenides using high resolut ion 
E • 150 meU) photoemission wi th synchrotron radiat ion (10 eV £ hv •_ 130 eV) 

:»i(*[ the 6d electrons also play a s ign i f icant role and can strongly influence 
'he e lect ron ic properties near EF. Furthermore, they are crucial in under-
taoding the complex magnetic behavior in these compounds. Our results in 

i>o' t icular are : 

a) We C3n dist inguish 5f and bd emission and have determined their 
. .urgetic posit ions via hv-dependent photoemission measurements Including 
r.'sanant 5f phQtoemission at the 5d - 5f threshold. 

b) For the f i r s t time we observe d i f fe rent photocmission density of 
•tales for U-pnictides and -chalcogenides (see e.g. Fig. I ) . We f ind that U 
has a quasi- local ized Sf 1*^ conf igurat ion (features 8 and C) in resonance 
with i t inerant 6d states {e .g. feature A) that become increasingly f i l l e d in 
ijoing from USb to UTe. 

c) We f ind a s iml lar f i11ing of 6d electrons at Ep wi th incrcas ing Th 
concentration in U xTh]- xSb. Assuming that the 6d-moment is polarized 
ant iparal le ! 1 ' to the 5f-moment, we can explain the decreasing ordered 
moment M for 1.0 2 x Z 0.3, In par t i cu la r , we see no evidence for a valence 
change towards an U-f2 conf igurat ion as proposed by Cooper et^ a_l_. 5 to 
explain th is decrease of M. 

Work supported in part by the Air Force Off ice of Sc ien t i f i c Research 
under Contract No. FY962O-80-C0O25. 
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INITIAL ENERGY leV) 
Tig. I Energy distribution curves at hv = 45 eV for USb, USb Te. 3, 

and UTe at room temperature. The curves are not no ilized. 
Zero energy corresponds to the Fermi le«/e. of UTe. The 
spectra arc aligned so that peaks (B) coincide. The result
ing shifts of Ep for USb. 7Te > 3 and U5b are -0.31 eV and 
-0.53 eV, respectively (fron Ref. 6). 



IMPORTANCE OF FINAL STATE COUPLJNG 
-N THE 5f-6d EXCITATION OF UO., 

W. Reim and J. Schoenes 

Laboratorium fUr Festkorperphysik, ETH-Zlirich, 
CH 3093 Zurich, Switzerland 

High field Faraday-rotation and magnetic circular dichro-
ism D measurements (up to 100 kOe) of UO2 in the photon energy 
range between 1.4 and 5.4 eV are reported for different tempe
ratures below and above the Neel temperature Tjg = 30.6 K. The 
measurements have been performed on thin films prepared by evap
oration of U02~single crystals trom a Knudsen cell unto headed 
[used quartz substrates. 

The absorptive part of the off-diagonal conductivity tensor 
element 

has been derived using the measured magneto-optical and optical 
data. The results for an external magnetic field of 40 kOe and a 
temperature of 33 K are shown in Fig. 1. Tb> inserted vertical 
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bars represent the calculated relative magneto-optical oscilla
tor strenghts which will be discussed below. 

It has been shown that in the energy range of our experi
ments transitions from the 5f* ground state into 6d states predo
minate 1. Unly at the high energy side at about 5 eV an onset of 
p*d transitions is .ixpected I/ 2. 

Due to the lack of results for tho 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 5fl6dl mu±tiplet for both treatments 
in a second order perturbation Ljlculation. The spin-orbit para
meters '~5f = 2173 c m - 1 , '.gd = 3200 cm~ J and t!m Slater-Condon 
i/a-a.T.cLci ̂  Ĵ  jud "•• Iwve buun derived Lrom U-*' -- ie ion spec
troscopic measurements ^»^. 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 
]j-couplin<j calculation which reproduces very well tin- two domi-

Fig. 2 



riant structures at 3.25 and 4,15 eV. The peak at 5.1 eV cannot 
be explained in terras of a 5f2-*5fl6d* transition but has to be 
assigned to p-*d transitions in agreement with optical r^etros-
copy 1 and XPS-BIS measurements 2. 

Thus our magneto-rsptical study shows the importance of the 
coupling between the excited and the remaining 5f electron in 
the final state and it evidences that tjiis coupling is of the 
J}-type. 

References 

1. J. Schoenes, J. Appl. Phys. 49_ (1978) 1463 
^ v Baer and 3. Schoenes, Solid State Commun. 33 (1980) 885 
3. B.R. Judd, Phys. Rev. 125 (1962) 613 
A. v. Kaufman and L.J. Ratziemski, J. Opt. Soc. Am. 6_6 (1976) 

599 

76 



OPTICAL STUDY OF THE ELECTRONIC 
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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, a n d ii) evi
dence for a localized 5f2 ground state provided by inelastic 
neutron scattering 3'^ and electron spectroscopy 5 experiments. 

We present the first optical investigation of upd3 together 
with the isostructural ThPd3. From the former material both a 
Single crystal oriented perpendicular to the hexagonal 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-Kronig transformed to obtain the complex dielec
tric function, the optical conductivity, the energy loss and the 
number of electrons contributing to optical transitions as func
tions of the photon energy. 

Fig. 1 displays the real part of the optical conductivity 
(full line) and the energy loss function (dashed line) for the 
UPd3 single crystal. The optical conductivity shears extremely 
weak intraband transitions at low energies but strong interband 
transitions with structures at 1.8, 2.8, 4.S, (6.5) and 7.5 eV. 
For ThPd3 the same structures are found with the exception of the 
weak structure at 6.5 eV which is not resolved. Subtracting the 
optical conductivity spectrum ul ThPd3 from the one of UPd3 one 
finds a further peak near 1 eV for UPd3 whose presence is also 
evident if one compares directly the reflectivity spectra of the 
two materials. The peak at 1 e-V is attributed to transitions from 
the 5f2 state of uranium to eir.pty 63 states forming the conduc
tion band. The othpr structures present in both compo--..ids are 
assigned to trans-wions between the occupied 4d valence bands and 
empty p,s conduction bands derived from Pd. 

It is noteworthy that the optical conductivity and the XPS s 

spectra of UPdj are nearly identical in respect to the shape as 
well as to the energies 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 final states of the optical excitations are very close to Ep. 
The small intraband contributions to the optical conductivity of 
UPd3 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 [Kr]4d*0 configura
tion of Pd° and the [Rn]5f2 configuration of U^+ give rise to a 
plasma excitation as shown by the maximum at 9 eV in the energy 
loss function (Fig. 1). 
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CALCULATED ENERGY POSITIONS OF THE 5f LEVELS 
FOR THE HEAVIER ACT1NIDES 

B. Johansson 

Institute of Physics 
University of Aarhus 

OK-8000 '\arhus Denmark 

The recently gi owing interest in applying photoelectron spectroscopic 
methods to actinide materials has mainly been concentrated on Th- and U-
compounds. In the near future, however, these methods might be expected to 
become more extensively appl;ed also to the heavier actinide systems. Thus, 
for example, it becomes of considerable interest to calculate the position 
of the 5f level for the trans,)lutonium metals. Such a calculation is per
formed in the present contribution! where a similar method is applion ».«• 
was earlier used successfully for the calculation of the position of the 
4f level in the lanthanide metcls.' Also the positions of the 5f levels 
for surface atoms relative to bulk atoms (so-called surface shifts) are 
considered. 

1. 6. Johansson, Phys.Rev. B 2_), 1315 (1979). 
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COHESION AND ELECTPONIC STRUCTURE OF THE ACTINIDE METAL? 
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We have,applied the local spin density (LSD) formalism in 
c:al rulatiwns of cjround state properties for the series of ac 
tinide metals Fr-cf, LW. The self-consistent energy band problem 
resulting from the LSD formalism was solved Ly the relo ivistic 
LMTO method. This allows us to interpret the cohesive properties 
as functions of atomic volume in terms of a few physically sig
nificant quantities. The figure shows partial and total pres
sures, s-, p-, d-, and f-occupation numbers, and the spin polar
ization m as functions of atomic radius for those actinide metals 
which arc close to the point where the 5f-ejectrons have their 
localization-aelocalization transition. 
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We present the calculated band structures in terms of plots 
o-J band edges as functions. of atomic radius. He show occupation 
numbers, state densities at the Fermi level, 5f-bandwidths, and 
tot-1 and projected state densities as functions of atomic 
number. 

i 
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 \>ill undergo first order phase transitions under pressure 
(100 kbar for Am 2 and 400 kbar for Cm) which will take them from 
high volume 'spin-polarized;phases to low volume non-polarized 
phases. The results may bejinterpreted in a Stoner type picture 
in analogy with the case of itinerant magnetism in the 3d-tran-
sition metals. 
1. H. L. Skriver, 0. K. Andersen, and B. Johansson, Phys. Rev. 

Lett. 41, 42 (1978). j 
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THE ELECTRONIC STRUCTURE OF ACTIHIDE CARBIDES 
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The fully relotivistic Korringa-Kohn-Rostoker method, with double 
group symmetrisation, hac Keen used to obtain the electronic band structures 
of the actinide monocarbides that crystallize in the rock salt structure. 
These computations, which employed the X 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 
transfer between the scattering regions by decomposing the crystal wave 
functions and charge densities into their atomic partial wave components. 
This procedure allows a discussion, for a particular nonj-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 and UN. ' Finally, the UBB of single-site scattering properties, 
such as the resonant differential Friedel sums, to give a qualitative 
picture of the electronic structure is also illustrated,las earlier work has 
indicated that such properties can give a surprisingly accurate 
characterisation of the electronic structure.*'2'3 
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PROPERTIES FOR THE PLUTONIUM-HYDROGEN SYSTEM* 
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The plutonium hydrides represent the 'irst actioide-hydrogen system with 
apparent heavy rare-earth properties. The effects of progressive electron 
localization are first seen in the high-temperature phases of Pu metal and also 
in some compounds. A number of studies have been reported for the Pu-hydrogen 
system in the past,!"3

 a n d results for the P-C-T relationships, phase diagram 
and crystal structures are in gener-il agreement. More recent ttork has been 
concerned with some of the physicochgmical properties of t^e system, including 
NMR studies4 and magnetic behavior.5 

Sample characterization is extremely important in theso more sophis
tics*'"! studies, and unfortunately all the work has been performed on small 
powdt.ed 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 compositions, using the techniques developed by Haschke and co
workers.°V Approximately 15 g sample rods of high-purity o-plutonium were 
hydrided in the plastic regidn (350-450°C) at high pressure, and then 
equilibrated under controlled conditions of time, temperature and hydrogen 
pressure to give a series of five known compositions, which were checked by 
chemical analysis and x-ray diffraction. Upon cooling the initially 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 PuH] .93, PuHg.io. P u H2.42t puH?.53, and P u H ? ^ . 
Handling operations were carried out" in an argon-inert glovebox. For 
compositions below PUH2.75 there is no detectable hydrogen loss from bulk 
samples at room temperature, even over a considerable period of time. The two 
lower compositions had metallic luster and did not eas'.ly shed contamination, 
whereas the higher compositions were progressively more friable. 

Electrical resistivity 

Resistivity studies were carried out on thesa samples with a 4-terminal OC 
method, using spring-loaded gold contacts. This technique was used in an 
earlier study on the uranium-deuterium system.° The metallic-appearing PuHt,93 
sample produced a curve falling smoothly from~500 /.•n-cm at room temperature 
to a value of ~70 jiiWcm at 4 K; ;o-?u metdl exhibits a resistivity of about 20 
*ft-cm at 4 K. This behavior is in marked contrast to the rare-earth dfhydrides, 
where the resistivity is considerably lower than in the parent metals. 

The higher H/Pu hydrides exhibited resistivities that did not correlate 
monotonically with composition; these hydrides showed numerous microcracks 
under metallographic examination, and thus the variability in absolute 
resistivities is not surprising. However, the observed transitions were well-
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defined, reproducible, anc increasingly complex at the higher }\/Pu ratios. The 
dp/dT value became positive near room temperature for the two higher composi
tions, possibly indicative of the onset of semi-conductor behavior. Data for 
the PuH2,65 composition arc shown in the first figure, \ as an example. 
Transitions were observed in varying degrees at <»6-67 K, 107 K; and 190 K; only 
the first two involve concomitant magnetic effects. 

oc 0 
100 200 300 
Temperature (K) 

Magnetic effects 

Magnetic susceptibility studies were also performed on all compositions 
from 1.4 to 230 K, using the vibrating-5ample magnetometer methot.. Sharp 
ferromagnetic transitions were noted for all samples, starting at 46 K for 
P u I ,1.93< a m J reaching 67 K for PuHg.ss- The sharp transition in resistivity at 
107 K showed only a small magnetic inflection, and no magnetic change was s e n 
in the region of 190 K. This latter reproducible transition could be 
structural, or perhaps due to the "freezing out'1 of the more mobile octahedral 
hydrogens. The Curie-Weiss effective moments were 0.86-0.87 MB for all 
samples. 

SSCA results 

Two compositions, PuH|_g3 and PuH? 53 were examined by x-ray photo-
electron spectroscopy, using a Physical" Electronics ESCA-SAH instrument. 
Samples were mounted in the fracture stage and spectra taken in the valence 
band and 4f core-level regions immediately after fracture. Vacuums before 
fracture were in the mld-lO"^ torr region. In contrast to the behavior foro-
plutonium,9 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 PuOg and o-Pu. The 5f peak is noticeably 
broadened, especially for the higher H/Pu ratio, and the location for the more 
metallic composition is slightly closer to the Fermi level. The hydrogen 
bonding band, assuming plutonimn behaves somewhat like zirconium or the rare-
earths, should be in the range 5-7 eV, i.e., under the tail of the 5f peak. This 
results in a total spectrum that is somewhat featureless,, and probably 
represents the sum of several peaks. 



BINDING ENERGY, eV 
In summaryv although the chemistry of the plutonium-hydrogen system is 

quite like the heavy rare-earths, the electrical properties are decidedly 
different. The presence of the dominant f-band in the vit.inity 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-orbitals and the hydrogens should 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 to be true 
in the actinide hydrides, as compared to the rare-earths (e.g.AHf (PuH?) = 37.0 
kca!/™i us about 50 for most rare-earths). 
* This work is performed under the auspices of the U. S. Department of 
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THE 5f n CONFIGURATION If.' CRYSTAL FIELDS OF DODECAHEDRAL SYMMETRY 
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The 5f*~ configuration of highly coordinnted uranium (IV) exposed 
to effective crystal fields (= CF) of D-, . symmetry has been the subject 
of several studies 1 " 5 . In spite of comparable coordination polyhedm 
nround the 0 1 V central ion in UC1*,, Th3ri»:tr*- and ZrSiOl(:trl+ the 
derived CF parameters were not only widely different in magnitude but 
also different in sigr °» 7. Moreover, three attempts of interpreting 
the optical spectra oi UCl^ have resulted in three very different para
meter sets 1tJi t >. Insertion of none of these parameter sets into the 
energy matrices of the isoraorphous f 1 system PaCl^ reproduces success
fully its zero-phonon absorption spectrum. In contrast to this finding, 
the CF parameters of tfClg and PaClg , respectively, are of comparable 
-apnitude ?. 

In a CF of D-ĵ  symmetry, the f^ configuration splits into as rauc'r 
as 70 CF states. The absorption spectra of dodeeahedrally coordinated 
f 2 systems exhibit not only numerous bunds of zero-phonon transitions, 
but also cany additional signals of vibronic nature. An identification 
and correct assign/sent of all observed bands is often very complicated 
ind is (besides possibly incorrect energy n.atrices ^) suggested to be 
the main reaspn for strongly different parameter sets of UCl^ 1»?> & or 
ZrSiGi^U1** ^»', respectively, in the literature. 

The f 1 configuration offers, if exposed to a dodecahedral CF, the 
advantage of producing only seven Kramers pairs, the misassignflent of 
whit.1". is somewhat reduced. On the other hand they give rise to only 
six linearly independent energy differences to extract the five CF 
parameters and the spin orbit coupling parameter respectively. Ab
sorption spectra taken by commercial spectrometers usually start at 
£ 3000 no so that the first and second excited CF states of dodeca-
hedrally coordinated protactinium (IV) compounds ennnot be observed. 

In contrast to this situation, five non-phonon transitions of 
dodecahedral uranium (V) compounds should become observable owing to 
increased CF parameters. As the spin orbit parameters of 0" compounds 
do not vary very much, these five linearly independent energy differen
ces should offer enough inforaation to evaluate here the five CF para
meters of interest. 

Appropriate systems for CF studies of 5f 1 systems exposed to a CF 
of Dad symmetry are th« compounds AUFg (A= K, Rb, TIK̂ ) which crystallize 
in the HbPaFg-type structure 6,9. Unlike in PaCli, where all eight 
ligands are bridging, or.ly four are bridging in AUFg; the coordination 
polyhedra around the central ions of both conpounds are however com
parable. For this reason Che CF parameters of RbUFg and PaCl^, should be 
comparable too* if an appropriate scaling factor is accounted for, 
owing to the larger CF strength of the F ligahds and to the higher 
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oxidation state of U v« 
It had been our aim to derive, by interpreting the zero-phonon low 

temperature absorption spectrum of RbUFg, a versatile master CF para
meter set for dodecahedrally coordinated f' systems* We hoped that this 
reduced parameter set will, together with fcf = 1523 em - 1, roughly re
produce the experimental CF splitting of PaClif with satisfactory 
accuracy. SJy a better fit of the absorption spectrum reported by Brown 
et nl. 1^, we also hoited to evaluate a more refinedparameter set. It ia 
further intended to tqst the adequacy of this parameter set for other 
AnCl;t compounds (An = U, Np) by inserting the derived parameters of 
ra"lli into thfr energy matrices of UCl*t and NpClt,, respectively, and to 
conpnrc the calculated optical and magnetocheaical properties with the 
experimental results. 

The room temperature absorption spectrum of RbUFfi gives rise to 
essentially five relatively broad bands that envelope both the purely 
electronic and some associated vibronic transitions. After cooling with 
liquid helium n ricft vibronic fine structure appears in addition to the 
considerably more intense purely electronic peaks. Simple model cal
culation;; on the basis of the angula•• overlap model indicate that 3§ 
.and iig, respectively, should have negative and 3°, positive signs; B§ 
and Bj* should be different in sign. With, a e^/eo ratio of 0.'tl3 and 
Co = 'M'tO cm"1 (as found in the case of the octahedral compound CsUFg) 
ti.'i by dnmpine the influence of the more distant lig'mds by a factor of 
C. .k .-ir- well as by increasing the CF parameter B^ and reducing 3g (as 
conp.irec' with the predicted values on the basis of the angular overlap 
ttodt>l) wp arrived at ":hc following sciucnce of CF states: 

Etr 6 ) < s(T?> < E ( T 6 ) < zlTs) < E(f7> < E(T6) < Uf7) 

This 3efiuence agrees well with a proposal by Macfcey and Vance for 
7.rSiO/t:*j5+ 11. Accepting the sequence E( /^) < S(^> < E(T ?) < St^) < 
S(TL) for the observed zero-pnonon transitions of jibUF,- in the region 
above 'tCJC cm - 1, we hove beer, able to fit the observed partial crystal 
fi<>ld splitting pattern by means of the following p»rnniett;r set: 

^ = 1965, 3° = -25°°. 3^ = 715, Bj = - 11000, .'̂  = -270, H£ = 7850 

To tes|| the lualifcy of this parameter set, the T state predictei 
at 15'*9 cm was searched in the low temperature I1! spectrum. The 
corresponding zero-phonon peak was indeed found at 1555 cm"1 accom
panied by come vibronic side bands. 

Multiplying each component of the CF parameter set of RbUF- by a 
factor of 0.55 and adopting J*_- = «5?3 cn~\ th° partial crystal field 
splitting pattern of FaCl^ coold be satisfactorily reproduced, Setter 
agreement between experimental and calculated values was achieved by 
the slightly modified set: 

3° = -625, 3° = 250, Bj = - 2300, a£ = 250, s£ = - 180 cai-1 

•'ith this parameter set, a non-Jiagnetic ground state followed by 
a close lying first excitftd CF-doublet is predicted for ^Cl^. Between 
both states second order Seeman effects are expected, which is in 
agreement with the observed TIP between **.Z and 30 K and the Curie-
.I'eiss behaviour above 60 K. The applicabability of the CF parameters 
of PaCl^ on the absorption spectra of UClr and UpCl*, is presently 



tested by Kftnellakopulos and hie group. 

Experimental and Calculated CF Splitting Patterns of Rb'JFg and PnCl^ 
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SPECTROSCOPItALLY PURE BIS(PHTHALOCYANINATO) COMPLEXES OF TH(IV), PA(IV) AND 
U( iV) , THE INTERPRETATION OF THEIR ELECTRONIC SPECTRA AND THE PREPARATION OF 

A MGNO(PHTHALQCYANINATO) COMPLEX OF TH(IV) 

F. Lux, Q1. F. Beck and H. KrauB 

Tnst i tu t fdr Radiochemie 
Technische Univers i ta t Munchen 

0-8046 Garching 

As the f i r s t phthalocyaniriato compounds of the a inoids, the b i s f r ^ h a -
locyaninato)act inoid(IV) complexes AnPca (An = Th, Pa, U, Np, Pu, Am) . -
prepared i n our laboratory some! years ago 1 - " . For subsequent syntheses o f 
the thorium and uranium compounds by other authors see Ref. * , s . 

The synthesis of ThPca and UPca has been reinvestigated in order to f i nd 
the optimal conditions f o r a new preparation of PaPca. With the modified meth
od the compounds are obtained ^ i t h a reproducible y i e l d of at least 60 %. Two 
essential points were the use o f AnIto-4CH3CN as s t a r t i ng material {previously 
AnL) 

AnU-4CH3CN 16_PWJ ^ A n R C a + 2 j 2 + s i d e p r Q d U c t s 
1-chloronaphthalerie, 250 °C, lh 

PDN = o-phthal ic acid d i n i t r i l e 

and the appl icat ion o f an improved sublimation procedure for the pu r i f i ca t i on 
of the complexes. I t was essential to remove free phthalocyanine (HaPc) as 
completely as possible since th is compound disturbes an exact invest igat ion 
of the AnPca spectra. 

The three types of phthalocyanines have character is t ic bands between 600 
and 700 nra " : HaPc two main absorption bands (two mab), roono(phthalocyaninato) 
complexes one nab, bis(phthalocyaninato) complexes one nab and one s a t e l l i t e 
band {sat) on the long wave length side o f the mb. In the range of th is sat 
there l i e s one o f the two nab o f HaPc. 

The pu r i f i ca t i on was performed by sublimation a t 10~3 Pa in a temperature 
p r o f i l e w i th three c lear ly defined zones (520 °C/350 °C/room temperature). In 
the spectra o f the resu l t ing AnPca samples, the nab o f HaPc can be detected 
only i n the 4th der iva t ive . He ca l l such samples "spectroscopical ly pure". 

Using the ne* methods o f preparation and p u r i f i c a t i o n , 11? mg spectro
scopical ly pure PaPca have been prepared «. X-ray powder d i f f r a c t i o n shows the 
compound to be isost ructura l wi th ThPca and UPca ' . The l igand spectrum is 
typ ica l of AnPca complexes. 

HO schemes have been described fo r HaPc and fo r mono(phthalocyaninato) 
complexes •- The existence o f nob and sat i n the spectra of b is(rhthalocyanin-
ato)lanthanoid complexes was explained in one publ icat ion by the theory of 
molecular excitons * . 

In order to in te rp re t the e lectronic spectra o f AnPca (An = Th, Pa, U), 
we applied i n a f i r s t step symmetry considerations. According to s ingle crys
ta l X-ray analyses, the mono(phthalocyanlnato) complexes (o f the d-elements) 
have the symmetry 0,. 1 0 , ThPca and UPca the symmetry D« and nearly the same 
s t ruc tu ra l da ta 1 1 " 1 * * . The l a t t e r complexes are o f the sandwich type, the two 
ligands are rotated by 38° andi37°, respect ively. PaPca i s isos t ruc tura l w i th 
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them, as already mentioned. On account of D,.-*Dv the one mob in the spectra of 
mono(phthalocyaninato) complexes is s p l i t t e a into one iab and one eat in the 
AnPca spectra. Considering the s t ruc tura l data of ThPc2» PaPca and UPc3 one 
has to expect that the degree of s p l i t t i n g for the three compounds should be 
nearly the same. In the room temperature spectrum of UPCj, however, the aaz 
seems to have a longer wave length (+20 nm) than the sat in the spectra o f 
ThPca and of PaPc3; the three -tib have nearly th# same pos i t ion (see tab le ) . 

Positions of the charac te r i s t i c bands in tine spectra of AnPc3 

Spectroscopics!ly pure compounds, 1-chlordnaphthalene, 293 K 

ThPc2 

PaPc3 

UPCj 

Main absorption band 
645.5 nm 
643.5 nm 
642.5 nm 

S a t e l l i t e band 
682 nm 
680 mr 
708 nm 

In the low temperature spectrum {80 K, 2-methyltetrahydrofuran) of UPc3 

one can see a shoulder on the short wave length side of tnat bans which has 
been cal led so fa r the saz of UPca (see f igure 1),. The 4tf. der ivat ive o f the 
spectrum "* shows that th i s shoulder has nearly the same pos i t ion as the saz 
of ThPca (+3 nm). Obviously, the band in the UPca spectrum which has been re
garded so far as saz consists o f two bands at least . One o f them is the snoul-
der appearing in tne low temperature spectrum, which,on account of i t s pos i 
t i o n , can be designated as the real 3s: of UPc2. The other banj fo r bands) 
could be assigned to unresolved strong 5f t rans i t ions (see f igure 1). 

,\ 639 nm ,638.3 nm 

J >A\ 

Figure 1 , TnPc3 UPca 

In a second step the resul ts o f the low temperature measurements have been 
in terpreted by the theory of molecular exeitons. The values o f the in tens i ty 
ra t ios nsb/eaz calculated from the angles o f rotat ion o f the two l igands agree 
s a t i s f a c t o r i l y wi th the experimental ones. 

Of the mono(phthalocyaninato}actinoid complexes there has been so f a r on
ly reported the spectroscopic ind icat ion of a thorium compound s , but no de
t a i l s o f i t s i so la t ion have been given. He have prepared ThPcI a(py)a by reac
t ion of ThU wi th the s t o i c h i o m e t r i c amount of PDN {Th:PDN = 1:4) i n a melt 
of o-terphenyl a t 230 °C for 9 h, followed by ext ract ion o f the crude material 
wi th pyr id ine and vacuum drying ( I D - 3 Pa) o f the substance prec ip i ta ted in tne 
extract ion f lask . The y i e l d o f ana l y t i ca l l y pure compound was 41 5. The complex 
is extremely sensi t ive to moisture. I t s electronic!spectrum is typ ica l o f 
mono(phthalocyaninato) complexes (see f igure 2) . 
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Figure 12. ThPcI a {py) a in pyr id ine 

* This work was supported by the Bundesministerium fu r Forschung und Tech
no log i c the Deutsche Fof-schungsgemeinschaft, the Fonds der Chemischen 
Industr ie and the Bund der Freunde der Technischen Univers i ta t Miinchen. 
The der ivat ives o f the spectra were taken in cooperation wi th Prof. D-,-. G. 
Talsfcy, I n s t i t u t fl ip Technische Chemie der Techn^schen Univers i ta t MUnchen. 
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AH ANALYSIS 0? THE INTENSITIES OF TRANSITIONS OBSERVED FOR THE HEAVIER 
ACTINIDE AQUO IONS* i 

H. 7. Carnall and J. V. felti 

Chem-ttry Div is ion 
Argonne National Laboratory1 

9700 South Cass Avenue 
Argonne, I l l i n o i s 60439 

The Judd-Ofelt theory f ^ ca lcu la t ing in tens i t ies o f t rans i t i ons w i th in 
the recon f i gu ra t i on has been shown to be in excellent accord w i th the aque-
«.«; solut ion spectra o f the l an than ides . 1 ' 2 However, l * t f l e progress has 
iieen made in developing a systematic treatment of the comparable spectra f o r 
er iva lent act in ides. K jcent ly , we were able to measure fluorescence l i f e 
times f o r t rans i t ions observed i n Cm 3 + {aquo}, 3 Bk J +(aquo) and Es 3 + (aquo). 
This led us to reexamine the in te rp re ta t ion of the so lu t io r spectra ?f these 
elements to determine whether 1n l i g h t c f both our present understanding o f 
the energy level schemes,fc and recent addit ional studies of the so lu t ion 
spectra of Bk 3 + and C f , + w i th much larger samples than were previously a v a i l 
able, a systematic in te rp re ta t ion of heavy act lnide t r ans i t i on in tens i t i es 
could be developed. The e f f o r t was successful, and the resul ts w i l l be 
communicated In th is paper. 

Consistent analyses of the atomic energy level parameters f o r BK 3 +{aquo) 
and Cf a + (aquo) were carr ied Odt usiny a method of successive approximation 
based on in tens i ty ca lcu la t ions . " These resul ts together wi th a previously 
published analysis of Cm 3 +(aquo)» 5 were used to Improve the estimate of the 
atomic parameters for Es3 (aquo), and complete a systematic i n tens i t y analysis 
fo r the heavy act in ides. The resu l t ing calcu!?t ions of to ta l rad ia t i ve 
t r ans i t i on ra tes , ATI 'V I ) ) , f o r the observed fluorescing! states have been used 
UK one basis fo r in terpret ing the re la t i ve rates of nnr,-rarHat1ve re laxa t i on , 
Wrt fJ ) , since the to ta l f o r e s e e n ™ l i f e t ime of a state ( T T ) - 1 = Ajf'r'J) + 

In addi t ion to the in tens i ty analysis of the f •+ f t r ans i t i ons , new 
insights in to the st ructure and in tens i ty relat ionships in 5 f N - l Jd -con f1qu-
rat ions were obtained-, i" -* fN-«rf t rans i t ions could be c lea r l y i d e n t i f i e d 
in both Bk i +(aquo) and Cf 1 + (aquo) . The lowest state (spin- forbidden, 9D) in 
Bk 3 + (aquo) , has a factor o f 20 greater in tens i ty than i t s analogue i n T t s + 

(aquo)- This is approximately the same factor obtained by comparing the 
re la t i ve in tens i t ies of f - f t rans i t ions in Bk +{aquo) and Tb* +(aquo). 

This work was performed under the auspices of the Off ice o f Basic Energy 
Sciences, Div is ion o f Nuclear Sciences, U. S. Department of Energy, under 
contract number W-31-109-ENG-38. 
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URANYL NITRATE PHOTOCHEMISTRY AND APPLICATIONS 
•• TO A PHOTOGALVANIC EFFECT; 

r H. Arvis, G. Folcher, B. Hickel,tJ. Paris 

Departement de PhysicorChiijiie 
Centre d1Etudes Nucleaires de Saclay 

91191 Gif-sur-Yvette cedex 
•"-̂  France i. 

C. Giannotti 

Institut de chimie des substances naturelles 
CNRS 

91190 Gif-sur-Yvette.-- France 

The uranyl ion U0| + is well known̂ 'for the characteristic luminescence and 
the power to'oxidize a wide range of molecules or ions of its excited state(l). 
On the other hand, there is a considerable interest in the visible light 
redox photoreactions. 

We have demonstrated that in aqueous solution the fluorescence is quenched 
by NO3 anion and that U0£+ excited is able to"oxidize the NO3 in N03-.The 
nature of the excited species is discuted. In acetonitril solution N03* 
radicals have been detected by EPR spectroscopy., 

An application of the uranyl photo chemistry to.solar energy conversion 
has been found(2) : a photogalvanic cell comprising a solution of uranyl nitrate 
in acetonitril with a platinum and graphit electrodes. This cell produces a 
voltage of 0.6V';iri' open circuit and a power of lOOuW by square cm of irradiated 
electrode. This1 effect is stable for hundred hours and depends on wave lenght, 
H2O concentration of the solution, cell geometry* 

The suggest mechanism relies on the N03_oxydation and H2O2 production in 
the liquid layer in the neighbourhood of the platinum electrode. 

1. H.D. Burrows, T.J.. Kemp, Chem. Soc. Rev., 3, 139, 1974. 
2. G. Folcher, 0. Paris, Nouv. J. Chim. a paraTtre (1981). 



OBSERVATION OF ELECTROH PARAMAGNETIC RESONANCE | 
OF TRIVALENT URANIUM IN AN ORGANOMETALLIC COMPOUND 

E. Soul ie, G. Foicher, H. Marquet-Ellis 

Departement de Physico-chimie 
Centre d'Etudes NuclSaires de Saclay 

91191 Gif-sur-Yvette cedex 
France 

A broad resonance signal on a frozen solut ion of (CsHs)3 U(thf) 
has been observed at very low temperature (7K) with g = 3.5. : This compound 
was prepared(l) by photolysis of (C5H5J3 U(CH3) dissolved in ' tetrahydrofuran. 
An analogous spectrum has also been obtained at 7K with a f luor ide of zirconium 
and uraniun, \lZrFj{2), i n which the tr ivalency of uranium is iwe l l established. 

Since there are no EPR t rans i t ions, neither fo r uranium (V I ) , 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 ofiuranium around 
g = 3.5 or 4 appears as character ist ic of the t r i va len t state. Contrary to 
electronic absorption spectroscopy, EPR thus allows unambiguous assignment of 
the valence three to uranium in (05(15)3 U( thf ) . The only other absolute proof 
of valency i s by electrochemistry but th is requires a pure compound. Thus EPR 
is the only method which permits the ident i f i ca t ion 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 (051)5)3 UfCH )̂ by L1CH3 in tetrahydro-
furan(5) ; proton magnetic resonance enables to suggest the formula 
[ (C 5 H 5 ) 3 U(CH 3)]" L i * ( t h f ) for the l a t t e r . 

1. E. Klahne, C. Giannott i , G. Foicher, H. Harquet-Eilis R.D. Fischer, J . 
Organotnetal. Chem. 201, 399, (1980). 

2. G. Fonteneau, J . Lucas, J . Inorg. Nucl. Chem., 36, 1515, (1974). 
3. E. Soulie, G. Foicher, B. Kanellakopulos, 0. Canadien Chimie, 58, 2377, (1980). 
4 . L.A. Boatner, M.M. Abraham, Reports on Progress in Physics, 4_1, 87, (1978). 
5. G. Foicher, L. Arnaudet, H. Marquet-EKis, a parai t re. 
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OXIDATION AND HYDRIDING OF URANIUM 
STUDIED BY POSITRON ANNIHILATION* 

R. H. Howell, C. Colmenares and T. HcCreary 

Lawrence Livermore National Laboratory 
University of California 

Livermore.iCalifornia 94550 

FySitron annihilation analysis has been used to explore the inter
stitial/vacancy complexes 1' 2* 3* that control electrical conduction in 
uranium oxides, and should also be present during the oxidation of uranium 
metal under different environmental conditions. Because ur-.nium hydride may 
play a role in the oxidation of uranium in water vapor, we r4ve also studied 
this compound. Clean uranium powder samples were exposed tc dry oxygen, dry 
hydrogen, water vapor in a static ijiode, and water vapor in flowing nitrogen 
gas. 

Goth 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-lived component was measured for samples hydrided 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 measurements. 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 analysis 
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 annihilating at a common species in the 
uranium oxide. One feature of these samples is that they were all prepared 
in an environmental regime, i.e., reactant type [0 2, H 20{v)] and pressure, 
where a single defect complex has been postulated to control the oxidation.5 

Our results indicate that a common defect or defect complex is involved 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. 
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ABSORPTION OF SYNCHROTRON RADIATION 
BY URANIUM COMPOUNDS 

S. Imoto, C. Miyake, H. Adachi+ and Y. Hinatsu 
Department of Nuclear Engineering, Faculty of Engineering 

Osaka University 
Yamadaoka, (565) Suita, Osaka, Japan 

K. Taniguchi 
Department of Solid-state Elecvronics 
Osaka Electro-Communication University 
Hatsumachi, (572; Neyagawa, Osaka, Japan 

K. Fujima 
College of General Education 

University of Tokyo 
Komaba, (153) Meguro-ku, Tokyo, Japan 

Photoabsorption measurements of metallic uranium and some 
uranium 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 
photoelectron multiplier with Csl coating at the first stage. 
The counting is recorded for a fixed count of monitor electron 
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 nm for U, U0 2 and UC1., respectively. 

in the case of uranyl nitrate, the solution in PVA is doped 
on the polystyrene 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 to all spectra and has also heen observed- for metallic 
uranium and uranium tetrafluoride . The spectrum of UO_ shows 
a close similarity particularly with that of UC1.,, suggesting 
that valency of uranium plays an important role upon 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 S^s/j 
measured by the ESCA for UO2 (96.4 eV), this peak is attributed 
to the 5d5/2 -• 5f transition. The absorption due to 5d3'2~"* 5 f 

transition is then estimated to be found at about 8 eV higher 
than the peak A, because 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 b=3/2 than for j=5/2. Shoulders appear
ing at about 107 eV in the spectra of UO2, UCI4 and uranyl are 
considered to indicate this absorption. 

Atomic spectra calculation for the transition 5d —* 5f has 
been made on tetravalent Uranium. As the dominant transitions 
are 5f2(3H^)—>5d95r3(3G3f 3H 4 , 3Is), we have calculated energies 
of levels included in these terms and intensities for the transi
tions. Tentatively it is assumed that F2 = 200 cm-*, hydrogenic 
values for F4 ani Fg and c = 9.5 F2 i n ^ n e 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 peaks denoted as a, b, c in Fig. 2 are, respec
tively, 4ig^2» 4 lll/2' K13/2 termo appearing in 5C3 configu
ration each coupled with ^5/2 in 5d9. Thus these peaks 
correspond to transitions from 5ds/2 to levels in 5f3. The peak d 
is due to coupling ot ^19/2 with ^D3/2- ^ n e shape of the 
peak A with high-energy tail for UO2 and UCI4 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 ""* 5£ transitions, the main part remains unexplained 
at present- Transitions 5d —* 7p, &•> and 6f would contribute 
to the peak. 
•*• Present address: Hyogp University of Teacher Education, 

Yashiro, (673-14) Kato-gun,Hyogo, Japan. 
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RAMAN SPECTROMETRY STUDIES OF "CATION-CATION" COMPLEXES OF 
PENTAVALENT ACTINIDES IN AQUEOUS PERCHLORIC SOLUTIONS* 

6. Guillaume , G, M. Begun, and R. L. Hahn 

Transuranium Research Laboratory 
Oak Ridge National Le.boratory 
Oak Ridge. T« 37830 (USA) 

The initial report about the existence of complexes of pentavalent 
actinides, An02 +, with other multiply charged cations (cation-cation complexes) 
was made by Sullivan et al.* in 1961. Several different techniques hive been 
aseo to study these complexes,1"9 such as proton spin relaxation and potentio-
netric titrationsl, electron paramagnetic resonance^, infrared spectroscopy'', 
and Kossbauer spectroscopy.^ To a large extent, absorption spectrophotometry 
na« been used to measure the strengths of the complexes, with shifts in the 
..svelengths of electronic transitions -aken to be evidence for complexation. 
1-3,fi The nature of these complexes, however, is still not clear.5 -' 

Raman spectrometry can often be used to detect the formation of comple*es 
in soluLion from changes in vibrational spectra. Although the Raman scatter
ing of actinides (in oxidation states V, VI, and VII) in solution has been 
reported, no Raman studies have previously been made of cation-cation coirjilexes. 
We have used this technique to study the formation of such complexes of NpOp* 
in acidic aqueous solutions. 

To obtain quantitative Raman analyses, the non-complexinq perchlorate 
ion was used as an internal standard in our solutions, with the 4 band at 
627 cm -' being chosen as the reference. In a given series of spectral deter
minations, the perchlorate ion was maintained at constant concentration. The 
acid concentration and ionic strength were also kept constant. By normaliz
ing the neptunyl bands to this internal standard, the effects nf sucn experi
mental factors AS sample cell variations, cell position, laser power fluctua
tions, and absorptivity of the sample were eliminated. 

As seen in Fig. I, 1n dilute solutions containing neptunium, - 0.?M in 
Np02 +, only the symmetrical stretching vibration, .j, of HpO? + at 767 cm-1 is 
Ramn active. At higher HpO?+ concentrations, from 0.3M to 1.2M, two nyw 
bands appeared at 180 and 738 cm-1. The band at 180 cm~* can be assigned to 
•>l* the bending vibration of trs linear triatumlc (0=NpaO) + ion. He attri
bute the band at 738 cm"l to an associated neptunyl-neptunyl species. A 
further increase fn neptunium concentration, above I.5H, leads to a fairly 
complicated spectrum in the range 650-850 cm -*. At least six overlappin 
peak? can be distinguished, approximately centered at 685, 712, 738, 767, 783 
and 820 cm-1. 

A plot of the logarithm of the relative intensity (normalized to the 
627 c m - 1 peak) of the peak at 738 ..IT 1 versus that of the HpOj* peak at 
767 rm-1 is shown in Fig. 2. The results indicate formation of a previously 
unkcown neptunyl species*. The points obtained in the range 0.1-1.0 H Hp{V) 
lie on a straight line with a slope close to 2, indicating that two neptunyl 
groups are involved in the reaction (i.e., dimer formation). The systematic 
deviation above the line of the points with log R^>0 is interpreted as indi
cating that higher polymers than tl-J dimer are foi-med at large NpQ2 + concen
trations. This conclusion is consistent with the onservation (Fig. 1) that 
above 1.5H concentration^ additional pesks appear in the vicinity of the vj 
band of NpOg*. From these data, we derive a value of the formation constant, 
K-/T = 0.6g .• 0.27, where r is the activity coefficient ratio. 
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The effect of acidity on the neptunyl dlmerization was also studied. At 
mast, there is a variation of *>2Q% 1n the intensity ratio of the dimer to 
monomer peaks for a change in acidity from 0.1 M to 2.65 K, indicating that 
protons are not strongly involved'in this association reaction. This result 
is markedly different from that found for polymerization of Pu^ + and U0.2Z+ at 
higher pH values, where polymerization 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 of uranium(VI), at Np(V) concentrations 
below those where dimerization is observed. Upon addition of 2H UOj . the 
vi band of Np02 + at 767 cm - 1 decreases in intensity and a new band centered 
at 741 cm"* appears. This result is s'-'ong confirmatory evidence for the 
claimed formation 1- 8 of a complex of Np(V)-U(VI). The values of K/r obtained 
for this complex, by taking either the Raman data or absorption spectrophoto
metry data for the sane solutions, are in excellent agreement with each 
other. The value for this constant, extrapolated to [U(VI)] = 0, is 
K •> 2.1 t 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{VI) 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 spectroscopy and other techniques10 to the 
question of the structure of such complexes. 

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

+ Guest Scientist on assignment from Centre d'Etudes Hucleaires, Departe-
ment de Genie Radioactif, Fontenay-aux-Roses, France. 
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INVESTIGATION OF "CATION-CATION" COMPLEXES OF NpO? + SOLUTIONS 
BY LARGE-ANGLE X-RAY SCATTERING 

6. Guillaume , A. H. Narten, and R. L, Hahn 

Transuranium Research Laboratory 
Oak Ridge National Laboratory 
Oak Ridge, TN 37830 (USA) 

As part of the study of cation-cation complexes^ of neptunium(V), NpQg , 
we nave used the technique of wide-angle X-ray scattering^ to determine the 
pair distribution functions of the ions in solution. 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 
Np0 2

+. 

Five different solutions containing either Np02 CIO4. u^fClO^)? or both 
of these compounds, were prepared. CJO4* ion was used because of its weak 
completing ability. All of the solutions were acidic, with HCIO4 concentra
tions varying from 0.07 to 0.2 H. A special sample holder was constructed so 
that a minimum volume of solution, '-1ml, could be used (to minimize the 
hazard of radioactive contamination) while exposing a surface area '2 cm? to 
the Ho K-X radiation. 

Details of th(> X-ray scattering apparatus and data analysis are given in 
flef. 3. The angular distributions of the scattered radiation were analyzed 
to give structure factors, S[k), where k = 4T sin e/"-.. These were then 
Fourier transformed to give the radial pair distribution functions, G(r), 
where G(r) is related to the probability 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 contain 
several Reaks. including those that were attributable to the Cl-0 U.5A) and 
0-0 (2.3A) distances in the C104" ion.4 It was also noted that the usual 
structure' found for liquid water, with a peak at 2.8A, was severely perturbed 
by the presence of the large actinyl and CIO4" ions. The radial distribu
tions, from which the known contributions due to CIO4- have been subtracted, 
are shown in the figure. The peak at 1.8A is the actinyl-oxygen distance in 
the linear Np02 + and U0?2+ ions; this value agrees with the distances deter
mined for solid neptunyi(V) compounds'* and for solids and solutions contain
ing the uranyl(VI) ion.? 

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 concentrated Np(V) or both Np(V) and U(V1). Solution 4, which contains 
O.SH Np0? +, has a small peak at this distance, while solution 5, containing 
1/0̂ 2+ only, does not. There is some indication, for solutions 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 so low that a quan
titative dependence upon concentration cannot be established. 

We interpret the peak at 4.2A as representing the nearest neighbor 
distance between actinide atoms in the cation-cation completes. The fact 
that the peak also appears in the 1.7H solution of Np(V),! in the absence of 
U(VI), indicates that self-association of NpOj-1- ions occurs at high concen
trations. This result supports the conclusion derived independently from 
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Parian scat ter ing that a dimer of Np(¥) is formed in such so lut ions. 

I t i ', noteworthy that the ac^ in ide-act in ide distance that we f i n d , 4.2A, 
i:. io ' .parablf to the value o f 3.9A reported as the U-U d>stance for solut ions 
i cntdimnt; polymers of hydrolyzed uranyl(Vl) species. ' -^ A point of d i s t i nc 
t ion bdtweert the two sets of resu l ts is that the uraniurr a tom in the polymers 
lire mned by OH" br idges, while the cat ion-cat ion completes are formed in 
'.tn.r.gly acidic media, where hydrolysis is not possible. 

* itork sponsored by the Div is ion of Chemical Sciences, Off ice of Basic 
Energy Science1,, U.S. Department of Energy under contract W-740S-er.q-?6 
with Union Carbide Corporation and by the Centre d'Etudes I iucleaires, 
Fontenay-aux-Roses, France. 
Guest S r ien t i s t on assignment from Centre d'Etudes Nucledires. Departe-
ment de Genie ftadioactif, Fontenay-aux-Rose*;, France. 
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FLUORESCENCE STUDIES OF AQUO TRANSURANIC IONS* 

James V. Be H z , U. T. Carnal 1, Dennis W. Hester, and Clayto.i H. Williams 

Chemistry Division 
Argonne National Laboratory 
i 9700 South Cass Avenue 
! Argonne, Illinois 60439 

He have begun a systematic study of aquo A n 3 + ion fluorescence in H 20 
and D 20 solutions based on our pioneering work concerning aquo C m 3 + fluores
cence.1 In this study we seek to define the parameters which determine the 
fluorescence properties of actinide ions in aqueous solution. This work is 
providing a basis for assessing fluorescence detection of trairuranic ions in 
aqueous solution and Impacts on efforts to understand non-radiative decay of 
excited electronic states. Based on previous studies of aquo Ln 3* fon 
fluorescence2 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**- Ions. 

Using selective laser1 excitation techniques similar to those used to 
study aquo Cm 3 + fluorescence,1 we have measured the fluorescence emission 
spectra and lifetimes of aquo E s i + and aquo Bfc3 . An important feature of 
this technique is the use of laser excitation at a wavelength much shorter 
than that at which the actinide 1on fluoresces. Both directly scattered 
laser light and Raman scattered laser light from solvent nudes 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 ion 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 lens system, bandpass filtered with glass filters (lifetime measurements) 
or a scanning monochromator (emission spectra measurements) and imaged onto 
the photocathode of a cooled photomultipHer. A boxcar integrator and chart 
recorder were used to acquire fluorescence emission spectra. A digital 
transient recorder-signal averager system (10 ns resolution) was used to 
measure fluorescence lifetimes. 

The results obtained for B k 3 + and Es 3* are collected in Table I along 
with our earlier work on Cm 3 +. The optical properties, including free ion 
energy levels, of these and other A n 3 + and L n 3 + species have recently been 
reviewed.3 Except for aquo Cm 3* in D 20, the purely radiative lifetimes 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-rad1at1ve transition rates. The non-radiative decay rate for aquo Cm 3 + 

In D 20 1s 5.1 x 10 2 s" 1 based on a radiative decay time of 1.8 ms. 1 It is 
apparent from the results shown in Table I that solvent deuteration substan
tially diminishes the non-radiative decay rate of Cm 3 + and Es 3 +. Undoubtedly 
the same is true of B k 3 + but imp* jvements in instrument time response will 
be necessary to study the fluorescence lifetime of aquo B k 3 + in H 20. 

From the data in Table I we see that the aquo A n 3 + non-radiative decay 
rate depends nearly exponentially on tf« energy gap of the particular actinide 
ion. The same factors, solvent vibrational mode frequencies and energy gap, 
identified as important in; determining non-tadiative decay rates for aquo L n 3 + 

Ions are also Important 1n: determining aquo An 3* non-radiative decay rates. 
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TABLE I . Fluorescence Properties of Aquo Transuranic Ions 

Emission 
Band (ran) 

Observed 
Fluorescence 

L i fet ime* 

Non-Radiative 
Decay 
Rate 

Estimated 
Energy Gap 

/ ta 3* Peak FUHM <»s) Is"') (kO/mole) 

" V 593 8 940+20 (0 2 0) 

65+2 (H 20) 

5.1 x 10 2 

1.5 x 10 4 

203 

2 4 V 647 22 0.10+0.01 (D 20) 1.0 x 10 7 66 

253^3+ 1070 125 2.8*0.1 (D 20) 

0.105+0.08 (H 20) 

3.6 x 10 5 

9.5 x 10 6 
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"Data from Ref. 1 . 
Solvent indicated in parenthesis, 
to prevent hydrolysis. 

Typical ly 0,5 M HC1 or 0.5 H DC1 was used 

Comparison o f aquo L n 3 + and aquo A n 3 + non-radiat ive docay rates a t com
parable energy gaps is i ns t ruc t i ve . Stein and Wurzberg's mea»uref!!*nt»': fo r 
Tb 3 * and Dy3 and He l le r ' s measurements5 f o r Nd 3 + provide aquo L n 3 + 1on G=ita 
at roughly comparable energy gaps to those of Cm 3 + , E s 3 + , and Bk 3 * , respec
t i v e l y . Using these L n 3 + data, the A n 3 + / L n 3 + ndn-radiat ive decay rate r a t n s 
vary from 2.8 to 22. Ever, larger ra t ios resu l t i f the L n 3 + non-radiat ive 
decay rate versus energy gap data are extrapolated to the exact A n 3 + energy 
gaps. He conclude that whi le the key factors inf luencing non-radiat ive decay 
rates f o r aquo L n 3 + and aquo A n 3 + ions are s im i la r , the A n 3 + species In terac t 
more strongly wi th the i r immediate environment, possibly re f l ec t i ng the 
greater radia l extent of t k 5f A n 3 + e lectron wave funct ions as compared to 
the Ln + 4f electron wa;e funct ions. 

Work performed under the auspices of the Office, of Basic Energy Sciences, 
Div is ion of Nuclear Sciences, U. S. Department of Energy, undc-* contract 
number W-31-109-ENG--38. 
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EPR INVESTIGATIONS OF 243cm,: 244cm, AND 238j 
IN LUPO4 SINGLE CRYSTALS* 

H. M. Abraham, L. *V Boatner, and H. Rappaz + 

Solid State Division 
• Oak ftidge National Laboratory 

Oak Ridge, Tennessee 37830 

The natural mineral monazite 1s characterized by an established long-
term stability under a variety of geological; conditions. Additionally, many 
monazites contain appreciable amounts of uranium and thorium, and this mater
ial is apparently relatively resistant to a-particle and nuclear recoil radi
ation damage. Accordingly, lanthanide orthophbsphates that are synthetic 
analogs of monazite could well represent ideal hosts for the immobilizaton of 
ct-active actinide wastes. These phosphates may be divided into two classes: 
The compounds LaPO^ through GdP04 which have; the roonoclinlc "monazite" 
structure, and the orthophosphates of the second half of the rare-earth 
series (TDPO4 through LUPO4) plus SCPO4 and YPO4, which have the tetragonal 
"zircon" structure. ' I 

A flux technique has been used to grow single crystals of every lantha
nide orthophosphate {except PmP04), as well as SCPO4 and YPO4 and extensive 
studies of the chemical and physical properties of mixed host-impurity 
systems are underway. These investigations Include examinations of iron-
group, rare-earth, and actinide impurities fp order to obtain information 
regarding their valence states, crystalline site symmetries, and other solid 
state properties. 

Electron paramagnetic resonance (EPR) spectroscopy has been used \-. 
characterizing orthophosphate-impurity systems since the number of observed 
EPR transitions and their position as afunctlon of the strength and relative 
orientation of the magnetic field can-He used to determine the valence state 
of the paramagnetic impurity, the'site occupied by the impurity, and can pro
vide information regarding the local crystal structure. Previous EPR studies 
of G d 3 + (4f 7) in the orthophosphate hosts have established that while the 
impurity Ion 1s located in the substitutional rare-earth site, the crystal 
field interaction, which splits the $=7/2 ground state, is positive for the 
monocllnic hosts1 and negative for the tetragonal hosts. 2 In the present 

"work, the actinide analog of Gd 3+ (i.e., Cm3*, 5f7) has been Incorporated 
•in the tetragonal host LUPO4 and the EPR spectra of both 2 4 3 C m and 244r,m 

were observed. The 1=5/2 nuclear spin of the' 243-Cm isotope allows a posi
tive identification to be made, 3 and Fig. 1 jshows the spectrum observed at 
T = 4.2 K with the magnetic field applied parallel to the crystal tetragonal 
c axis. ^The g value in this parallel orientation is 7.98(1) while the cor
responding value in the perpendicular orientation is 4.096(4). These values 
cannot be fit to the doublet wave function ci | ± 7/2 > + g j + 1/2 > to give 
a consistent Laiide g-factor but can be fit to the doublet wave function 
a J ± 5/2 >'"'+ B I + 3/2 > yielding a Lande* g-factor of 1.92. Further verifica
tion of this doublet identification comes from the observation 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 LUPO4 host is 
negative and is the same as that found previously for the 4f' ion. 

The EPR spectrum of U 3 + in LUPO4 has also been observed a M was found to 
be very similar to the previously reported4 spectrum of its 4f 3 analog Nd 3 +. 
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Figure 2 shows a graph of g^ plotted versus coŝ e where 9 is the angle be
tween tht» applied magnetic f ie ld and the tetragonal cr ; j ta l f ield axis. This 
plot was used to determine a value of 0.98(8) for gi and a value of 3.14(2) 
f or g ] | . -L 

Additional investigations of Np and other actinide impurities are in 
progress. 
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Fig. 1 Fig. 2 
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UP CONVERSION AND ABSOLUTE 
OSCILLATOR STRENGTHS OF U 4 + IN ThBr, SINGLE CRYSTALS 

4 
M. Genet, S, Hubert 

Laboratoire de Radiocb'mie, Institut de Physique Nucllaire 
B .P . N' 1, 9M06 ORSAY Cedex (France) 

F . Auzel 
C . N . E . T . , 196 rue de Par is , 92220 BACNEUX (France) 

We have recently found that infra red excitation of ThBr and ThCl 
single crystals doped with U* + or N p 4 + give strong emissions in fhe 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'Energie) has been discovered fiiteen 
years ago using 4f elements (l) (2) and to the best of our knowLedge is men
tioned here for the first time in connection with 5f elements. 

Results given in this paper are only dealing with ThBr : U (~0. 1 %) 
crystals. Tetravalent uranium in single crystal as well as in tmcrocrystalline 
powder form of ThBr acts aB an up converter. Absorption of two (or more) 
IR photons by one or two consecutive U 4 + l ions is involved in reaching an 
excited state which by spontaneous decay gives rise to a visible fluorescence. 
In the case of ThBr 4 : U , IR excitation with A > 8200 A at room temperature 
gives an emission band between 6700 A to 7200 A. The intensity variation of 
this red emission with respect to IR excitation intensity is found to be quadra
tic. According to theoretical considerations (2) this indicates that excitation 
iB obtained by a two photon mechanism. Experiments are in progress with 
various U* + concentration in ThBr,- crystals to determine whether this ab
sorption takes place on one or several uranium ions, 

4+ With ThBr : U crystals, the same red fluorescence is readily 
observed using a classical UV excitation (3). Whatever the excitation UV or 
IR, a weak green emission 1B aUo observed (**> 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 Btrong oscillator strengths : in a dipole-dipole interaction model, 
the energy transfer! probability is proportionnal to the product of oscillator 
strengths of the involved transition (2). This consideration induced us in 
meaning oscillator strengths of U + in ThBr 4 (4). Calculations of absolute 
oscillator strengths of U have been obtained by graphical integration of 
absorption spectra at room temperature recorded with a double beam CARY 17 
spectrometer. The considered spectral range lies between 1.3U and 0.45 JU,. 
x h e uranium concentration in ThBr crystal were done by ot -counting activity 
"> uranium chemically separated from thorium by anion exchange technique. 
Application of Judd theory Leads to the determination of the TX 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 being of order 10"* 
instead of I 0 " 5 for U 3 + (5) and I 0 " 6 for P r 3 + (6). 
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Table I 
Observed and calculated oscillator strengths of U ' transitions in ThBr 

Level assignment Energy 
region (cm" 1) 

Center of band 
energy {cm"l) 

f x 10 4 Level assignment Energy 
region (cm" 1) 

Center of band 
energy {cm"l) exp. cal. 

Cryst. Cryst. Cryst. 

\ 
\ 

7810-10100 

10100-13330 

13330-16500 

16500-18700 

18700-22200 

22200-2500U 

8547 

1111 

14724 

17391 

19342 

2.80 

1.1"= 

2.93 

0.99 

2.84 

2.84 

0.83 

2.87 

1.47 

2.64 

0.06 

0.095 

rms deviation x 10 I 0.40 

T^ ( x l o ' 8 s " ' l T 2 =• 5.6 ; T^ = Z. 2 ; T 6 ~ 0 

1. F. Auzel, C.R. Acad. Sci. pariB 262B, 1016 (1966) and 263B, 819 (1966). 
2. F. Auzel, Proc. IEEE 6J., 758(1973). 
3 . M. Genet, P . Delamoye, N. Edelstein and J . Conway, J . Chem. Phys. 

67, 4, 1620 (19T7). 
4. F . Auzel, 5. Hubert, M. Hussonnois and P . Delamoye (to be published). 
5. R. G. Pappalardo, "Luminescence of Inorganic Solids", Edited by 

B. di Bartolo, Plenum Preat., 1978, p. 175, 
6. R.D. Peacock, Structure and Bonding 22, 83 (1975). 



ABSORPTION AND EMISSION srfiCTRA OF Pa IN ThCl^ 
4 

J .C . Krupa, M. Hussonnois, M. Genet and R. Guillaumont 
Laboratoire de Radiochimie, Ins ti. tut de Physique Nucle'aire, 

B .P . N" 1, 91406 Orsay Cedex (France) 

The problem of interpreting optical data on ions in the BO Lid state 
can be facilited by the proper choice of the host material . In the case of 
Pa4+ (5 f') the use of thorium tetrachloride as a crystal matrix was enhanced 
because of the following favorable factors : 

1 - ThCl is optically inert from " u e cut off of the c rystal near 
0.3 um to more than 2.5 um and chemically inactive towards the oxidation 
state of Pa* . 

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

3 - The thorium ion - which presents an ionic radius little bit 4 + larger in size than that of Pa - is at a site of relatively hign symmetry, 
D 2 J . The absence of inversion centre allows electronic transitions to be 
inisii&c compared with vibronic transitions. 

The absorption and emission spectra were recorded at a number of 
temperaturesbetween 4.2 K and 300 K in the infra-red region (1 u.m - 2. 5 f*m). 
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 ph&se transition which occurs 
at 70 K in ThCl (2) and be interpreted as different sites of the same symme
try. According to the selection rules associated with the D , d symmetry for 
electric dipolar transitions, we expect two transitions clearly <r polarized 
( P ~~* P, and P —> P_) and two common transitions, (y and IT 

One of the most important fact is the observation 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 4 076 cm" , completes the fluorescence spectrum. 
These two lines were used in the identification of the low-lying states. 
Selective excitation of the four main absorption bands (usirg a 1 kw tungsten 
lamp as IR gener ..ior and a monochromator for the wavelength selection) 
shows that all the four " F - , ? states give the same fluoreocence lines which 
are oiiginated from the lowest 2 F ? / state. 

The electronic states resulting from a 5f configuration restricted 
to D symmetry can be described by considering the spin orbit and the crys
tal field interactions. The hamiltonians are : 

"so -1?-i 
»c. r. • B o c o + K < + « > »1 « c: • O • »J <cj • c 4̂) 



A preliminary calculation, starting from an initial estimate of the crystal 
field parameters found for U^ + in ThCl leads to a satisfactory agreement 
between experimental and calculated level energy values. The seven crystal* 
field-split levclB have been assigned and a least square fit gives a mean 
energy deviation of 62 c m " ' . The values in cm of the parameters obtained 
from the fit are lifted in the following table : 

F = 3651.71 

» § • - 1135.00 

T 1742.14 T - 2360.00 
Bi- - 2557.T4 
B6, 75.00 

H - 1518.00 

Further experiments are in progress 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. 

Z. S. Hubert, P . Delamoye, S. Lcfrant, M. LepostoLlec -nd M. Hussonnois. 
i. Solid State Chem. 36 (: 981) 36-44. 



U ABSORPTION AND EMISSION 
SPECTRA IN THE INCOMMENSURATE PHASE OF ThBr_ 

4 
P . Delamoye, J .C . Krupa and R. Guillaumont 

Laboratoire de Radiochimie1, Institutde Physique Nucllaire 
University de Paris Sud, B .P . N ' I, 91406 ORSAY Cedex (France) 

J. Conway and N. Edelstein 
Materials and Molecular Research Division, Lawrence Berkeley Laboi atory. 

University of California, Berkeley, California 94720 

fl-ThBr {D at RT) is used as host substance for high resolution 
spectroscopic studies ol tctravalent ac tin id e ions substitued for Th'*+. The 
crystal symmetry site of thn T h 4 + ion is D . At T = 94 K, /3-ThBr under
goes a structural phase transition (1). Single crystal neutron diffraction ex
periments have subsequently revealed the existence, below T n of satellite 
reflexions at hkJLi^r {I - 5 ) with h - 0 . 0 6 3 , independant of temperature. 
No lock in phase is observed down to 4.2 K (2), The low temperature struc
ture is then incommensurate with a modulation along the four-fold axis. 

The existence of a modulate phase was first suspected on the basis 
of the optical emission and ahsorption spectra of U . Absorption spectra of 
U over the 4 000-2 000 cm range were measured at temperature down to 
4.2 K, The spectra obtained consisted of many more lines that could be rea
sonably expected from splitting of J states of 5 f configuration by D crys
tal field. In addition anomalous absorption line shapes were observed sugges
ting the presence of a continuum of U^ + sites (fig. 1A). A dye laser has been 
used for fluorescence experiments by resonant excitation of U ions in 
ThBrj . Scanning the excitation radiation through the absorption Line width 
while fluorescence was observed (Fig. IB) 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 sinus old a' modulation of the U4+ site along 
the "c* axis. The other set corresponds to lines belonging to U 4 * in a V , . 
symmetry. A new crystal field calculation has been made for these energy 
levels (3). 

(1) S. Hubert, P . Delamoye, S. Lefrant, M. Lepostellee and M. Hussonnois, 
J. 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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Fig. 1 A - Par t of the o" absorption spectral of ThBr. : U . 
1 B - Surprising variation of strong fluorescence lines by 

scanning through absorption line of figure 1A. The 
excitation radiation is given in abscissa. 



ABSORPTION SPECTROPHOTOMETRY CHARACTERIZATION OF DIMORPHIC 
BERKELIUM-249 AND CALIFORNIUM-249 TRICHLORIDES AND 

DETERMINATION OF THEIR RELATIONSHIP THROUGH BETA DECAY* 

J . R. Peterson, J . P. Young*. D. D. Ensor , and R. G. Haire 

Department of Chemistry, Universi ty of Tennessee, Knoxvi l le , TH 37916 
and Transuranium Research Laboratory {Chemistry D iv i s ion ) , 

Oak Ridge National Laboratory, Oak Ridge, TH 3?83f 

The preparation of UCl3-type hexagonal BICCI3I and CfCl3 2 have been 
reported. Subsequently single c rys ta ls of CfCl3 were used to establ ish the 
existence of a new PuBrj-type orthorhombic phase and to re f ine tt.e structures 
of both crystal lographic formsi.3 We have u t i l i z e d our microscope-spect""opho-
torceterl to obtain absorption spectra from microgram-sized samples of BkCl3 
and CfCl3 exh ib i t ing each structure type. A n>,Cl3 sample of each structure 
type was monitored spectrophotometrically to fo l low the i.^qrowth of c a l i f o r 
nium into 8kCl3 via beta (fi~) decay [ t j = 314 d ] . He report here: (1) the 
existence of PuBr3~type orthorhombic (denoted ortho) BkC^ ; (2) the spectral 
i den t i f i ca t i on of ortho BkCl3 and CfCl3 and that of UCl3-type hexagonal 
Idenoted hex} BkCl3 and CfCl3; (3) the chemical consequences of the . j~ decay 
of ortho BfcCl3 and hex BICCI3; and (4) the temperature re la t ionsh ip between 
these ortho and hex t r i ch lo r i de phases. 

The microscale preparation of hal ide samples sui table for absorption 
•apectrophotometric analysis are given elsewhere.4 The chloride samples were 
se£. l od in s i l i c a cap i l l a r i es under 3/4 atm HC1 gas and stored at room temper
ature. Phase changes were brought about by heating (and subsequently cooling) 
a chlor ide sample in s i t u by means of a resistance-heated platinum wire co i l 
located external ly to , and coaxia l ly w i t h , the sample-containing cap i l l a r y . 
Standard X-ray powder d i f f r a c t i o n techniques were used to acquire su f f i c i en t 
data from the macrocrystal l ine samples (a consequence of melting the samples 
to maximize opt ical transparency) to confirm the structure type. 
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Theoretical powder d i f f r ac t i on patterns of hex CfCl3 and ortho CfCl i 
f'icj. 1J were calculated for CuKS radiat ion by the computer program P0WD5 

j>ing reported st ructural parameters-^ but including no correct ion for sample 
absorption. Confirmation of the hex CfC.13 structure was based on the presence 
. * the four strong d i f f r ac t i on l ines at ?Q = 13-9, 24 .1 , 35.7, and 43.5" and 
•tic concomitant absence of the character is t ic d i f f rac t i on l ines of ortho CfCI3 
•r. ,?•• = 15.1, 20.7, 26.4, 34.2, and 40.0". Confirmation uf the ortho CfCl-j 
'structure was achieved by a reversal of th is procedure. 

Absorption spectra of hex CfCI3 and ortho CfC.13 are presented in F ig. ?. 
-hpy are easi ly distinguished by the d i f fe ren t shapes (symmetric vs asymmet-
-•'(.; s p l i t vs unsp l i t ) of the f - f absorption bands at about 16.2, 13, and 
11.4 x 105 m _ i . A comparable set of absorption spectra for BkCl3 w i l l be 
presented. This is the f i r s t report of PuBr3-type orthorhombic BkC.13. 

Absorption spectra from a sample of hex BkCl3 and from a sample of ortho 
BkCl3 were obtained over a period of several years to monitor the ingrowth of 
the cal i fornium daughter. The spectrum of the cal i fornium growing in to the 
hex 8kCl3 matched that of hex CfCl3 shown in F ig. 1. In the case of ortho 
BkCl3, the spectrum of ingrown cal i fornium matched that of ortho CfC.13 in 
Fig. l . In both cases the aged BkCl3 samples were also examined by X-ray 
powder d i f f r ac t i on to confirm that the structure of the ingrown CfCI3 was the 
same as that of the parent BkCl3. Thus, two invest igat ive methods have shown 
that both the oxidation state and the local structure (environment) of the Bk 
ions are retained by the Cf ions resul t ing from fi~ decay in the bulk-phase 
sol id state. This resu l t agrees with our ea r l i e r f indings on dimorphic 
BkBr 3 . 6 



In the earlier work on dimorphic CfClj, the temperature relationship of 
the two crystallographic modifications could not be determined.3 A report of 
similar dimorphism in GdCl3 concluded that ortho GdCIa is the low-temperaturf 
form with a transition {to hex GdCl.^) temperature of about 100°C,7 In con
trast, the results of our thermal annealing and quenching studies indicated 
that ortho BkCl3 and ortho CfC?3 are the high-temperature forms with phase 
transition temperatures close to their melting points, 603 and 545 SC, 
respectively. 

" Research sponsored by the! division of Chemical Sciences, U.S. Department 
of Energy under contract', DE-AS05-76ER04447 with The University of 
Tennessee (Knoxville) ani! w-7405-eng-26 with Union Carbide Corporation. 
Analytical Chemistry Division, Oak Ridge National Laboratory. 
Present address: Department of Chemistry, Tennessee Technological 
University, Cookeville, Tennessee 38501. 

1. J. R. Peterson and B. 8. Cunningham, 0. Inorg. Nucl. Chem. 30, 823 {1968). 
2. J. L. Green and B. B. Cunningham, Inorg. Nucl. Chem. Letters 3, 343 

(1967). 
3. J. H. Bjrns, J. R. Peterson, and R. D. Baybarz, J. Inoro. Nucl. Chem. 35, 

1171 (1973). 
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NEUTRON DIFFRACTION STUDY. OF PuK 

A. Boeuf and F. Rustichelli 
Commission of the European Communities J.R.C., Isprn, Italy 

and Institut Laue-Langevin Grenoble, France 

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

L. Manes and J. Rebizant 
Commission of the European Communities J R.C. 

Karlsruhe, Rep. Fed. Germany 

The 'i*u compounds have not been studied till now by neutron diffrac
tion cechniqi.'s due to their very high neutron absorption cross-section 
(about 1000 barns). The presence at I.L.L. Crenoble of a very high flux 
reactor and of very perfurmant powder neutron diffractometer equipped with 
multi-detector, gave a good opportunity to undertake the study of such 
material. 

PuN has been classified as a paramagnetic material becoming anti-
ferromagnetic at T " I3K due to the shape oi the magnetic susceptibility 
measurements. The aim of this r.xperitoent was to determine the neutron scat
tering length of 239pu for which only one measurement is available in the 
literature and to study the Magnetic ordering at low temperature. No magne
tic ordering has been fourth at 4K, the limit of the magnetic ordering which 
could be detected being Uord " 0*2 UB P e r P u atom. The neutron scattering 
length determination of 239pu gave a value slightly higher than the old 
value given in the literature. 



STUDY OF A STRUCTURAL PHASE TRANSITION ON A UHn, 
SINGLE CRYSTAL BY y-RAY DIFFRACTION 

A. Boeuf , J.H.. Foutnier", L. Mane* , F. Rustichelli 

Coorission af Che European Coaaunitiea J.R.C, Ispra (Italy) and 
Institut Laue-Langevin Grenoble (France) 

+ + "DRF/PHS CEN Grenoble (France) 
Commijsion of the European Communities 
J.R.G. Karlsruhe (Rep. Fed. Cennany) 

UHn-, is a Laves phase compound which crystallizes in the Cu^Mg type 
cubic system. Low temperature susceptibility measurements have suggested 
an antiferromagnetic transition around 240 K for this compound which is 
paramagnetic at room temperature. Successively no magnetic ordering was 
found at the transition but a structural distortion from cubic to a mono-
clinic cell was observed. This paper reports the results of a Y-ray diffrac
tion investigation of this transition. Rocking curves were obtained as a 
function of temperature through the transition for the reflections [220] and 
[111]. Both rocking curves become broader and broader as the temperature is 
reduced, implying a very marked pretransitional effect. 



MAGNETIC ANORl-tALY 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 10 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 
uranium monncarbide [1] and uranium mononitride [2] which show an elongation 
of the lattice parameter. We reported in a previous paper [3] t.'at a magnetic 
ordering (AFl-magnetic structure) of UN varied with fission fragment 
damage. Therefore, the magncVc structure should be also uistorted by an 
introduction of such defects. In the present study, we examined th. effscts 
on magnetic property of uranium monosulphide (US) which has the same crystal 
structure (NaCl-type) as UN, but having a ferromagnetic transition at a 
cryogenic temperature. 

Fig. 1 shows 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 100°C. No remarkable changes are otserved in both proper
ties below an irradiation dose of 10 fission/cm . After that dose, however, 
the lattice expands and 
the resistivity increases. 
In the same figure, we 
present the Curie temp
eratures (T ) of US irra
diated to » variety of 
fission dose. T were 
obtained from measurements 
of both magnetic suscepti
bility and electrical 
resistivity. It seems 
that a shift of T is 
followed to the lattice 
expansion. This behavior 
was quite similar to that 
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of UN, though this subst
ance was ahtiferromagnet 
and T„ (the Neel tempera
ture} shifted more widely 
[3], 

Typical examples of 
the measured susceptibi
lity (magnetization) of 
US with and without irra
diation are illustrated 
in Fig. 2. The original 
(non-irradiated) US 
showed a normal ferromag
netic behavior and the 
all magnetic parameters 
{c,^/ B, T c and 6 ) were 
in good agreement with 
literature data [4]. On 
the other hand, the irra
diated US revealed a big 
"cusp" before the magnetic 
transition. And the mag
netic parameters were all 
changed comparing with 
the original. Curious was 
a fact that the lowered 
magnetization of the irra
diated specimens at low 

lenoecature, 7/K 

2 Magnetization of US at 4 KG 

Fig.3 Res:, tivity (normalized) of US and 
the derivatives,,dp/dT, at near T 

i-;"ierature turned back to the original value (but not completely) by a furth
er irradiation. * ! 

Dependences of the electrical resistivity on temperature confirmed that 
shift of t obtained from the magnetic measurement, as shown in Fig. 3, in 
which we gave a drawing of derivatives of resistivity to temperature, djydT, 
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. Danan et al. [4] observed 
the big "cusp" in (U gTh -gJs, and the shift of T c to lower temperatures in 



(U Th. )S corresponded to the lattice expansion by diluting ferromagnetic US 
wit!' paramagnetic ThS. Many different models have been proposed to interpret 
that phenonenon. An "interconfiguration fluctuation model" proposed by the 
above authors could be probably applicable to our present results, considering 
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 Research Program 
of JAERI. Drs. S. Nesu and H. Vj'atanabe are greatfully acknow
ledged for the reactcr irradiations of US samples. We express 
our chant, s to Drs. C.H. ue Novion and J.Morillo (CEN, Fontenay-
aux-Roses), Drs. H. Blank, Hj. Matzke and L. Manes (EURATOM, 

^ Karlsruhe) and Dr. N. Achiwa (TU Hunchen) for their valuable 
disc <ssions. 

[1] H.Matsui, J.Nuct.Mater. 56, 161 ('.s/5J. 
[2] W.Dienst, Canadian Report, AECL-4375 (1973j and German Report, 

KfK-1215 (1973). 
[3] M.Tamaki, A.Ohnuki, H.Hatsui. G.Matsumoto and T.Cirihara, 

Physica 10ZB, 2W (1980). 
[4] J.Danan, C.H.de Hovion, Y.Guerin, F.A.Wedgwood and M.Kuznietz. 

J. de Phys. 37, 169 (1975). 



FISSION-INDUCED MAGNETIC BEHAVIOR 
IN URANIUM MONONITRIDE 
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Department of Nuclear Engineering 
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Uranium mononitride( UN } has the NaCl-type crystal structure and an 
antiferro- to para- magnetic transition at 51.6 t 0.5 K (1,2). Previously it 
was presented the variation of the magnetic ordering of neutron-irradiated UN 
by measuring the electrical resistivity! p ) in a cryogenic temperature. It 
was found that the transition temperature ( J.. ) shifted with increasing 
fission dose. For a radiation-damaged magnetic metal, the electrical 
resistivity! P t Q t a i ( T ) ) "is expressed as follows; 

"total < T> s *mo< T> + >md + 'd + D i + V T> ( 1 ) 

where each term is corresponding to the electrical 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 magnetic disordering in the 
fission-damaged UN. The characterization of the samples was already present
ed elsewhere(2). The measurement of magnetic susceptibility! X ) was done by 
an automatically computer-controlled Faraday torsion balance. All magnetic 
parameters were calculated and plotted out 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 one. It was found that T., shifted to 
lower temperature with increasing fission dose. However at 3.6 x 10 f/cm , 
T N 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). 

T?it magnetic susceptiMI ity( X t t , (T) ) for the fission-damaged anti-
ferromagnetism is expressed as follows; 

where each term indicates the contribution to the un-damaged antiferro-, 
damage-induced para- and Pauli para- magnetic part, respectively. Compared 
with the cryogenic electrical resistivity(Eq.(2) ), X a n t i f e r r Q ( T ) a n d X p a r a ( T j 
are corresponding to 0 (T) and ( P , + P . ), 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 X ( T ) originated in these fission-induced 
defects. Similarly the decreases of T N and N_ would come also from them and 
the induced compressive lattice strain. This is consistent with T,. shift 
in UN under high pressure(4). 



On tiie other hond, the magnetic behavior was treated theo re t i ca l l y w i th 
using the term of spin exchange in teract ion( J ). A f te r C.F. van Dooif l(5), 
we used the molecular f i e l d approximation; 

kTN = A{ - « 1 + 6J 2 } (3) 

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

-6.46 x (A/k) J-,' - T N (4) 

15.76 x (A/k) J 2' = T N ( 5 ) 

where J,' = JnKj-vta/>'2') and J„' = J R KKv( a)- Using these relations, the 
exchange interaction! J,' and J,' ) were calculated and shown in the table. 
They decreased with increasing fission doses. This means that the elongation 
of the lattice distance and the increase of the fission-induced defects weak<n 
the exchange interaction between the magnetic spins. 

In order to evaluate a perturb?*:•*on of the magnetic spin ordering in r/ie 
irradiated UN, a reduced magnetic susceptibility concerned to x,„*.-*•„„ AT) 

antirerro 
in Eq.(2) ( x(T)/x(T.,) ) were plotted to the reduced temperature(T/T.,) for 
the various fission doses. The reduced magnetic susceptibility of the 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 reflect 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; 

5 Z = *flJ2>/<J>2 (6) 

In the present case, 5 means the structural fluctuation which originates 
in the spatial distribution of the fission-induced defects( interstitials, 
vacancies and the clusters ). It was found experimentally that 6 became 
large with increasing fission doses. It is consistent with a relationship 
that the more rapidly the reduced magnetic susceptibility increases, the 
larger 6 is. 

In conclusion, the magnetic behavior of the irradiated 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 theoreticalTy(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 DOSE X 0 X 

1 „, 
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("instant 

\ 
Ji J2 

*'' • ^ l ^ n £ ' ' c ^ , 

^•ir]u5S -J 
(K) 
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'jne o* the rrost intriguing features of the_5f electrons in actimde 

^ys.er^ i their dynamical susceptibility >•.(*-,1)1" where energy i- j«noted 
by n. jnd nonentun transfer by (J. The static suscej/tibil it/, as neasu-eC by 
conventional magnetization experi-nents is the zerj frequency response at 
q-<~, so t*'dt the generalized suscepLibility may be thought of as the mag
netic response at a specific frequency and morentun transfer. Neutron 
scattering techniques permit measurement of the imaginary part of the sus
ceptibility response ."tn\.Q) from whid. the static susceptibility ,(Q) 
can be obtained directly usint, the Kramers-rCronig relation, in rost systens 
the frequency and monentura rar>te of *he neutron interaction is well matched 
'o that of the magnetic electrrns. The f\ jits will be dif-.usserf in terms 
of trie scattering law S(T\.,(5). Since neutron intensities and interactions 
are weal', large samples are required and this has so f&r confined measure
ments in uLtmide systens to u compounds. 

We report here measurements performed on polycrystalline samples of UAs 
using the time-of-flight neutron spectrometer IfW at the high-flux rtactor, 
Institut Laue-Lange«in, Grenoble, France. The incident neutron energy was 
BO 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 5f elec
trons exist in the latter, allowing 3 simple measurement of the phonon 
scattering, which is the same in both comjaunds. Typical spectra at two values 
of 0 are shown in the Figure. The strong central line is the elastic incoher
ent signal. To the right and left are neutron energy loss and gain spectra 
respectively. The apparent lack of symmetry is a 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 wfth two Lorentzians at 
low and high energy to represent 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 
UJ = 0. Of particular importance is that, except for a, reduction in intensity, 
the inelastic scattering in UAs has much the same shape at 80 and 150K. 

Uranium arsenide (NaCe. structure, a = 5.78 8; orders with the type-] 
antiferroroagnetic structure.1 The response function in the paramagnetic state, 
a Lorentzian of half width r/2 = 13 ± 1 meV (% 150ft) is similar to that found 
for other uranium and unstable moment systems.* ••* However a very similar, 
r/2 = 10 ; I meV, 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 energy. The inelastic 
magnetic scattering can be fit with a Lorentzian at ail temperatures, the 



ha'f width varying between 8 t ] meV at 5K to 15 ± 2 rae> at 250K. No sign of 
any crystal-field excitatiuns below 40 meV has been found at any temperature. 

Ue are also able to obtain a United amount of Q information. In general 
the magnetic scattering falls off with the usual magnetic form factor; how
ever, in the first Brillyuin zojie |Q| = |q|, where q is the reduced wave vec
tor measured from a zone, center, in this -ase the origin of Q-space. Our 
measurements show an increase in intensity for the magnetic scattering as Q 
varies from 0.8 to l.fi A"*. The zone boundary at (HO) has Q = 1.54 A*-1. This 
shows a tendency for antiferromagne^ic correlations at all temperatures, even 
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. 

-t$ 35""' 0 20 
TwImeV) 

Fig, caption Scattering law as a r "ion of energy for constant angle 
for UAs and ThAs. Plots on the right iy,'istic=9.2 A _ i ) are phonons only 
and show well resolved acoustic and optic branches. Solid lines are fits to 
data. Plots on the left (note ordinate scale change) show clearly the mag
netic (-•---) and phonon (- - -) contributions. 
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A NEUTRON DIFFRACTION STUDY OF THE MAGNETIC ORDERING IN NpAs, 
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38041 Grenoble Cedex - France 
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A. Wojakowski 

I n s t i t u t For Low Temperature and Structure Research 
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P.O. Box 937, 50-950 Wrotfaw 2 - Poland 

A neutron d i f f r ac t i on study of the magnetic ordering of Kpfts? on a small 
s ingle crysta l sample has been performed. NpAsg orders at TN = 54 K. In the 
temperature range 18 K < T < TH the magnetic ordering consists of a pure sine 
wave modulation propagating along a <100> d i rec t ion o f the tetragonal un i t ce l l 
o f the CuSb2~type s t ruc tu re . Over th i s temperature range the wave vector 
remains constant wi th a value E = <0.14, 0, 0> in reduced un i t . The moment 
d i rec t ion is para l le l to the tetragonal c-axis and the two neptunium Bravais 
la t t i ces are coupled ferromagnetical^y At T = 18 K a f i r s t order t r ans i t i on 
occurs towards a ferromagnetic s ta te . The magnetic moments remain aligned 
along the c-axis and have at low temperature a magnitude of 1.45 t o . l U B . 
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INVESTIGATION OF THE MAGNETIC PHASE DIAGRAM OF UAs BY MAGNETIZATION 
AND NEUTRON DIFFRACTION EXPERIMENTS 

.". Burlet, S. Quezel, J. Rossat-Mignod 
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Centre d'Etudes Nucleaires, 85 X 
38041 Grenoble Cedex - France 
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H. Bartholin 

University de Toulon, 83130 La Garde - France 
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38042 Grenoble Cedex - France 

The magnetic phase diagram of UAs has been investigated on single cr>sta1 
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 k.Oe parallel 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 vector k parallel to <"100> 
axis and associated Fourier Components m^ parallel to ~fc. 

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

1) A high temperature region above about Ty/2, in which the magnetic ordering 
is col linear. This is unambiguously established because a magnetic field 
applieJ along a <110> direction induces a single domain state. Up to 200 kOe 
the magnetic structure remains an antiferromagnetic type I (U = <100^) sta
cking of ferromagnetic (001) plans accordingly to the sequence +-+-, except 
in high fiold near T« and TM/2 where ferrimagnetic structures are observed 
(k = [00=] ++- sequence of (001) ferromagnetic planes). 

2) A low temperature region below TN/2 where the magnetic ordering corresponds 
to a 2k-structure i.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 it. well defined ratio. The 
magnetic structure is antiferromagnetic with K =<V200>,in field lower than 
about 70 kOe and it is ferrimagpetic in higher field. In that case the ordering 
is described by a propagation vector It̂  perpendicular to^the field direction 
which keeps the value one half and a propagation vector ]L. which takes the 
successive value k = 4/7, 5/8, 2/3 at low temperature (TV 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 competition between anisotropic 
exchange interactions which lock the k-vector along «100> directions and one 
ion anisotropy which favours *11G> or <111> moment directions. 

Moreover 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 variation drive the 
transition. 
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•(d)-f MODE, AID MAGIBTISM 
OF IARROW-BAID CRYSTALS 

B.V.Karpenko 
Laboratory of Magnetic Semiconductors 

Institute of Metal Physics 
Ural Science Research Centre 
The USSR Academy of Sciences 

620219 Sverdlovsk,USSR 
The problem of the indirect exchange Interaction of thei 

localized spin S via conduction electrons in a crystal dee -
crlbed by the o(d)-f Hamiltonian, involving the interelectron 
Interaction in the Hubbard approximation, ia considered. In 
the caae of strong intratomic interactions ( with the parame
ters of a-f interaction I and a-e Interaction 0), analysis of 
the high temperature susceptibility expansion and of the effec 
tlve Hamiltonian makes it possible to obtain expressions for 
the paramagnetic extrapolation temperature T and effective 
parauagnetlc moment »_-* for an arbitrary conduction current 
concentration 04x( 1 as well as expreaaions for the ordering 
temperature T N, the effective apin moment S f t„ and the exchan
ge Heisenberg parameter J(m-n) in the caae of x=1.All these 
expressions are consolidated in the table for both signs of I. 
The following notations are used: K 1B the Boltzmann cons -
tant, g the Land* factor, E__ the transfer integral between 
sites m and n , W : the ̂ "^ band width, r the structure 
factor equal to 1/24* 1/32, 1/64 for an sc, bcc and fee latti
ce respectively. The negative sign of J(m-n) and T reveala 
the antiferromagnetic nature of the effective coupling.The 
spin S dependence of the T„ and T temperatures ia unusual. 

The spectrum of the states with high multiplicity at infi -
nite 1 (double-exchange approximation) in the limiting cases 
of the electron (N »1j and one hole in the half-filled band 
(H.-1) 1B investigated^ For the maximum crystal spin S and 
for SL^-1 the enrgy ie the aame: Bt (B is the transfer Integra] 
between the nearest neighbours, q the quasimomentum, t the 
usual electron band energy in the B unitB) at K * 1,4 -Bt 
at Î -l for the positive I and 2SBtq/(25+l) at Mft=1, 
-2SBt /(2S+1) at 1̂ -1 for the negative I. 

The crystal wave function has the form 

n nm 
where F is the state with a spin, deviation on the site n 
with an electron (hole) on it, F ^ ia the state with a spin 
deviation on the site n and with an elctron (hole) on the 



Exproasions for the effectiv spin moment, the effective exchange Integral, the ordering 
temperature, the paramagneti temperature and the effective paramagnetic moment. 

°*« 

I>0 S+1/2 

J(m-n) 

(2S*3)r»T 

(2S+1)Z<n+2SI) 3K(2S+1)<W-23I> 

2S * 3 

3K(S(St1)+x(S+V4)) 

x 2 (2S+3) + 

4(U+2SI) 

J C ( 1 - X ) S ( S + 1 ) , 

(- g(S(S+1)+x(S+?4»' 0/2 

2S-1 

(2S-1 ) # 
3K(S(S+1)-x(S+V4)) 

<T 
X*(2S-1) 

KO S-1/2 " ( 2 S + 1 ) 2 ( U - 2 ( S + 1 ) I ) 3K(2S+1)(T-(2S+1)I) 4(U-2CS+1)I) 
X ( 1 - J C ) S ( S + 1 ) 

C2S+1) 2I 
j r i r 

g (S(s+ i ) - i ( D +y4)5 ̂ /2 



site m. For the sc lattice at He»1 and positive I, B -̂1 and 
negative I, for example, one has 

V a(k,q>e- i l a i<A0<tk - t ^ e 1 * ^ - V a / V V b

2 + 

where a(k,q) = v ~ 1 b 2 ( V o ( t k » t q ) + b | )" 1 ; 
1-n -n -n T lt„X/2 

2A = i x y z J e 1 j (J) j (I) j (I) dl ; 
o x y z 

tfc * cos k + cos k + cos k , J_(I) is the Beasel func
tion of the order of m, v the dimenslonless volume of the 
Brillouin zone; 
b 1 » 1/(2S+1), b 2 » (2S/2S+1)1''2 for Ne=1 and 
'i, = 1/2S, b 2 » (2S-1)1/2(2S)"1/2 for 1̂ =-1. 

The solutions for N =1 at negative I and for 1̂ =1 at 
positive I have a more complicated fcz-m. The states with 
k»q correspond to S m B . and the states with k/q to Sm_ -1. 

max iniut 
The Btates of S -1 with the given q hav* an infinite de
generacy. The ferromagnetic states have no energy preferen
ce as compared with the spin wave states. 



NpAs2 : MAGNETIC FORM FACTOR OF Np AND TENTATIVE CRYSTAL FIELD MODEL 

A. DELAPALME 
Laboruto i re Leon B r i l l o u i n 

L'Orme des Mer i s i e r3 
BP n*2, Gi£ sur Yvecce (France) 
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J . P . CHARVILLAT, D. DAMIEN, A. WOJAKOHSKI*"1 
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CEN-FONTENAY AUK ROSES 

S ing le c r y s t a l growth of Cl\e neptunium compound NpAs has been achieved 
at CEN-FAR. 

A quan t i t y of small c r y s t a l s has heen used to tnt»ke new s u s c e p t i b i l i t y 
measurements on t r u l y s i n g l e phase samples . Then, the b i g g e s t c r y s t a l s (with 

3 
volumes not l a rger than 0.2EHTO ) have been uaed in po la r i zed n e t ; r o n d i f f r a c 
t ion experiments to measure the magnetic form f a c t o r of t»*i sp i o n s . 

NpAs2 i s t e t ragona l* anti-Fe»As type ( 1 1 . The r r r i n e d c r y s t a l l o g r a p h i c 
parameters a t helium temperature arc found as ; a = 3.930 (5) A, c •= 8.137 C5J 
A, z (Np) » 0.281 ( 3 ) , z (As) = 0,639 ( 3 1 . This corresponds to a r a t i o - = 

c

 a 

2.07 versus the room temperature vaLue given by [ 1 ] : — =•> 2 .046. 
NpAs. i s ferromagnetic a t 4 .2 K with a very s t rong r . g n e t i c an i so t ropy . 

In the (001) plane and under a 4 .6 T app l ied magnetic f i e l d , the s u s c e p t i b i 
l i t y i s constant and weak : xi & 5.10 emn/g. Along the easy d i r e c t i o n 
(c a x i s ) , the magnetic moment i s c lose t o 1.46 u„ . 

In absence of magnetic f i e l d H, the Curie temperature T i s about 18 >; 
12, 3 J- Under H * 0 .3 T, T was reported a t about 22 K U ) . The p resen t expe
riments prove tha t T i s s h i f t e d up when H I n c r e a s e s . Under H * 4 . 6 T and up 
co 31.5 K, che s a t u r a t i o n magnet izat ion H versus temperature T v a r i a t i o n t a l 
lows a l i n e a r law M * M (1 - 0.0012 T ) . 

In the ferromagnetic reg ion , 58 r e f l ex ions u n t i l — r — •* Q.67 A f i t 
well a Np * form f a c t o r . The bes t value of »(Hp) tp i n t e r p r e t the d a t a , a c 
count taken of our previous i n v e s t i g a t i o n on NpO_ (5) i s i 
+ u n i v e c s i t e S c i e n t i f i q u e e t Wedicale de Grenoble 
*"*On leaue of absence from I n s t i t u t e fo r Low Temperature and S t r u c t u r e Research 

Pol ish Academy of Sc iences , WROCLAW (Poland) 



b<Np) * 1.015 (15) x }0~1Z cm 

A point charge model (PCM) approach based on the valencies Np , As 
doesn't explain the magnetic data satisfactorily. The ground state wave 
function is a\±^> + 6|±=» + Y| 3* ^ n t h e RUBBel~Saunders I-,- multiplet). 
As this'state is found very rich ir |±s», the! ordered moment is far too 
high (= 3.2u ). The results are only slightly! improved when the charges on 
one of the As layers are lowered to take into1 account experimental stereoche
mical observations. 

A crystal field analysis has then made for the isostructural (with very 
close lattice paramater values) LI As.. Here, a good set of eigenfunctions is 
easily found for the low lying energy levels,{ providing fair agreement vith 
all experimental data (magnetic moments, magnetic entropy,...). Going back 
to the crystal field potential, this process leads to some changes in the 
parameters without any change in their signB with respect to PCM. The main 
features are all terms negative except the tetragonal sixth order one, axial 
sixth order term negligible. The axial fourth order term is dominating and 
tetragonal terms are important which was not observed in the PCM. 

Applying this potential to NpAs. gives now very satisfactory results. 
In the ground state, a # 0.7, 8 # 0.6, Y if 0.3, a and y have opposite 
signs. The resulting ordered moment directed along the easy axis is now 
close to 1.5JJR. And the perpendicular component is nearly 0 as it is given 
by the expression : 

g(2.S62 + 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. 
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MAGNETIC AND ELECTRICAL PROPERTIES OF THE NEPTUNIUM BINARY 
COMPOUNDS NpSb 2, NpTe,,_x 
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Magnetic susceptibility, electrical resistivity and Mossbauer effect 
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 wore thought to be trivalent (1,2) contrarily to NpAs. 
where they are now shown to be tctravalent (3,4). 

NpSh„ is orthorhombic, LaSb.-type. It orders ferromagnetically below 
T * 45 K with an ordered moment deduced from magnetization measurements as 
l.3y„ and from Mossbauer data as 1.9u . The paramagnetic moment (u - 2.87u ) 
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
mum centered at T and a room-temperature value of 0.0264n/cm. 

NpTe- and NpTe, a are tetragonal, anti Fe„As type (like NpAs,) with 
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 moments above 200 K are 3.04 and 2.88^ respectively, still 
in fair agreement with the Russell-Saunders (RS) value of 2.6SuR for a I 
term (5f configuration). Mossbauer isomer shift (measured only en NpTe_) is 
in accordance with the 3+ valency. Room temperature resistivity values are 
higher than in NpSb- by three orders of magnitude. When the temperature is 
decreased, the resistivity does not change much in N'pTe- but displays a ten
dency towards semi-conducting behaviour in NpTe, „. 

For all three compounds, the inverse susceptibility versus temperature 
curves are curvilinear below about 100 K. The concavity towards the T axis 
is especially important in NpTe „. This behaviour and the low value of the 
ordered moment observed in NpSb- as compared to the theoretical RS free ion 
value : 2,4QuB, are analysed successively in a crystal field model and by 
derealization effects of the Sf electrons. 



A d e t a i l e d comparison of the observed da ta i s made with the cor respon-

ding da ta measured on the Np ions in NpAs ( 5 ) . 
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FIRST ORDER MAGNETIC PHASE TRANSITION IN THE TETRAGONAL K.NpO. 
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Among the magnetic compounds of the 5f transition metal ions only very 
feu show a first order magnetic phase transition. Several Np intermetallic 
compounds were reported to have a first order magnetic transition. NpPd,, 
NpCu.,Si and NpS are the only Np intemsetalltc compounds known to show 
distinct first order transition at low temperatures»iJ. Though much research 
is devoted to -he subject of magnetic phase transition, the reasons deter
mining in which compound, a first order magnetic phase transition will be 
seen, are not clear. 

The first order phase transition in ch«j intermetalltc compounds of Np 
could be explained In terms of the Blume's microscopic mechanism^) assuming 
a non-Kramers Hp ion ground states (NpIII and NpV). 

We report here for the first time a Up nonmetallic oxide bonded compound, 
lp v l0 which is a Kramers Ion (5f !, 

first order magnetic phase transition. 

The tip Kossbauer studies of the 59.6 Kev. transition show a quadrupole 
riplitced absorption spectrum (eq f f Q • 5B MHz) with isomer :shift of 
- 57 tl) ma/s above the ordering temperature T , When, decreasing the 
temperature a sudden onset of magnetic ordering Is nbaerved ac T ™ 19.5 (5)K 
where at T~ ± 0.3 K coexistence of the ordered and paramagnetic states is 
recognized. Delow I9K a saturated magnet*; hyperfine sjiectra with 
Z u H f f ° 1.09 MOe hyperfine constant, is'observed. Net'isomttr shift change 
Ijelow To Is detected. The ordered magnetic moment ta thus predicted to be 
v . • 0.6 M B. The susceptibility curves of the K-NpO, a D O V f l' T o w h e r e 

analyzed in terms of Curie-Weiss iau yielding an effective moment 
u , • 1.37 M„ and 6 - - 150 K. Below T n a ferromagnetic behaviour was 
ef f B u 

observed. No sharp transition or anomaly is observed at TQ,which is common 
for ferromagnetic transition. 

The present results are discussed in terms of possible cooperative 
Jahn-Teller deformation in association of magnetic ordering similar to UO. (3) 
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MAGNETIC SUSCEPTIBILITY OF BERKELIUH COMPOUNDS AND METAL5 
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Magnetic susceptibility measurements have been made on multi-microgram 
quantities of the compounds BkF], BkF^ Bk02 an<i BkN in the temperature range 
4.2K to 300K and in magnetic fields up to 1600G. All but the BkN exhibited a 
Curie-Weiss behavior for the susceptibility over the entire temperature range, 
i.e., x s N neff2/3k (T+e). A plot of I/x versus T at 1600G for the BfcF3 
sampie is shown in Fi-jure 1. This illustrates the linear behavior given by 
the Curie-Weiss law. A plot of [o(T)/o{T+0)]z versus T for one of the BkN 
samples, where o is the specific magnetization, is shown in Figure 2. Both 
samples exhibit a transition to an ordered state at a Tc of 87.7K as deter
mined by a straight-line fit to the' linear region. It is not possible to 
determine if the transition is ferromagnetic or ferrimagnetic from these 
measurements since the ordered moment is only .29 UE- Close agreement between 
the ordered moment and jieff 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 Bass (ug) Theoret ica l 3 Exp." 0(K) •M S C f c 

" e f f '' l"B> " e f f ' " B 1 or T„ 

BkNJl 14.2 9.72 7.79 -66.4 87.7 5.6 
BMW? 59.? 9.72 7.S? -42.4 87.7 3.9 
BkF3 143.5 9.72 9.38 77.9 - 3 
BkF, 44.2 7.94 7.80 -8.0 - 2 
Bk02 56.6 7.94 7.92 250 - 3 
Bk metal 338.7 9 . r 9.67 183 22 2 

Based on a 3+ or 4+ ionic core with a high temperature moment given as ex
plained in the text. 
Corrected for Cf daughter content due to decay assuming u f f = 10.6 u B and 
additive susceptibilities. 

cCf daughter content at time of measurement. 

The four compounds were prepared from freshly purified Z 4 9Bk chloride 
solutions. The BkF3 material (trigonal, L3F3 type) was obtained by carefully 
drying an aqueous fluoride precipitate at 200°C. The BkFa (monoclinic, UF4-
type) was prepared by extensive treatment of the above Bkrg with Fg at 300-
4Q0°C. The Bk02 (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 Bkfy 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-S coupling. The high degree of ionicity 
indicated by the data is to be expected due to the large electronegativity of 



the anions. However, the measured moment of the BfcN with U s less electro
negative nitride anion would indicate a valence of +4 for the Bk Ion in this 
picture. Obviously, the nitride is a 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 pnictides of the 
heavy actinides* is to investigate the nature of the magnetic coupling of the 
f local moments. The actinide-monopm'ctides (N, P, As, Sb, and Bi) form a 
series of binary compounds with fee (NaCl-type) structure2 in which the An-An 
spacing increases with the heavier nni-togen. They thus provide a series to 
probe the range and sign 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 superexchange due to overlap 
of the anion-cation wave functions.3 In the RKKY picture there is a conduc
tion-electron polarization effect4 which would tend to lower the effect*«e 
local moment if coupled antiferrnmagnetically to it, but this effect is 
thought to be too small to account for a 1,9 U B decrease over the expected 
3+ moment. Host likely the superexchange (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. 

100 200 300 
T(K) 

US 
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MAGNETIC BEHAVIOUR OF THE U, Tfi P SYS1EM 
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UP and ThP have the NaCl type s t ruc tun . UP is an antiferromagnet of 
type I ordering below T = 125 K. Magnetic and other invest igat ions o f UP i n 
dicated a very sharp t r ans i t i on at 23 K ( fo r references s e e 1 } , where the o r 
dered moment changes from 1.7 to 1,9 u on going from higher temperatures. 

ThP was reported to be a highly non-stoichiometric compound, but recently 
our neut ron-d i f f rac t ion examination 5 has shown that the composition o f th i s 
compound is close to s to ich iometry 2 . ThP shows a weak, temperature-indepen
dent paramagnetism (\ = 0.24 x 1 0 " s ) 3 . 

The magnetic properties of the so l id solut ions UP-ThP were invest igated 
previously by Chechernikov et a l . 1 * and Adachi e t a l . 5 . The former (measure
ments between 80-700 K) and the l a t t e r (4 .2 -300 K) authors indicated para-
magnitir propert ies above x = 0.5 and 0.45 , respect ively. 

I t i s the aim of th i s work to ve r i f y the resul ts obtained by both groups 
of authors c i ted 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 t h e i r monophosphides, a possible change in the e lectronic st ructure may be 
expected when one subst i tutes uranium for thorium in th i s so l id so lu t ion . 

The UP - ThP samples were prepared by s in te r ing the mixtures of UP and 
ThP powders in desired composition between 0 . U x f 0.9 at 1900°C in vacuum. 
X-ray examination showed that i n order to get the proper values of the l a t t i c e 
constants (Vegards law) the s in ter ing had to be repeated two or three times 
at 1900°", each instance las*~ H at least one hour. Magnetic measurements at 
temperatures 4 .2 -300 K at wfc„ (6 kGs) and in strong magnetic f i e l ds (up to 
140 kGs) were carr ied out by the Faraday and moving-sample methods, respec t i 
ve ly . The n i -u t ron-d i f f ract ion experiment was made in Swierk, on the reactor 
Eva. 

The magnetic studies show that f o r low thorium concentration (x = 0.1) 
two ef fects compared to pure UP were observed. F i r s t , the appearance a small 
suscep t ib i l i t y peak a t the temperature j u s t above the moment jump t r a n s i t i o n , 
and second, a large broadening of the suscep t ib i l i t y peak a t the temperatures 
close to T „ , but wi th a d i s t i n c t mark at 120 K. The samples wi th higher tho
rium concentrations (0.15 u < 0.3CX show t iw tendency of developing a new low 
temperature suscep t ib i l i t y maximum at about 20 K, of disappearing tne moment-
-jump t r a n s i t i o n , of forming a d i s t i n c t suscep t ib i l i t y peak a t 40 K and of 
sh i f t i ng T K to lower temperatures. For the 0.40 sample close ly ing (at 25 
and 40 K) suscep t ib i l i t y maxima which s h i f t to lower temperatures wi th a 
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s l i gh t increase o f the composition to x = 0 . 4 2 , are observed. However, the 
most s t r i k i n g feature i s the fac t t f iat s ta r t i ng from x = 0.5 and ending at 
x = 0.8 one strong suscep t i b i l i t y peak s t i l l e x i s t s , def in ing Tnax • F ° r 
x = 0.6 the suscep t ib i l i t y at T ^ ^ achieves a f a i r l y high value of 
92 x tO~ 6 emu/g per so l i d so lu t i on ; I t should be noted that f o r a l l the cases 
the magnetic suscep t ib i l i t y was always independent o f the magnetic f i e l d . 

The x = 0.3 sample magnetized to 140 kGs shows a t r ans i t i on to the meta-
magnetic state with large Msterez is and small remanent magnetization. The 
samples wi th a higher thorium content show a l inear dependence of the magne
t i z a t i o n in the whole magnetic f i e l d range studied. 

Neutron d i f f r a c t i o n studies of three samples: x = 0.15 , 0.23 and 0.43 
indicate the ordered state at low temperatures. The f i r s t two samples exh ib i t 
the coexistence of two magnetic phases^ ! 4.2 K, namely AF I and AF IA 
(simple and doubled along one d i rec t ion magnetic un i t ce l l i n comparison to 
;« chemical one). At 50 K the x = 0.15 sample shows only one phase AF I , wi th 
the ordered momerit being 2.02 y B , which f a l l s to 1.8 u B at 80 K. The samples 
with x = 0.23 av 88 K and x = 0.42 a t 4.2 K exh ib i t only the "ferromagnetic" 
cont r ibut ion to tne nuclear peaks wi th a rather high value o f the ordered mo
ment being 2.5 un in both cases. This point must be cleared up by fu r ther 
studies because the magnetic measurements give no evidence of ferromagnetism 
in these samples. I t should also be noted that i n order to f i t the room tempe
rature neut ron-d i f f rac t ion patterns f o r the x = 0.15 , 0.23 and 0.42 samples 
i t was necessary to assume some phosphorus d e f i c i t , being 0.97 , 0.94 and 
0 .93 , respect ively. 

The obtained resul ts are quite d i f f e ren t from the resul ts reported pre
v i o u s l y " * 5 . Now i t i s c lear that the authors of the previous works did not 
obtain rea l l y so l id so lut ions. Adachi e t a l . 5 did not give the l a t t i c e con
stants o f UP-ThP fo r t he i r so l i d solut ions at a l l , while Chechernikow et a M 
presented the l a t t i c e constant versus composition curve showing in contrast 
to our work a large deviat ion from Vegard's law up to 50 % mol. ThP. 

F i na l l y , i t should be mentioned here that the magnetic behaviour of the 
UP-ThP system maybe is s imi lar to that o f UAs - T ' lAs, 6 * 7 where at temperatu
res close to T„ there i s a t rans i t i on in to a modulated magnetic s t ruc tu re , 
and i t d i f f e r s from that of USb - ThSb sys' _ -*m 8 fo r which the ferromagnetic 
propert ies have been detected at the composition of 20 % mol. ThSb . 

The summary o f a l l of these resu l ts is shown in the Figure in the form 
o f the tenta t ive magnetic phase diagram of the UP-ThP system. 
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2 . J . Leciejewicz and R. Tro t , J . Nucl. Mat. ( in press). 
3.- H. Adachi and S. Jmoto, Techn. Report of the Osaka Univ. 23, 425 (1973). 
4 . V. I . Chechernikov et a l . JETP (Sov. Phys.) 28, 81 {1969JT 
5. H. Adachi, S. Imoto, and T. Kuki, Phys. LetteFs 44A, 491 (1973). 
6 . 0. Vogt and H. Bar tho l in , J . Magn. Haon. Hat. 15-TJ7 531 (1980). 
7. P. Fisher, J . Schefer, and 0. Vogt, Physica 102B7T92 (1980). 
8 . B. R. Cooper, 0. Vogt, and R. Siemann, J . Magn. Magn. Hat. 

15-18, 1249 (1980). 
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Figure. Tentatfvt magnetic phase diagram of the UP - ThP system. 
Full circles represent magnetic and open ones neutron-
-diffraction results. 
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The unusual and anisotropic mainetic properties of uranium and cerium 
monopnictides of Ha Cl-structure ere attributed to very anisotropic exchange 
interaction mechanism via the conduction electrons (1,2). Consequently, sub
st i tut ion of uranium atom in UAs by non-magnetic thorium which has a diffe
rent valency may lead to crucial changes in the exchange forces, in supplement 
of the normal expected exchange decrease, as supported by the experiments per
formed on u \ J n i - As compounds up to x >f 0.7 (3-5 i. For low concentration of 
thorium, three antiferromasnetic phases are observed, in increasing tempera
ture : type IA, I and Modulated phase respectively. As x decreases, the 
phase I disappears f i r s t for x = 0.9, then the phase rA for x ~ 0.7. 

In this paper, the magnetic properties of U Th AS D r e r G p 0 r t ec l for ma
gnetic field applied along a <001> direction. Fig.l and 2 show respectively 
the magnetization curves in high field at 4.2 K for three different values of 
x and the thermal variation fo magnetization for x = 0,7 at 9.5 Tcila and for 
x ** 0.4 at 8 Tesla. The long range antife* umagnctic order II observed for 

H [TcalaT T [KJ 
1 2 
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x % 0.7 (5) disappears with x decreasing and the exchange forces seems to tend 
towards a ferromagnetic nature as let to suppose Fig. 1 and 2, However, neu
tron diffraction experiments are needed to confirm this analysis. Similar 
behavior has been observed by Cooper et al. for NTh, Sb (6,?)-

Fig. 3 shows the thermal variation o* the , 
magnetization of U Q g T h 0 jAs, with increasing 
temperature at 5.09 Tesla, for two different 
pressures (a : 1 bar ; b : 5810 bar). An abrupt 
increase of the susceptibility is observed at 
the transition temperature T.(3A -• H) equal to 
81.5 K. The modulated antiferromagnetic phase 
H vanishes at T„ = 108 K. X. decreases linearly 
with pressure at the rate of 0.6 Q K.kbar as for 
the !A -• J transition in UAs (8). The pressure 
variation of T„ is smaller and consequently, the 
eff*-*t of pressure consists to an increase of the 
II modulated phase region at the expense of the IA ° 
phase. Another effect of pressure is the increase 
of the susceptibility value of the phase M, this 
variation is not linear as for example at T = 90 K (Fig. 4} 

T [ » 0 

This result is 

P£kbar] 

I1 " Tl i As 
0.9 O.t 

/Ki <OOI> 

( \ E 

fSJ N^* 
0.1 / \ 

VJ ^-^_ ana 
TlH\ 

confirmee 'n low field as shown by the thermal variation of raagnetination at 
3.1 Tesla (Fig. 5) for two pressures (a : 1 bar ; u : 5560 bar). The saturation 
of the magnetic susceptibili'v *+h pressure let to suppose this cffetL might 
be due to domain arrangement, howeve. other kind of cxperinents are needed to 
discuss in more details t/jis last result. 
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NEW EXPERIMENTAL EVIDENCE ON THE 25 K TRANSITION IN N p 0 2 + x 
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The behaviour of NpOg at low temperatures has been extensively studied 
but, till now, no satisfactory explanation has been given to the problem of the 
transition detected in specific heat and magnetic susceptibility measurements 
at 25 K. In the following, new evidence is presented and discussed. 

a) The existence of the transition has been confirmedby 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 Np02 single crystal are unable to detect magn
etic ordering, the limit of detectablfity having being lowered to 
« o r d < 0 - 1 w B Pf NP a t o m (2). 

b) Recent Mbssbauer experiments (3) on Np02+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 FQ quartet of Np +*. 

c) 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 distortion were Investigated, but no distor
tion was detected greater than a = 0.01 A for the oxygen displacement. This 
value is however just 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 Np x Ui- X 02 solid solutions (5) seem 
to confirm this model. 

d) The particular dependence of the spin relaxation phenomena on the oxygen 
excess x in Np02+x preserved in (3) may be understood in terms of the varia
tion of the crystal field wnen clusters of oxygen interstitials are formed 
in agreement with a thermodynamic treatment of grossly stoichiometric 
oxides \ w . 
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MOSSBAUER AND MAGNETIZATION STUDIES OF u"]- xNp x0 2 FLUORITE SOLID SOLUTION 
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The magnetic structure and the nature of the transition Of the actinide 
dioxides UO^ and ffpOj have been recently subjected to extensive and theoreti
cal studies 1 to 7. U0£ is known to order antiferromagnetically (T;j - 3C.8 KJ 
by a fir«t order magnetic phase transition while Np02 does not order down to 
t,2 K. We have performed Mossbauer and magnetization studies on the fluonte 
U|. xMp x02 (0.15- *• 0.75) SDIid solution (SS). We report the negative 
experimental observation of the Jahn-Teller effect predicted by Soit and 
Erdos.5.6 ; possible explanation of this result is given. 

Some cf the U|_xfJpx02 Mossbauer spectra (59.54 keV transition of 237fjp; 
temperatures are displayed in figure 1. Above the ordering tenpera-
ngle absorption line of full width at half maximum (FWhM) 
nn/s is observed ; below To typica1 relaxation magnetic spectra 

.r\y recognizee. The ^ossbauer isomer shifts in all the present SS 

24" 

15.3" 

•u -H .» i .» -n -u 

Fig. 1 



X*0.75 

\fr\ £5) 
Fig. 2 Fig. 3 

ed9 
All 

above T 0 are identical to Hp02 pointing that the Np ion is 1n a 4+ (4Ig/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 hyperfine field ; for this reason we have used the 
general theory of Gabriel1* with the additional assumption that thn FWHM r of 
each absorption line 1s given by 

T • r 0 + T L [nfe,flio} + fR 
To is the FWHM for pure NpOg at 77 K {3 nrc/s), YL was previously descr'.: 
and TR represents the magnetic field distribution broadening below T 0. . 
the Mossbauer absorption spectra could be fitted with this procedure. 
Figure 2 shows the evolution versus T frr hyperfine field H eff (a) ard 
r 0 + r R (b). 

Susceptibility measurements were performed with •, conventional Faraday 
electrobalance in the temperature range 4.2 to 300 K, Above 50 K, all the 
Ui- xNp x02 SS follow a simple Curie-Weiss law (figure 3) ; when T decreases 
we observe an ordered range (between 0 and In). For U(j,85^0.1502 a clear 

transition appears -TN = 27(2) K-
very similar to the U02 compound 
(figure 4). 

Experimental and theoretical 
parameters deduced from our measure
ments are summarized 1n the taMe ; 
they lead us to the following 
conclusions : 

, all the present L'|.xNPx°2 order 
magnetically at low temperatures, 
where U site orders at higher tempe
ratures than the Np site (TN Z> To) ; 

. a constant decrease in TN and 
T 0 as x increases 1s shown ; 

. the Brillouin behaviour of H eff 
argue for a dominant exchange 
mechanism below To ; Fig. 4 



x 0(U02) 0.1S 0.25 0.75 l(Np02) 
H c f f(0) (kOe) 1000(40) 1120(40) 1210(50) 

Kossbauer ^ ( O K ) 18.8(2) 15.3(2) 9.2(3) 
e " e C t »ord/ N° (v>B) (1.8)'° 0.5(1) 0.6(1) 0.65(9) -.0.01* 

T N (°K) 30.8 1 0 27(2) 23(5) 8(2) 25 ? 
Susceptibility uef, (u B) 3.6(?; 2.95(8) 3.43(6) 3.0(1) 2.95 3 

9 C CK) -244(16) -180(12) -180(12) -132(20) -223 

. above TR, Np ion in the SS stays Np* + ( I9/2) w' t n a degenerated r$[2) 
ground quartet independent of the U neighbours ; 

. below TN, the ground quartet may split as a result of the crystalline 
field originated by the oxygen deformation. Between Tfj and T 0 l this splitting 
is not observed by the Kossbauer technique perhaps because of the fast relaxa
tion times. Below T 0, the magnetic field will additionally split the 1*8 quartet and a change in correlation times would explain the observed relaxa
tion Mossbauer spectra. 

Present measurements are not sufficient to conclude. Neutron diffraction 
and ir-ray diffraction experiments will have to be performed to investigate 
lattice distorsions coupled with magnetic tradition. 
+ Present address : NRCti, B.P. 9001, 84190 Beer-Sheva, Israel. 
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MOSSBAUER EFFECT STUDiEs OF 
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and 
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v*-ossbauer ef fect studies on *lp Pu, (0.3<x$l) dihydrides havina the 
CaF7-type structure have been oerformeflwithin the temperature range 4.2-
77KT 

The dihydrHr*s i/ere preoared by the d i rec t reaction between hydrogen 
and the arc melted al loys of f I P x

P u l _ x - T l i e hvdrooen compositions wen 
adjusted to ranne wi th in the riqht-hand side of the plateau regions of 
the corresponding pressure-composition isotherms. A l l the measured samples 
consisted thus of a mixture of the nonstoichiometnc dihydride in e q u i l i 
brium with the saturated so l id solut ion o f hydroqen in the metal l ic a l loy . 

^11 the observed 'hssbauer absorotion spectra of the 59.6 keV qamma 
rays o f 237r)0 consisted of the suoeroosit ion of a broad s innle l ine at 
25t i pm/sec corresponding to the di hydride1* fend a complex s p l i t s t ructure 
tvoical to *lo n e t a r - ' . The FNHM of the di hydride l i ne is weakly tempe
rature dependent ranqinq between 6 to 4 mm/sec in the temnerature range 
4.2-77K. 'lo influence of the nlutoniun concentration ( i . e . l -x) e i ther on 
the isomer sh i f t s or on the l i ne widths '•is Ven observed for the d ihvHr i -
!es l ines of the various invest igated a l loys . 

Recently, Aldrcc* et a l / ' carr ied out maqnetic suscep t ib i l i t y measure-
rents on the dihytr ides o f plutonium and nentuniun. Thev obtain"d an t i f e r ro -
tiacnetic orderinq i r Pull- at about 31K while no orderinq has been observed 
in 'ipR, -iown to 4".. The naqnetic behavior of NoM-, has heen interpreted by 
these "authors in terms of crysta l f i*»H s o l i t t i n o rr»«su1 t ina in a r-t doublet 
nround s ta te . 

The ain of the oresent study was to check wether a oa r t i a l subst i tu t ion 
of the 'lo atons bv P'j atoms in the dihvdnde w i l l y ie ld a naqnetical ly or-
d°reH compound. In a naqnet ical lv ordered ' tp x Puj. x ' -b one would expected 
that th*» ?3 nrouori s f t e doublet of - ,o W M I H V sol i * , hy the " 'noe t ic t ' i pH 
TO'Uiced i;v f i r " j suM- i t t i ce . In such c*.sn e i ther manT»tical lv s p l i t Mnssbauer 
.: l . j i jrpti* i ' i spectra or -naonetic ' i roadeoi i " of t h " i hs " r " t i nn lir-e -./ i l l V 
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displayed. Such phenonsnon was observed in the '^Jii-yp^ system (4) where 
the TQ ground state quartet o f the rip was s p l i t by the magnetic f i e l d 
produced by the U sub la t t i ce below i t s orderinq temperature. The fact 
that no such behavior has been observed in the present study flown to 4.2K 
point to the absence o f magnetic ordering o f the ' l '>x P u l -x 4 2 c ^ m P ° u n t * s u n 

to 70 a/o subst i tu t ion of the 'to atoms by Pu. 

1. M.H. Mintz, J . Gal, 1. Hadari and M. Bixon, J . Phys. Cherr-.Soli^s 37., 
1 (197ft). 

2. B.D. Ounlan, F , . 3 . Brodsky, G.',. Shenoy and fi.M. Kalvi'us, Phys. Rev. 15, 
44 (1*70). 

3. A.T. Aldred, G. Cinader, 0.0. Lam and L.W. 'tebor, fhys. Rev. 195., 30T 
(1079). 

4. A. Tabuteau, J . Jove, A. Cousson, M. Paoes, CM. de "lovinn, \ Pascard 
and J . Sal , to be nublis^ed in the oresent conference. 
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PRESSURE INDUCED DELOCALIZATIOM OF KACHETIC 
ELECTKWS IH MEPTCHIUH LAVES PHASE INTERMETALLICS' 

J . Hoser, 1 H. P o t x e l , 1 D. D. Dunlap, 2 G. H, R a l v i u s , 1 J . G a l , 3 

G. Wortmann,l.* D. J. Lam,2 J . C . Spir le t* and I . Houik5 

(1) Physik Dept. Technical University Hunich D 8046 Carehing, F.R. Germany 
(2) Solid State Science Div i s ion , Argonne Hationat Laboratory, Argonne, n. 

60639, USA 
<3> Nuclear Research Center Negev and Ben Gurion University *">e.' Sheva, 

I irael 
(4) Ins t i tu te for Transuranium Elements, Postfach 2266 D7500 KarWruch, F.R. 

Geraiany 
(5) BVbrev University, Jerusalem, Israel 

It has long been recognized that the Magnetic properties of i n t e r -
meta l l i c compounds of the l i g h t actinidea depend strongly on the s c t i n i d e -
actitiide spac ing . 1 The cubic Laves phase compounds of neptunium (HpX2) have 
provided some of the c leares t evidence Eor th is corre la t ion . Extensive in 
ves t igat ions have been previously carried out using magnetisation, r e s i s t i 
v i t y and HBssbauer measurements to study the magnetic properties of NpAl2, 
NpZr2, NpHn2» NpRu2 «nd Che psuedo-binarics Hp0s2-xR ux- 2~ Within these a 

compounds, the l a t t i c e parameter changes from 7.785 A for NpAlj to 7.459 A 
for NpRuj, while the magnetic properties vary from primarily local moment 
behavior (NpAl2) through i t inerant magnetism (Np0s2) to non-magnetic (NpRu2). 
The 60 keV Htisibauer resonance in 237sp provides an excel lent tool for in 
ves t iga t ing the magnetic properties of these mater ia l s . It has been pre
v ious ly noted that spectral parameters such as the satruation magnetic 
hyperfine f i e l d , B 0 , and the isomer s h i f t , S, can be correlated with the 
magnetic propert ies . This i s i l l u s t r a t e d in Figure 1, where one sees that 
both B 0 and S decrease pro- ©o -r 
portionately with increasing 
i t inerant character. Here we 
r e p o r t on h i g h p r e s s u r e t-
MOssbauer measurements on the v 

most Localised of these com- 2 
poun^j, HpAl2. Similar data W 
has been previously presented "- *0 • 
for the more i t inerant com- UJ 
pound, Np0*2.8 In addition — 
to the hyperfine parameters Q; 
B 0 and S, the temperature jj| 
dependence of the hyperfine >. 
f i e ld has been used to deter- I 2 0 • 
mine the Curie temperature at U 
v a r i o u s p r e s s u r e s . The 1-
values of B 0 and S obtained jg 
at the maximum pressure mea- 0 
sured for both compounds are * 
a l s o p l o t t e d in Figure 1. 
These fol low the general cor- ° 
r e l a t i o n observed for the "20 0 20 
var ioua Laves phase i n t e r - ISOMER SHIFT (mm/a) 
m e t a l l i c * , substantiat ing the idea that the reduction in interatomic spacing 
i s a primary factor in determining the magnetic propert ies . 
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A pure magnetic hyper fine spectrum for Che Np HoasbauaF resonance con
s i s t s of s ix teen Lines posit ioned symmetrically with respect to S. In a 
• t g n e t i c * l l y ordered mater ie l , the alignment of the magnetic moments in the 
exchange f i e ld produces s saa l l e l e c t r i c f i e ld which introduces soae asynr-
ae tr i c pos i t ioning of the l i n e s . The resu l t ing pattern i s i l l u s t r a t e d by 
that for HpAlj at 4 .2 X and ambient pressure, shown in Figure 2 . In p a r t i 
cular one should note the symmetry in i n t e n s i t i e s and widths of the inner 
four l i n e s , centered around zero v e l o c i t y , 

A high resolut ion scan of ttaeae inner four l i n e s reveal* that the sym
metry i s not maintained at high pressures . While the ambient pressure spec
tra show normal behavior, the l ines at pos i t ive ve loc i ty are s ignif icant!; , 
broadened while chose at negative v e l o c i t i e s are largely unaffected <see 
Figure 3 ) . This becomes increasingly pronounced as the pressure i s increa
sed. Such line-broadenings are indicat ive of hyperfine f i e l d s which f luc
tuate at a rate comparable "J ~ ~ 
with hyperf ine frequen- £ 100-00 
c i e s . However, Ferromeg- c 

n«ti'; re laxat ion 0 such as ,Q 
p r e v i o u s l y proposed for $ 
t h e s * compoundslO w i l l "c Q Q Q R 
always result in a eymae- » y y ' 
t r i e b 'oadening of l ines § 
placed symmetrically about £ 
S. The behavior observed 
here can be understood on £ 9 9 . 7 0 
the basis of the following j ; 
two s t a t e m o d e l : The .2 * . 1 ^ - * — i = — ' i ' 7tr—'—I^H 
e l e c t r o n i c s t r u c t u r e of £ "120 - o O 0 6 0 1 2 0 
the HP ion fluctuates Velocity (mm/s) 
rapidly between a local ized magnetic configuration (having B 0 - Bl end S * 
Si ) end t o t a l l y i t inerant configuration (Bo • 0 and S - S i ) . If the £luc-
tuation rate in comparison with hyperfine frequencies, then the observed 
spectral parametera wi l l - e an average value determined by the populations p} 
and Pj. " 1 - pi of the two conf igurat ions . This i s ref lected in the corre
lat ion of Figure 1. The so l id l ines of Figure 3 represent computer f i t s to 
the lineshapea within such a model in which we have taken 5j • -21 .5 mm/sec 
from the value at which B 0 • 0 in Figure 1, while leaving Sj., p[ and the 
fluctuation rate as free parameters. Bj was determined from Si by the cor
re lat ion of Figure 1. From the f i t a to the apeccra, we find S\ • +6 nn/aec 
(Hj » WO T) with both p{ and varying with pressure. 

From the above resul ts we draw the following conclui ions: 

( i ) In both NpAl-i end Np0*2 the reduction of l t t t i - . e constant by the appli 
cation of external pressure causes a d e l o c i l i - - '.M of the magnetic 5f e l e c 
trons. Although NpAl; has a predominantly loca l i sed character, it can not 
be considered fu l ly so in view of the strong variat ion of B 0 with pressure. 
This should be contrasted with Che pressure independence of 5 0 in NpCo£Si2. 
The systematica of the data at ambient pressure (Figure 1) show that the 
change in l a t t i c e eonatant ia the predominant factor in determining the 
degree of l o c a l i s a t i o n . 

( i i ) The line-broadaning* show the presence of f luctuation phenomena which 
have been interpreted with a crude two s ta te ( locaLised-ic incrant) model. 
The degree of loca l i za t ion i s found t o decrease with increasing pressure. 
For example, in NpAl2, the s o l i d l ine of Figure 3 corresponds pi - 0.67 at 
38 kbsr compared with a value of 0.77 at 0 kbar. The corresponding values 
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for NpOs2 a r p i (0 ) • 0.20 
and Pi(30) * 0 .16 , demon
s t r a t i n g the much higher • 
degree of d e r e a l i z a t i o n .v « 
in t h i s c a s e . The hyper-
f i n e f i e l d B[ f o r t h e i"-"; 
" l o c a l i z e d " c a s e i s r e - ', " :-
duced to approximately 80S - ' a 

of t h e f r e e i o n N p 3 • . „ : 
v a l u e , presumably due to -
the presence of c r y s t a l -
1ine e l e c t r i c f i e l d . ' 
e f f e c t s . Such e f f ec t s are : „ 
expected to be much more ,-• 
pronounced in t h e Light 
ac t in i d e s t han in t h e i r 
r a r e - e a r t h c o u n t e r p a r t s 
b e c a u s e of t h e l a r g e r 
r a d i a l extent of 5f e l e c 
t rons compared to 4f e l e c t r o n s . 

We wish to thank Ors . L. Asch and C. R. Shenoy for s t imu la t ing d i s c u s 
s ions and a s s i s t a n c e in t h i s work. 
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HIiH-PRESSURE MOSSBAUEF STUDY OF UTe+ 

B. Perscheid and G. Kaindl 

i n s t i t u t fiir Atom- und Festkorperphysik 
Fre ie Univers i ta ' t Ber l in 

D-1000 Ber l in 33, Germany 
Compounds of the a c t i n i d e elements have r ecen t ly a t t r a c t e d 

s t rong i n t e r e s t caused by a v a r i e t y of t h e i r magnetic proper
t i e s , wnich "anye from anomalous paramagnetism to l o c a l i z e d 
and i t i n e r a n t magnetic o r d e r , r e s p e c t i v e l y . Such behaviour i s 
due to the 5f e l e c t r o n s which may e x h i b i t p r o p e r t i e s ranging 
from l o c a l i z e , to i t i n e r a n t , in c o n t r a s t to the w e l l - l o c a l i z e d 
4f e l ec t rons of the r a r e - e a r t h e lements . Information on magnet
ic i n t e r a c t i o n s in the ordered s t a t e may be obtained from maq-
n e t i c hyper fine f i e ld s s tudied by Mcissbauer spec t roscopy. 

We repor t hure on a h igh-p res su re M5ssbauer study of UTe 
at 4.2 koV in the! p ressure range up to 30 kbar using the 35-keV 
nuclear qanuna resonance of 1 2 ^ T e . UTe o rders fe r romagnet ica l ly 
at T c= 104 K 1 . The experiments were performed in order to s tudy 
the volume dependence of the magnetic i n t e r a c t i o n in L'Te via 
the t r ans fe r r ed magnetic hyperf ine f i e ld at the 1 2 5 T G nuc leus . 
The UTe samj. 1« was prepared by a so l id -vapor r eac t ion of U 
(depleted in 2 3 S U ) with i s o t o p i c a l l y enriched ! 2 5 T e ( t o 98%} 
in an evacuated and sealed quar tz tube a t 6000c, m the measure
ments a s i n g l e - l i n e ^ '5g n l25m-r e source was employed, and the 
UTe absorber was pressur ized using an opposed-anvil device with 
s i n t e r e d B̂ C a n v i l s . The pressure a t the sample was measured 
m - s i t u by means of a superconducting Pb manometer. 

In the pressure range s tud ied so f a r , we find t ha t the i s o 
mer s h i r t S i nc reases with p r e s su re , while the magnetic hyper
fine f i e ld B tfif remains e s s e n t i a l l y cons tant wi thin the e x p e r i 
mental accuracy of *3'a. Since the nuc lear charge rad ius i s l a r g 
er in the exc i ted s t a t e of Te as compared to the g rounds t a t e , 
the increase of S corresponds to an inc rease of the t o t a l e l e c 
tron dens i ty a t the 1 2 5 T e :iucleus. 

The magnetic hyperfine f i e ld a t the " Te s i t e a r i s e s from 
the net e l e c t r o n sp in dens i ty a t the 125Te nucleus produced by 
the U-5f moments. There a re two mechanisms c o n t r i b u t i n g to t h i s 
net spin dens i ty a t the 1 2 5 f e nuc leus , namely (i) conduct ion-
e l ec t ron p o l a r i z a t i o n and ( i i ) over lap/covalency e f f e c t s between 
the 5f e l e c t r o n s and the outer e l e c t r o n s of the diamagnet ic Te 
i o n 2 . Both mechanisms are p ropor t iona l to the U-5f moment, but 
are expected to depend r a the r d i f f e r e n t l y on the u n i t - c e l l vo l 
ume. We have to assume tha t the u-5f moment decreases with de
creas ing u n i t - c e l l volume, s i m i l a r as in the "S c a s e 3 . Then, 
the observed I n s e n s i t i v i t y of the 125<je hyperf ine f i e l d on p r e s 
sure implies t ha t the e f f e c t s of a decrease in the U-5f moment 
a re compensated in UTe by an inc rease in the over lap/covalency 
e f f e c t s descr ibed by mechanisms ( i i ) . A more q u a n t i t a t i v e analy-
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sis of the experimental data must wait for a measurement of the 
pressure dependence of T c for UTe, which is in progress in our laboratory. 
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2 3 7 N p MOSSBMJER SPECTROSCOPY IN BINARY COMPOUNDS 

H. Boge, J. Chappert, L. Asch", G.M. Kalvius** 
A. Blaise*. J.M. Foumier , 0. Damien* and A. Wojakowski0 

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

Some compounds, HpAs 2. NpSb? and NpTe 2 have been studied by various tech
niques such as magnetic susceptibility, electrical resistivity and neutron 
diffraction. HpAs 2 crystallizes in the tetragonal, anti-FepAj type structure. 
This material is ferromagnetic below 18 K, antiferromagnetic between 18 K anc 
54 K.and paramagnetic above 54K[1,4]. NpSb?is ferronagnetic below 45 K and para
magnetic above [2]. It has an orthorhombic, LaSbo-type crystal structure. NpTe^ 
again is tetragonal but remains paramagnetic down to 4.2 K [2]. 

Here we report on MSssbauer measurements using the 60 keV resonance in 
23/Np to gain insight into the magnetic properties of these compounds and 
into their formal valence state of the Np ion. 

The results of our measurements at 4.2 K are summarized in table. 
MSssbauer spectra NpAs^ between 4.? K end 60 K are shown in Fig. 1. Low tem
perature (4.2 K} spectra for NpSb* and NpTe^ are depicted in Fig. I and 3, 
respectively. 

Pr.oerties of NpX? compounds at 4.2 K. 
H nf is the hyperfine field at the nucleus Np, v is the electronic moment 

for Np ion derived from H nf, e zqQ is the cuadrupole interaction, I.S. is the 
isomer shift relative to NpAlj 

Parameters NpAs^ NpSbj NpTe? 

Crystallographic structure Tetragonal OrthorhonMc Tetragonal 
Magnetic structure Ferromagnetic Ferromagnetic Paramagnet 
»hf k 0 e 2900 3700 0 
u u B 1.5 1.9 " 
e^qQ mm/sec + 24 -.0 + 12 
I.S. mm/sec * 3 + 18 + 28 

NpAs, at 4.2 K shows a single magnetic hf pattern consistent with ferromagne
tic Order. Using the linear correlation between H nf and u from f3] we obtain 
u = 1.5 -ig at the Np ion. Earlier magnetization measurements gave a much lower 
number (u = 0.56 ur>). A strong magnetic anisotropy has probably prevented the 
full orientation or spins. Our result is confirmed by recent neutron diffrac
tion data [4], The neutron result also indicates an incommensurate sinusoidal 
spin structure with a period over spprox. 7 Np atoms in the antiferromagnetic 
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 16 K (see 
Fig. 1) could be obtained with a set of five hf fields. They car be related 
tc sinusoidal spin modulation over seven Np sites (Fig. 4). Abo/e 54 K a 
single, slightly broadened line is seen consistent with the quach unple 
interaction given in table. 

165 



S^S%»a=is^R r&4}f 

«^fliVW»4» 

*S«ftl 

• i . 2 K 

NPAS2 

rra» 
£ 0 2 K 

NPSB2 

VELOClTTinr i /S) 

Figure 2 

v€LaciTYinn/Sf 

Figure 1. Mossbauer spectra of NpAs« 
at 4.2 K : ferromagnetic state 

at ci K : antiferromagnetic state 
above 54 K : paramagnetic state 
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Figure 4. Model for the 
localizec moments on Neptunium 

atoms in pAs2 at 25 K 
1 : "hf = 2950 koe. 
2 : "h f = 2780 kOe. 
3 : «hf = 2400 kOe. 
4 : Hhf » 1700 kOe. 
5 : Hhf = 500 kOe. 



NpSb-> shows a single magnetic hf pattern as expected for ferromagnetic 
order. Its diffr ent hf field and moment are probably jsed by the change 
in crystalline field interaction due to the different crystal structure. The 
single line seen throughout in NpTe2 confirms its paramagnetic state. 

From the value of its paramagnetic moment (2.87 po) and from its iso-
structure with LaSbo it has been concluded that Np is trivalent in NpSb;?. 
uur isomer shift value is in agreement with such an assignment. In contras 
NpAs? is isostructural with UAsj which suggests a N p 4 + ion. A Np5*" assignment 
is also - ssi'ble, the Np 3* state is ruled out frgm the magnetic form factor. 
Our isomer shift da^ is consistent only with Np~*+ but not with N p 5 + . The 
paramagnetic TIPT'O-- - uncertain since the sample used in earlier measure
ments [lj J-. , jntained a mixture of phases. From its paramagnetic 
moment one would assign Hp3 + in NpTe^. This is supported by the isomer shift 
value. 
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Pa Mossbauer resonance at 4.2 K in Pa metal 
using a Th metal source 

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

Centre de Recherches Nucleaires 
67037 Strasbourg Cedex (France) 

and European Institute for {Transuranium Research 
7500 Karlsruhe (FRG) 

Isotopically enriched I 3 0Th (> 99.9,2) ctscal has been prepared by Van 
Arkel reduction from the oxide. The cubic metal source is used after neutron 
irradiation (8h irradiation in a flux of lO^n/cn^s) for measurement of the 
86 keV Mossbauer resonance of 3 Pa. The^measurement of Pa metal, with both 
source and absorber at 4.2 K, reveals seven resolved resonance lines (Fig.l) 
and indicates a striking improvement of experimental resolution in comparison 
to the formerly used source host of a 3 0ThOi . The spectrum of Fa metal is 
analyzed in terms of a superposition of two quadrupole subspetitra (solid line 
in Tig.1). The spectral intensities of the two subspectra are equal ; the 
isomer shifts are equal : 0.01 ± 0.05 ran/s vs Th metal. The principal compo
nents of the electric field gradients of axial symmetry are eqE(l) = 
+(2.27 ± 0.04)10IS and cqz(2) » +(2.01 * 0.04)I0'8V/cm* respectively. The re
sonance width is fitted to 0.35 ± 0.03 ram/s(constrained equal for all spectral 
components). The ratio of the quadrupole moments of the 84 keV level and 
ground level of a 3 , P a is fitted to -0.31 ,± 0.03. 

Although the experimental linewidth;still exceeds the minimum theoretical 
value by a factor of three, it is significantly more narrow than for the 
commonly used source host of ThOj' and is considered acceptable for the future 
application of the 2 3 l P a Mosabauer resonance to the precise determination of 
hyperfinc parameters. The narrowing i>f the emission linewidth in the metal in 
comparison Co the oxide is attributed to decreased paramagnetic relaxation 
effects (via conduction electrons in metal vs diamagnetic insulating ThOj) and 
possibly to reduced sensitivity of the metallic hose to neutron irradiation 
associated radiation damage. 

The deduced ratio of quadrupole moments is in agreement with nuclear 
theory1. 

Thf observation of two distinct quadrupole sites in Pa metal at 4.2 K is 
inconsistent with the bet crystal structure reported from X-ray diffraction 
at 300 K 2. This discrepancy suggests the occurrence of a crystal structure 
transition f a lower lattice symmetn •>. tween 300 and 4.2 K. This suggestion 
is reasonable in view of the several . v .essive crystal phase transitions 
known for most of the other actinide metals3 ; also, the resistivity anomaly 
at 100 K may indicate a phase transition4. Unfortunately, Hiissbauec experi
ments at 100 K would be difficult owing Co the decreased Debye V. ler factor 
as calculated with a typical 9 of 225 K known for instance for Am metal. 

In summary, the improved experimental resolution of the 1 3 1 P a Mossbauer 
resonance achieved with cubic Th cecal source provides a promising outlook 
for precise hyperfine interaction measurements. The ratio of quadrupole moments 
of 84 keV and ground levels of 1 3 1 P a is ̂ 0.31 ± 0.03, in good agreement wich 
nuclear theory. The observation of two quadrupole sites of equal intensitJ.es 
in Pa metal at 4.2 K is tentatively attributed to a crystal phase transition 
from the bet room temperature structure, occurring possibly at 100 K as sug
gested from a resistivity anomaly. 
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Fig . l : Pa Mossbauer spectrum of Pa metal vs 
Tli metal s o u r c e , both at 4 .2 K. 



1H NUB AND MAGNETIC SUSCEPTIBILITY 
IN ThNiAlH^ AND ONiAlB^ 
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New i n t e r m e t a l l i e hydrides of ThNiAl and ONiAl have been 
prepared by hydrogen absorption at high pressure/40 atm/ . 
The H/ThNiAl and H/UNiAl r a t i o s were 2 ,5 and 1 , 9 , r e s p e c t i v e l y . 
The roost temperature X-ray examinations showed that the hexa
gonal s tructure of ThNiAl or UNiAl matrix restains a l s o a f t e r 
hydrogenatioa.Although,the volume of un i t c e l l increases by 
ca 10%. 

The % pulsed and cw NUR exper ineals were made BB a func
t ion of temperature.The temperature dependeace of s p i n - l a t t i c e 
re laxat ion t inetT. ) as a function of rec iprocal temperature 

1000/T for 1ThNiAlKx i s shown in F i g . l . 

r 
} 

Fig.i 
Starting at room temperature,T. increases when temperatu

re is lowered.Simultaneously,cw spectrum at room temperature 
shows narrow line (below l Oe).Thus,we conclude that the main 
contribution to the relaxation In the range of i000/T= 3.4 -
6,2 is the self-diffusion of protons in the crystal lattice. 
In turn,at still lower temperatures we observe broad resonance 
line (8,8 Oe ) with second moment equal to 9+1 Oe at 77 K. 
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The T In t h i s region f i t s wel l Xorrinf&ti3 r e l a t i o n T,T»C 
•bore C 1 B equal to 20OsX. 

The s p i n - l a t t i c e re laxat ion t l » e t o 0N1A1H I s few order 
short** than that observed l a thorium re la ted hydride ,Also , 
the temperature dapetidenoe I s d i f f erent from that shown i n 
Fig. l ,Moreover, the Nlffl s igna l disappears below ca 120 K.Second 
moment values showed as a funct ion of temperature in F i g . 2 , 
increase with lowering temperature and there are DO data for 
temperatures below * 3 K. 

»r 

TEMftBtTUBf |F 

F i « . 2 
The magnetic s u s c e p t i b i l i t y measured in temperature range 

4.2 - ?.92 K shows the maximum a t temperature of 122K. These 
r e s u l t s strongly suggest that s tudied hydride orders ant i f e^ro-
aagnet i ca l ly below i20K.Ih that case ,one nay expect (£3 that 
the T T would fo l low the 

T i T = C » C T * ^ CO 
r e l a t i o n . In F i g . 3 , t h e T.T data are presented as a function of 

temperature. 

F i g . 3 
They f i t wel l Eq.i and dev ia te on?y i n the temperatures near 
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120 K. 
We have Measured also the magnetic susceptibility in pure 

coapound ONi*l.It is teaperature dependent and shows aaxiaua 
at 23 K.If it would oonnect with aagnetic ordering then it is 
interesting to note that hydrogen increases that teaperature 
by aore than tacter 5, 

This work was partly supported by Curie-SklodowaJca Founda
tion in the fraae of mutual cooperation between ANL and ILTSR. 
+ Present address: Institute for Low Teaperature and Structu-

Researcb,Polish Aoadeay of Science8,Wroclaw,Poland 
1. J.Xorringa Physioa 16,601(1950') 
2 . D.J.Laa.F.Y.Fradin PFys.ROT.3,^,239(1974) 
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THE SUNGLASS BEHAVIOR OF 

,.'. ^aj^.anr., K. Heg^entin s.id W. Schlabitz 

II .i hyEifcalisch.es Institut der "niversitat :' : Xcln 
^iilpicher Str. 77, ^ooo ?i61n 11 ̂  I-'HJ 

j-ri:.(.- t;tt tart year." a lot of efforts h,-is beer. -rone 
to ifi^rstiir.: the phenomenon "Fpinglass" •and to L > a r 
a: t:.e q-^stion wether the transition to the siinfia'-
state- IL -, true phase transition or r'ore riitilar to 
Fr-i:.'il transition like in a real gl 

"7 to r.ow, ir. the temperature ranre aroand thir "t nr.F-
itiar." r.r> nr.oz.& ly has been observea in the si<ec if ic heat. 
'..r.e of t:.e -ost characteristic properties of a L-T ; rtplasr 
if tru- r:.ar; cusp in the temperature -.epen':ence of the 
n.?pr.etic susceptibility. The discussion has been 
renewei yj the discovery of a frequency dependent freez
ing temperature T~ in some metal lie ar,«i isolating •JT-in-

c '7 A t-plasses measured toy tne ac susceptibility irethod. ' J ' ' ' 

This time dependence of T is caused by all kinds o: 
short range magnetic clusters. Further investigations 
show that ferromagnetic nearest neighbour interaction 
correlates with Gtrong T„(yj shifts and antiferromagnetic 
interaction with T f(vJ shifts. In spinglass models 
where a phase transition is postulated, the cusp of the 
susceptibility should not depend on freauency for 7 usual ac measurements.' 

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

Neutron scattering measurements : .ow evidence that in 
systems with no observable variation of T f a rapid 
Korringa process dominates the relaxation spectrum 
of the spin system. As at low temperatures paramagnon 
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° 10 excitations have been observed in UA1-, , we 
presume that this process can perhaps support the 
relaxation rate. 
Therefore we have diluted GdAl? into 'Jkl^, ana we 
have performed ac- '<nd dc-measurements of the ."cafnetic 
susceptibility between o.o^ K and Joo K in fiel-ip j; 
to lo k'j on T-^_x

GdxAl- (0^X(O.; ). "JA1;, ir~ a v;l.-
known spin fluctuation system and CidAl-, orders ferro-
nagnetically at M> K. The high temperature susceptibility 
A x ' ^ " - i ^ W X u A 1 2 f o l l ° w s " C u r i e i a u r o r 

x<o.1. h'ov higher Gd concentrations we extrapolate 
a negative Curie temperature in the plot ££C vs '1 
which indicates the onset of antiferrQi—ignetic- inter
actions between nearest neighbours or clusters. 
At low temperatures the "zero field" susceptibility 
shows a sharp maxima at T f which increases and IF 
shifted to higher temperatures proportional to the 
concentration x (Fif;. 1). 

°o I t i wj 150 z66 250 M 55o" 

Reduced Temperature T ( x lK'0d-Cofic' 

Fig.1: Beduced magnetic susceptibility 
A%/x vs reduced temperature T/x of 
U- Gd Al„ (x = Gd concentration) 
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No frequency dependence of T f (v^1o - 5-1cr c/sec) 
has been seen for x < o,1. For highe; concentrations 
we have observed a weak shifting of T,. in afreerient 
with the a.odel of antiferromasnetic clusters. We find 
a "freezing temperature" T_ = 4o-x (K) and observe the 
validity of the scaling laws like in the archetypical 
systems Aure and CuKn. From, the value A X „ 
we extra; olnte a HXKY interaction strength of 
2.1 •1o~ i.e'/cmO w.iich is stror.rer than in tne 
cociparabl'i rare earth systems but weaker ~han in those 
with transition metals-
Cur measurements reveal that the solubility of Jd in 
the 'J AI v matrix J s very pood up to x <o.'1. Therefore 
extensive investigations would be worth to perform. 
This work was supported by the Eeut̂ i ne r-orgchunp-s-
gemeinschaft through Sonderforschungsbereich i3r>. 
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de Haas-van Alphen Measurements of U p and UJAB. 
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The degree of i t i ne r ancy among the 5f e l e c t r o n s in ac t in ide compounds 
m one of the most impO '"ant fac tors determining the magnet ic , e l e c t r o n i c 
and t r anspo r t p r o p e r t i e s in these m a t e r i a l s . Fermi surface s tud i e s give 
d i r e c t , d e t a i l e d information about the i t i n e r a n t e l e c t r o n s and are thus very 
useful for understanding the behavior of the Sf e l e c t r o n and t h e i r i n f l u 
ence on other p r o p e r t i e s of the system. Several Fermi surface s t u d i e s of 
i t i n e r a n t 5f a c t i n i d e s have appeared,1.2 g iv ing information on the band 
s t r u c t u r e and h y b r i d i z a t i o n e f f e c t s . In t h i s paper we present the f i r s t 
de Haas-van Alphen study of the Fermi surface in magnet ica l ly ordered a c t i -
n idea , the compounds U3AB4 -.nd U3P4. 

In U3AS4 we observe a s ing le closed sheet of e f f e c t i v e mass 5.1 ' 0 . 1 . 
In U3P4 we see two closed sheets whose volumes d i f f e r by a factor of about 
8 , the l a rge r sheet having a mass of 8.1 r 0 . 7 . These r e s u l t s a re c o n s i s 
tent with a setnimetnllic type band s t r u c t u r e producing a l a rge hole sheet at 
f and seve ra l sysnuetrical ly placed e l e c t r o n shee t s of smaller volume which 
e x a c t l y compensate the hole s h e e t . The l a rge e f f e c t i v e masses suggest con
duct ion s t a t e s may be hybridized with the f s t a t e s , though more experimental 
work needB t o be done t o decide t h i s q u e s t i o n . 

U3P4 and U3A84 c r y s t a l l i z e in a Th3P4 type bec s t r u c t u r e . 3 They are 
ferromagnetic^ below 138K and 198K, r e s p e c t i v e l y , and show unusual ly large 
magnetic ,5 m a g n e t o s t r i c t i o n 0 and r e s i s t i v i t y ? anisofropy. The magnetic 
s t r u c t u r e c o n s i s t s of an unusual non-co l l i nea r three s u b l a t t i c e arrangement? 
g iving r i s e to a large aniBOtropy f ie ld with <111> the easy magnetic d i r e c 
t i o n . The s a t u r a t i o n moment 1 0 in the <111> d i r e c t i o n in U3AB4 i s 
1.8 MB/U atom, corresponding t o an i n t e rna l f ie ld 4TTMBat " *«2 kG. In 
U3P4, the <U1> s a t u r a t i o n moment 1 1 i s 1.2 UB/L* atom, g iving and i n t e r n a l 
f ie ld 4TiH B a t - 3.1 kG. A f i e ld of 300 kG i s i n s u f f i c i e n t to s a t u r a t e e i t h e r 

m a t e r i a l H along <100>. 

de Haas-van Alphen d a t e were taken in both compounds in f i e l d s to 
150 kG at temperatures between 0 .3 and 0.8K us ing the f i e l d modulation t ech 
nique with the f i e ld in the (110) p lane . Spher ica l samples of approximately 
I mm diameter were prepared from c r y s t a l s with r e s i d u a l r e s i s t i v i t y r a t i o s 
( R 3 Q O / R 4 , 2 ) between 300 and 550 grown by chemical vapor t r a n s p o r t . " 
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The measured extceiaal c ro s s s e c t i o n a l a r ea s a re ehovn in t h e f i g u r e , 
s i n g l e branch i s observed for U3AB4, corresponding to a s ing le c losed sheet 

In U3P4 two near ly i s o t r o p i c branches 
fac tor of about 4 . I f both branches 

> Ujfls4 

3 

with an area anisot ropy of about 162 
are observed with areas d i f f e r i n g by a 
c o r r e s p o n d to c l o s e d s h e e t s , 
t h e i r volume d i f f e r e n c e i s a 
factor of 6, The s i g n a l s in U3P4 
were g e n e r a l 1 y weaker than in 
u 3As4, so tha t the two branches 
we o b s e r v e may w e l l e x t e n d 
a c r o s s t h e e n t i r e <J10) p l a n e , 
but are too weak to de t ec t near 
<I00> and < H 0 > . In U3AB4 we 
h a v e m e a s u r e d t h e e f f e c t i v e 
i n t e r n a l s a t u r a t i o n f i e l d 
by m a k i n g a l i n e a r f i t o f 
t h e o s c i l l a t i o n . 'umher t o 
^ ( • " a p p l i e d + Hetf> w i t h 
Heff as an adjus table parameter . 
The best f i t gave H e ff - 0.75 kC, 
much s m a l l e r than t h e e x p e c t e d 
v a l u e for s p h e r i c a l s a m p l e s , 
8n /3 ( M s a t ) - 2.8 kG. We do not 
understand the reasons for t h i s 
d i s c r e p a n c y but we s u s p e c t i t 
may be r e l a t e d to the unusua l 
non-co i l inea r magnetic s t r u c t u r e . 
In the figure we have ignored the 
small co r r ec t i on to the areas 
caused by H e f f j* 0 . Because 
H eff « H a ppiied t h i s co r rec t ion 
is never more than h%. Assuming 
closed shee ts and no ferromagne
t i c s p l i t t i n g of the bands < i . e . , ignoring H e f f ) , the volume of the s i n g l e 
observe-.' t ^ee t in U3AS4 corresponds to 0.043 e lec t rons / fo rmula u n i t , and 
tha t of \.\>f l a rge sheet in U3p£, t o 0.078 electrons/Enrraula u n i t . 

We i n t e r p r e t the area data in terms of a semi-meta l l i c band s t r u c t u r e 
producing a l a rge sheet of holes at r and severa l smaller e l e c t r o n Bheets 
located symmetrically in the zone which e x a c t l y compensate the hole s h e e t . 
In U3P4 the volume d i f f e rence between the two shee t s suggests 6 n e a r l y 
spher ica l e l ec t ron pockets located along the F-P l i n e . We do not observe 
any smaller branches in l^As^, though t h i s could be due to sample q u a l i t y 
and the experimental problems of measuring small a rea o r b i t s at high f i e l d . 
Our compensated semimetal model i s c l o s e l y r e l a t e d t o the i n d i r e c t gap semi
conducting band s t r u c t u r e expected for Th3P4 and TI13AB4 on the b a s i s of 
e l e c t r i c a l and o p t i c a l measurements.13 i t a l so q u a l i t a t i v e l y expla ins ( l ) 
the low p o s i t i v e value of the Mall cons tant ly ns being due t o corpensat ion 
e f f e c t s , (2) the p o s i t i v e thermopowerl^ a a be ing due to dominant ho les on 
the l a rge s h e e t , and (3) the "semiconducting t ype" of c r i t i c a l behavior in 
the r e s i s t i v i t y ^ at Che Curie p o i n t . 

The l a rge masses we observe in U3P4 and "3As4 suggest that the conduc
t ion s t a t e s may contain some f c h a r a c t e r , a p o s s i b i l i t y thaC i s c o n s i s t e n t 
with the low s a t u r a t i o n moment and with the pos i t ron a n n i h i l a t i o n e s t i m a t e ^ 
for the number of valence e l e c t r o n s in TbjAi^ and U3AS4. However, we note 
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t h s t comparable masses have been observed in meta ls with n e a r l y fu l l or 
near ly empty d bands, tha t the non-co l l i nea r magnetic s t r u c t u r e complicates 
the i n t e r p r e t a t i o n of the s a t u r a t i o n moment, and t h a t valence measurements 
by pos i t ron a n n i h i l a t i o n i nhe ren t ly conta in apprec iab le experimental e r r o r . 
Thus the ques t ion of 5f e l e c t r o n d e r e a l i z a t i o n in U3A.84 and U3P4 r equ i r e s 
more d e t a i l e d experimental s t udy . 
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Amorphous alloys have recently hecn Che subject of considerable research, 

and .nany aspects of tiioi r structure and properties arc now reasonably we 11 
established. However, relatively little is known about amorphous accinide alloys 
even though the initial observation of the amorphisation of a uranium alloy was 
reported nearly 20 years ago.1 This paper, based on both published and 
unpublished experimental results, examines glass forming tendencies in a wide 
range of actinidc alloys. In addition, certain actinide alloys are unique in the 
sense that they can be readily amorphised by either liquid quenching or 
irradiation. The contrast in structure and properties of an amorphous U-Fi alloy 
produced by bot'i techniques is also discussed. 

The following table summarizes the amorp'-isat ion behavior of .-• inide 
alloys formed by cither liquid quenching or i idiation. Metallic lasses 
generally form near eutectic compositions (preferably deep cutectics) i..id thus 
most of the alloys examined have compositions near the ir rcspect ive eutectics. 
In all cases, x-ray diffraction was used as the primary tool in determining 
whether the alloy was at least partially amorphous. The table shows that a large 
number of actinide alloy systems (nineteen to-date) will form a predominantly 
amorphou.-, 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; these include a low "reduced" melting 
temperature and melting temperature depression' as well as atomic radius ratios 
similar to those of alloys with good glass forming tendencies. Additionally, 
Elliott and Glessen conclude that the sizable 51-electron contribution to 
bonding in the early actinidc metals Cu, Np and Pu) favors low symmetry or 
random/amorphous arrangomcrts of the atoms.'0 This may also contribute to the 
unusually high viscositcs in Che early actinides (especially Pi'"1 at their melting 
temperatures.'* Eutectic alloys based on these actinides would probably have 
high viscosities and this would contribute significantly to their strong glass 
.'orming tendencies. 

While nearly all of the alloys examined exhibit a strong tendency to form 
glasses, the table shows that the uranium alloys require a lower cooling rate 
than do either the plutoniun or neptunium alioys. The comparatively greater 
glass forming tendency of the uranium alloys is due, at least in large paTt, 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 cutectics. Another factor is the much lower thermal 
conductivity of Pu and Np,* 2 which reduces the effective quenching rate in these 
metals and hence reduces the glass forming tendency. 
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A LLscing ot Amor phous A-„-t in ide All. nys which are a t Least P; i r t i a l l y Amorphous 
after e i t h e r Liquid Quenching (LQ) < or I r r a d i a it ion (IRR). 

Alloy Composition (Range. ) P r e p a r a t i on Comments References 
System at.X He thod 

Th-Fe ( 20 to 70 ) LQ 3 

U-Fe (<14 to >40) 
14 

L0 
IRR 

1 ,5 ,6 ,8 
6,fi 

-Mn (<20 to >35) LQ 5 
-Co (~24 co >40) LQ 5 
-Ni (=24 to >40) LQ 5 
-Cr < 20 to 40 ) LQ 4 ,5 
-V ' 20 ;o 40 ) LQ Amorphous 4,5 

J U LQ NoL Amorphc •us t rusen t Study 
-Si 25 IRR 2 
-Os 30 LQ Present Study 
- I r 30 LQ Present Study 
-Pd ( 10 to 40 ) LQ Present Study 

Np-Hnt 14 LQ Present : : tud y 

-Fe 14 LQ Present Study 
-Co 14 LQ Present Study 
-Ga ( 10 to 40 ) LQ Present Study 

Pu-Mn1 (~n to >u) LQ Present Study 
-Fe (~l t to >20) LQ Present Study 
-Co 20 LQ Present Study 
-Ni (-12 to >30) LQ Present Study 
-Cu (-14 to >20) LQ Present Study 
-Ru 20 LQ Present Study 
-Ga 37 IRR 7 

tBoth the Np and Pu-bascd alloys require faster cooling rates (-10' x 10 a K/sec) 
than Che U-bascd alloys (~105 to 10 6 K/sec) in order to form metallic glasses by 
liquid quenching. 

The compounds U6Fe, U^Si, andI PusCaj are unique in that tli*.-y have been 
araorphised by neutron irradiation.1'2'6~° OE these, th.2 U-Fc alloy has been best 
characterized and, compared to the Iiquid-quenched glass, the irradiation-
produced alloy has: (a) a reduced degree of short-range order, (b) a larger, 
narrower exothermic peak upon crystallization, (c) a lower density, (d) J smaller 
resistivity, (ei a lower hardness, and (f) a higher superconducting transition 
temperature.6'8 These results ore qrite consistent with a decreased degree of 
structural relaxation in the irradiation-produced amorphous alloy. 

* Work performed under the auspices of the U. S. Department of Energy. 
1. J. Bloch, J. Nucl. Hacl. 6, 203 (1962). 
2. B. Bethune, J. Nucl. Hatl. 30, 197 (1969). 
3. K. H. J. Buschow, A. M. van Diepen, H, M. Beekmans and J. W. H. BiesCerbos 

Sol. State Comm. 26, 1R1 (1978). 
4. R, Ray and E. Musso, U. S, Patent 3,981,722 (Sept. 1967). 
5. B. C. Giessen and R. O. Elliott, in Rapidly Quenched Metalri III, Vol. I, p 

406 (Met. Soc, London, 1978). 
6. R» 0. Elliott, D. A. Koss, and B. C. Giessen, Scripta Met. 14, 1061 

(1980). — 



R. 0 . E l l i o t t and D. A- Koss, J . Nuct. M a t l . , in p r i n t , 
R. 0. E l l i o t t , J . L. Siaith, R. S. F inocchia ro , and D. A- Koss, Matl . 
S c j . and Eng., i n pr in t . . 
D. E. Polk and B. C. Giessen, in Meta l l ic Glasses (ASM, Metals Park, OH, 
1976) p . 1. 
R. 0. E l l i o t t and B. C. Gxessen, Technical Report LA-OR 78-1022, Los 
Alamos National Laboratory (1976). 
I. J. Wittenberg and R. de Wi t t , J . Chem. Phys. £ 6 , 4526 (1972) . See 
a l s o The P r o p e r t i e s of Liquid Meta l s , S. Takeuchi, e d . , (Taylor and 
Franc"is ' , 'Ionian,'"19?3 ) pp. 5 55-4&Q. 
J . A. Lee and M. 8. Waldron, Contemp. Phys, 13 , 113-133 (1972). 
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CRYSTAL CHEMICAL STUDIES OF ACTINIDE MOLYBDATES* 

P. Gary Eller, T. L. Cremers, and 8. A. Penneman 

Los Alamos National Laboratory 
diversity of California 

Los Alamos, New Mexico 87545 

Actinide molybdates have been implicated 1ri the formation of undesirable 
"insoluble" Pu~contain1ng residues in dissolver solutions.1 Although several 
actinide molybdate phases have been reported, the literature is greatly con
fused; inaccurate and even incorrect crystal structure determinations abound. 
He are attempting to sort out this area by crystal structure determinations of 
key compounds. The structure of orthorhomb1c (low temperature) "UMoaOe", 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 bipyramldal 
uranium and octahedral molybdenum polyhedra are connected by short (U-0 = 
2.06 A), nearly linear (U-O-U * 178°) U-O-U-0 linkages. Thus, the structure 
fs correctly formulated as a mixed oxide. Interestingly, this type of layer 
structure and U-O-U separation occurs in other seemingly unrelated actinide 
oxide phases, including UsOe, U¥0?, and U0 2Br. In such structures there seems 
to be a failure of Zachariasen's bond length-bond strength relation to 
accurately describe the observed very short U-0 bond distances. 

He have also determined the structure of the hexagonal (high tenperaturp) 
form of "ThHojOs", prepared by skull melting, and refined to R = 3.216. This 
form is a true molybdate, correctly written Th(M60i»)2, whose structure differs 
radically from that of the mixed oxide orthorhombic uranium structure. The 
hexagonal structure contains MoO^ tetrahedra (MCHQ B 1.62 - 1.86 A) which 
bridge three dlmensionally both nine-coordinate (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 MMoiQ* (M » actinide) phases (Including hydrates) have been reported, 
including a plutonlum compound reported from actual fuel-rod workups. We have 
prepared an orthorhombic ThMo 20 8 complex (not isomorphous to the orthorhombic 
UMo20p phase described above but isomorphous to a reported PuMo 20 B phase) by 
heating hexagonal Th(MaO<,)z at 900*C for 24 hrs. General structural relations 
between all of these actinide molyhdates and their crystal chemical relevance 
to troublesome Pu-coord1nation will be discussed. 

(1) R. A. Penneman, R.G. Haire, and M.H. Lloyd, ACS Symposium Series, No. 117, 
J.D. Navratil and tf.tt. Schulz, Eds., P®. thm, Soc. (1980) pp. 571-581. 

(2) H.H. Zachariasen, J. Less Common Met., 62, 1-7 (1978). 

* This work performed under the auspices of the U.S. Department of Energy. 

iS5 



TERNARY ACTINIDES-MOLYBDENUM CHAt,COGENIDES. 
SYNTHESIS AND MAGNETIC SUSCEPTIBILITY 

OF ThMo^Sg, UMo 6 S 8 AND UMo^eg 

H. Noel, R. Chevrel and M. Sergent 

Laboratoire de Chimie Minfrale B, AssocU au C.N.R.S. n* 254 
University de Rennes I 

Avenue du Ge'ne'ral Leclerc 
35042 Rennes Ce~dex 

The ternary molybdenum chalcogenides M Mo,X. (M = metal ; X = S, 
Se, Te) have attracted considerable interest inthe last 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 superconductivity 
and long range magnetic order (M = rare earth RE = Ho, Dy. Gd, E r . f ' ' . 
These properties change from one compound to an other, with the ionic (size, 
the valency and the magnetic behavior of the inserted M element. 

Replacing a rare earth by uranium may have two main effectB : 
- a change of the charge transfer from M to the Mog cluster and then a change 
of the density :_: state at the Fermi level ; 
- an enhancement of the magnetic interactions in the M sublattice. 

The ternary thorium or uranium-molybdenum chalcogenides 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 
T = 1180* C during 24 hours. In spite of the fact that all handlings were made 
in a dry and desoxygenized glove box, small amounts of the oxychalcogenides 
ThOS, ThOSe, UOSe could not be avoided in the final products.The existence 
of ThMo/Sg and UMogSg had already been mentioned , but UMogSeg is a new 
compound and ThMogSeg could not be prepared. The lattice parameters, calcu
lated from least square refinements, have the following values (hexagonal unit 
cell) : 

ThMo 6 S 8 a = 9.05A c = l l , 4 3 A V=810A 3 

UMo 6 S 8 a = 9 . 0 2 A c= 11.36 A V - 800 A3 

UMo 6Se 8 a =9.36 A c = 11.82 A V = 897 A3 

The magnetic susceptibility of the uranium compounds has been investigated 
by the Faraday method in the temperature range 4,2 - 300" K and in the applied 
field = 4 koe. The susceptibility of UMo^Sg (figure) fits a Curie-Weiss law 
X = C/(T-0 } with a negative paramagnetic Curie temperature ( 0 p = -33" K) ; 
the effective magnetic moment u eff = (8c) 1 ' 2 = 2.87 uB is close to the usually 
reported values for U ion with a large crystal field splitting of the ground 
term. The susceptibility of UMo^Seg follows a Curie-Weiss law above 55* K 
with 0p =---13* K and u e f f = 3.0 uB. Below 55* K, the slope of the x* 1 vs T 
curve increases, 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 ordering of uranium, with the probability of a metama-
gnetic transition in higher applied 5ield. 
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It ia to be noticed that the binary USe 2 is also an antiferromagnet with 
Tjyj "12° K 6, but the same low temperature behavior was observed for sam
ples containing an excess of uranium (with observable USe^ as impurity), as 
well as for samples containing an excess of molybdenum (with M03SC4 or 
MoSe, as impurity). The highest reported magnetic ordering temperature 
among the REMo^Xg family is T N = 2,25* K fox CeMo^Sg and uranium 
compounds have generally higher ordering temperature than rare earth com
pounds due to the largest spatial extent of the Sf electron wave functions. 

As some of the rare earth molybdenum selenidcs have rather high super
conducting critical temperature^ (LaMo^Seg ; T c = 1 1 s K), substitution of 
RE by U in the jame lattice position would lead to promising pseudo-terna
ries REj _ x U x Mo^Se 8 in view of the competition between superconductivity 
and long-range magnetic order, 

U 0 . Fischer, Appl. Phys. U, 1 <19?8) 
2. M. Ishikawa knd 0 . Fischer, Solid State Comm, 23,, 37 (1977) 
3. J .W. Lynn, D.E. Mancton, W. Thomlinson, C. Shirane and R.N. Shelton, 

Solid State Comm. 26, 493 0978} 
4. D.E. Monet on, G. Shirane, W. Thomlinson, M. Ishikawa and 0 , Fischer, 

Phys, Rev. Lett. 41., ^ 3 3 (1978) 
5. M. Sergent, R. Chevrel, C. Rossel and 0 . Fischer, J , Less Common 

Met. 58, 179 (1978) 
6. W. Suski, J . Solid State Chem. 7, 385 (1973) 
7. M, Pelizzone, A. Treyvaud, P . Spitzli and 0 . Fischer, J . Low Temp. 

Phys. 22, 453 (3977) 
8. R.N. Shelton, R.W. Mc Galium and H. Adrian, Phys. Lett. 5dA, 213 (1976) 



STERJC EFFECTS IN A-VIDF AND OTHER COMPLEXES OF 
URA'illlil TETRACIIU'IMDE AND H-TH10CYANATE 

K.W. Bcgnall and Li Xing-fu 

Department of Chemistry 
University fo Manchester 

Manchester M13 9I'L England 

Following on the study [1] of the disproportionate of 
"('^CsH^teOCl/'", wfl have investigated similar phenomena in the complexes 
of ti(,rjCr,iifJJU(!iCS)3L?l . where L is an oxygen or nitrogen donor 1 igand [2] . 
Compounds 'n which L = Ph3PO or (Mo2N)3P0, for which r.CAF = 0.76, can be 
liolat'-ci, but those for which zCAF = 0.72 (L = thf or py) disproportionate' 
readily: 

3[(- l
5C 5H 5)U(Nr5) 3L 2] + 2L=±- [ ( A g H ^ U f H C S ) ! + 2EU(fJCS)4L4) 

whci-e L is on anide ngsnd ( CAF = 0.74, that is, in the rritical border 
region) the comple.os [(n5C5Hs)U(UCS)3L?] can be isolated in some cases 
but in othcrr disproportionate may ot.cur, a result which depends upon the 
M1'onrf order steric crowding. Thus where L = CH3C0?IMe2, stable conple/es 
/!>r- only n|-.i>ir,ed when tun or more hydrogen atoms of the acid CH3 group are 
i-tplaced by methyl groups. The results are shown in Fig. 1. 

Above the stable region a dissociation equilibrium may exist between 
ccT[iir/es of differing coordination number and the free lig^nd, as found 
fur UC*4 cc.iplexes [3] : 

rUCl4-2.5LJ (ZCAF - 0.P0) ¥* n[UCl 4L 2](rCAF » 0.75) + O.SnL 

[u;ncsj(,.L4!(zCAF = o.m^ IU{HCSJ4L3](SCAF « 0.74) + L 

In these cases the equilibrium may be affected to some extpnt by the 
solvent, but the major factor is steric crowding. Thus compounds of 
composition [UCI4L2), in which the environment of the uranium atom is 
relatively under crowded, are stabilised by ligands of larger secondary 
size, such as {CH3)eCKCDM(CH3)2 {dmiba) and (CH3)3CCGN(CH3)2 (dmpva) which 
destabilises the first order overcrowded compounds of the type (".(NCS)^]. 

Unusual composition and structures may occur when the values of CAF 
anticipated (but overcrowded) compounds are not in the stable region (see 
Fig. 1); examples of this behaviour are the unusual (for uranium(IV)) 
pentagonal bipyranridal coordination geometry of [U(NCS)4(dmibah] [4) 
i= UCl4.2.5depa; depa = C2HsCON{C2H5)2) [51. 

This work was supported by the grant of a studentship to L. Xing-fu 
by the Peoples Republic of China. 

(1| K.W. BagnalT, A, Beheshti, J. Edwards, F. Heatley and A.C. Tempest, 
J. Chem. S a c , Dalton Trans., 1979, 1241. 

|2J Li Xing-fu, Research Report, University of Manchester, 1980. 
!3] K.W. Bagnall, J.G.H. du Preez, J. Bajorek, L. Bonner, H. Cooper and 

G. Segal, J. Chew. S o c , Dalton Trans., 1973, 2682. 
(41 K.W. Bagnall. Li Xing-fu and G. Bombieri {to be published). 
IS] K.W. Bagnall, Li Xing-fu, O.S. Hills, R.L. Boddoes and R.J. Cernik 

(to be published). 
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COMPLEXES OF THROIUM TETRACHLORIDE AND 
TETRATHIOCYANATE WITH AMIDES 

K.W. Bagnal l , Li Xing-fu ' and Pao Po-jung* 

Department of Chemistry 
Univers i ty of Manchester 

Manchester M13 9PL England 

Thorium t e t r a c h l o r i d e and tho r iun t e tTa th iocyana t e form complexes with 
a s e r i e s of amides of t h e type RCONR ;̂ t h e s t e r i c e f f e c t s [1] r e s u l t i n g 
from t h e use of bulky s u b s t i t u e n t s R and R1 on the d i s s o c i a t i o n of t h e t r i s 
and t o t i a k i s complexes: 

T h C l 4 . L 3 = t T h C i 4 . L n + (3-n)L 

T h ( N C S ) 4 . L 4 ^ t Th(NCS) 4 .L n . * ( 4 - n ' l l . 

have been s tud ied { 2 ] . 

The c r y s t a l s t r u c t u r e of some of t h e complexes of the above type a re 
being i n v e s t i g a t e d . 

* Supported by the Government of t h e Peop le ' s Republic of China. 

[1] K.W. Bagnall and Li Xing-fu, "A t rea tment of coord ina t ion s a t u r a t i o n 
and s t e r i c e f f e c t s in a c t i n i d e compounds ( to be presented at t h i s 
confe rence) . 

\2] Li Xing-fu and Pao Po-Jung re sea rch r e p o r t , Un ive r s i ty of Manchester, 
1981. 



A TREATMENT OF COORDINATION SATURATION 
AND STERIC EFFECTS IN ACTINIDE COMPOUNDS 

K.H. Bagnall and Li Xing-fu 

Department of Chemistry 
University of Manchester 

Manchester M13 9PL England 

High (>6) coordination numbers arc commnnly exhibited by the actinide 
elements in their compounds and, in contrast to the 4 transition elements, 
the coordination number is limited essentially by steric crowding [1] ratl.er 
than by electronic considerations. The first order steric crowding 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 zCAF = 0.80, 
o = 0.025, whereas compounds in which zCAF is greater than 0.80+3tr or less 
than 0.80-3o rarely exist. An increase or decrease in the coordination 
number for compounds for which 2CAF is within the critical border regions 
may provide a driving force for chemical rearrangement tooccur because of the 
steric effects. 

This work was supported by the grant of a studentship to L. X-f. by 
the Peoples Republic of China. 

p ] K.W. Bagnall in "Organometallics of the f-elements, Editors T.J. Marks 
and R.D. Fischer, Reidel, 1979, page 243. 

[21 Li Xing-fu, Research report, University of Manchester, 1980. 
* The term "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, GUnter Hoffmann and Reinhard Marquart 
Radiochemische Abteilung 

I n s t i t u t ftir Anorganische Chemie 
der Universitat MUnchen 
Meiserstr.l 8 MUnchen 2 

W,-Germany 
Ammonium plutonyl carbonate, APUC, (NH.) .PuG7tCG,;3,*H,y) ammonium uranyl carbonate, AUC, (NHJ.UO-CCOV ) 3 ^.H-JOf and 

mixed BBtmonium uranyl-plutonyi carbonates with the general 
composition (NH4)4CUxPu]_x]02(C03)--H20 have been prepared by precipitation with ammonium carbonate from the respective nitrate 
solutions. 

Plutonyl carbonate, Pu02C03 was prepared by saturating a suspension of PuOj'O.Sli-O,1 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 following lattice constants: 

Formula &<A) b(A) c{A) 6° D(gcn~ 3) 

{SH 4 ) 4 UQ 2 {CQ 3 ) 3 -H 2 0 2 yellow 12.824 9.356 10.654 96.42 2.73 

( H H ^ C U ^ J P U Q ^ G ^ C G ^ . I ^ O green 12.744 9.295 10.628 96.03 2.76 

(NH 4> 4(U 0 ' 5?u o] 5)0 2(C0 3) 3.H 2O grayish-green 12.852 9.329 10.620 96.51 2,74 
t N V 4 ( 0 0 3 ? U 0 7 , °2 < C 0 3 > 3* H 2° d e e p 8 r e < s n I 2 - 7 3 6 9 - ' 1 0 3 '0.732 96.39 2.71 
(NH4) i iPii02(C03)3-H20 fern green 12,882 9.279 10.477 97.05 2.79 

The l a t t i c e data of green (NH,).Np07(CG K«H,0 have not yet 
been determined. q * L * * £ 

The thermal decomposition of the ammonium a c t i n y l carbonates 
has been s tudied by means of mass s p e c t r o m e t r y a n a l y s i s of the 
gaseous decomposition p roduc t s , by DTA, and by x-ray d i f f r a c t i o n . 

Thermal decomposition of (NHJ .U07CCO»)_*H70 and of 
£ N H 4 ) 4 { U 0 > 7 P u o _ 3 ) 0 2 ( C 0 3 ) 3 . H 2 0 p r o c e l d s ' i n 3 Single s t e p , y i e ld ing 
U,Og» o r (UQ 7?«n 3)303 * n s n ox id iz ing atmosphere, UO, or 
CUQ 7PU- i)^?' respectively, in a reducing atmosphere. 

The compounds (NH.KCuVPu. -)0-(CO-),*H,0 with x • O.S, 0.3, 
and 0 decompose in two%tep$: '"* * J J £ 

In the first step, rust brown {VQ cPun s^2^0s' yellow-brown 
(UQ 3 P U O , 7 ) ° 2 C 0 3 o r M**1* °rown Pu0 2C0 3 are formed at approx. 150°C, 



dt approx. 200°C, these carbonates decompose t o form mixtures 
of PuO- and U,G R , as i s to be expected from the U-Pu-G phase 
diagram, 3 , 4 / * 

Attempt's to prepare anhydrous PuO- by ca re fu l decomposition 
of PuO,CO- were not s u c c e s s f u l . Rather? the decomposition p r o 
ceeds S i r e c t l y to Pu0 2 wi th evo lu t i on of oxygen. 

Tiie p r epa ra t i on of (NH i),AiiiO,CCO,),*H,0 was at tempted by 
r e a c t i n g a s o l u t i o n of A«(VT)*in 'HMOj 3 z w i t h (NHJ-CO-. How
e v e r , immediate reduc t ion t o l igh t -b rown, i n so lub l e 
(NH.)AraO-CO, (or p o s s i b l y , (NH,),Am07CC0~),) takes p l a c e . The 
corresponding neptunium(V) carBonate? ° L (NH,)Np0 2C0, has a l s o 
been p repared . 

Experimental techniques and d e t a i l e d r e s u l t s w i l l be p resen
t e d . 

"This work was supported by the Bundesministerium fiir 
Forschung und Technologie, Research Grants KK-1578.5, 03-46A-S2P 
and 03-47A-521. 

1. K.W.Bagnall and J . B . L a i d l e r , J,Chem.Soc.(London) 1964. 2695 
2. H.G.Bachmann, K.Seibolii , H.Z.Dokuzogu2 and H.M.HtiTTeT, 

J.Inorg.N'ucl.Chem. 37, 735 (197S) 
3 . C .Sa r i , U.Benedict ,"and H. Blank, J.N'ucl.Mat. 35, 267 {1967} 
4 . U.Benedict and C. Sar i EUR-4136e (May 14, 1969T" 
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CRISTALLOCHEHICAL PROPERTIES OF NEW TRANSURANIUM (Np, Pu, Am) TERNARY OXIDES 
WITH TRANSITION ELEHENTS (V, Ho, W) AND SOME SELFIRRADIATION EFFECTS 

A. Tabuteau, H. Abazll and H. Pages 
lnstitut turie, Laboratoire Curie 

II rue Pierre et Marie Curie, 75231 Paris Ceaex Ob France 

u ^ transuranium ternary oxides have been synthetized by sclid state reac
tion -at 3 e milligram ;<:ale- and identified by X ray diffraction 
. trivalent state : PU2M0O6, P^WOg, Pu2(W04)3, AmjMoOg, AmgUOg, Am2(Mo04)3 and 
ArP2(W04)3 ; 

. tetravalent state : Np(V03) 4, Np(Mo04)2, Np(U04)2 a n d Pu(Mo04) 2. 
We were able to determine stoichiometry and thermal stability of thirty 

six transuranium double compounds by studies of liquid-solid equilibrium 
diagrams Np, Pu or Am molybdates (or tungstates)-alkali molybdates (or tungs-
tates) by differential thermoanalysis. 

Structural 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 transuranium ternary oxides 

Compound a (S) b («) 
B 

C (A) B (°) Structural type 

P112M0O6 4.051(1) 15.851(9) Lr^MoOj1 

Am 2 (U04 )3 -.733(3) 11.593(4) 11.507(4) 109.63(3) scheelite 
N p ( H 0 4 ) 2 9.506(5) 14.243(6) 10.237(5) a-Th(Mo04)2Z 

N a 2 N p ( U 0 4 ) 3 5.240(3) 11.414(4) scheelite 
M A n ( U 0 4 ) 2 5.258(3) 11.423(3) 
K 2 Pu(HO04)3 17.538(9) 11.992(6) 5.243(4) 104.80(6) " 
N a 4 K p ( H 0 4 ) 4 11.337 11.736 " 
K 8 N p ( H O 0 4 ) 6 

10.488(3) 17.608(6) 7.822(3) 116.73(3) palmierite 
K 6 / ta (Mo04)4 10.3:5(4) 5.965(4) 7.708(3) 116.57(3) " 
L i 2 N p ( H 0 4 ) 3 9.777(3) 5.651(2) 5.053(2) 93.77(4) wolframite 

to0.120w°3 3.827(1) perovskite 
N p ( V 0 3 ) 4 8.481(3) 28.723(8) Np(V03)4 

Single crystals of Np(V0j)4 were obtained by fusion (1173°K) followed by 
SIDW cooling (6°K h"l) to 773"K ; they were sealed in a capillary to avoid 
external contamination. Diffracted intensities were collected with a four-
circle diffractometer ; the space group is I4j/a and the Np atoms occupy 8(e) 
positions. Np atoms have eight 0-atom neighbours, at t/i average distance of 
2.32 A, located at the corners of irregular polyhedra (figure 1). The 0-atom 
environment of the two different V atoms 1s tetrahedral ; endless chains of 



tetrahedra are formed running parallel to the xy direction (figure 2). The 
piling up of the uolyhedra, linked only by the shared corners, confers great 
stability to this structure. Tf.e value of the ionic radius given by Shannon3 

for Np*+ (0.98 A, eight-coordination) shows that the Np-0 distances (2,287 to 
2.348 A) here measured for the first time, arc that expected. 

Fig. 1 

The X-ray diffractograms of some 239pu a r i L 241ft,, ternary compounds show, 
after some months, a clear lattice alteration. He have observed a contradictory 
time evolution of the lattice parameters (Table 2) which show the need of new 
stusies about raoiolytical phenomena. 

Compound t (months) a (A) b (A) c (A) C) 

"Pu 2(U0 4) 3 9 
16 

p"0,1O5u03 

7.777(2) 
7.757(6) 
7.752(3) 

3.824(1) 
3.827(1) 
3.828(1) 

11.652(3) 
11.634(10) 
11.621(5) 

11.566(3) 109.35(2) 
11.543(10) 109.8(1) 
11.550(5) 109.34(6) 

1. L. H. Brixner, Rev. Chim. Win., 10, 47 (1973). 
2. H. Freundlich and J. Thoret, C.RTAcad. Sc. Paris. C, 96 (1167). 
3. B. D. Shannon, Acta Cryst,, A32, 751 (1976). 



EFFECTS OF HEREDITY AND ENVIRONMENT ON THE CHEMICAL 
C0NSEQUENCE5 OF THE DECAY OF 2 5 3 E s IONS 

IN SOLID STATE COMPOUNDS* 

J . P. Young,** R. C. Haire , J . R, Pe te rson ,* and D. D. Enso r + 5 

Transuranium Research Laboratory (Chemistry Divis ion) 
Oak. Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

Thermallzat lon of r e c o i l spec ies r e s u l t i n g from a or &" decay in the 
s o l i d s t a t e could be considered as a process of charge-compensated ion 
implan ta t ion . Except for the charged species t h a t escape the bulk phase, 
n a t u r a l r a d i o a c t i v e decay can maintain a charge balance as shown for the 
following c a s e s . For a decay: 

, A ° + - 2 _ / " - 2 ' + + 2 H S

2 + 

followed by n e u t r a l i z a t i o n of the He to y i e l d u l t i m a t e l y _ _ 2

A and He. 
Likewise for S~ decay: ' 

z z-fl [ - 1 

followed by r e a c t i o n of the f ree e l e c t r o n t o y i e l d u l t i m a t e l y z + i A , 
Thus, t h i s n a t u r a l process i s q u i t e d i f f e r e n t from ion implan ta t ion c a r r i e d 
out in the l abora to ry where charge compensation i s not pos s ib l e o r , a t 
beBt, pos s ib l e only in the c rudes t s e n s e . , Consider a l s o t h a t r ad ioac t ive 
decay i s a s i n g l e atom e v e n t , i . e . , i n each decay event in the s o l i d s t a t e , 
the r e c o i l ion can f ind I t s e l f in a matr ix of 10" host s p e c i e s . 

In bulk-phase Bk h a l i d e s 1 ' 2 ' 3 i t has been shown tha t the Cf daughter 
spec i e s thermal!ze in the same oxida t ion s t a t e and c r y s t a l s t r u c t u r e as 
tha t of the p a r e n t . T h i s - i s unders tandable cons ider ing the weak energy 
(0 .28 eV) of the Cf r e c o i l . In bulk-phase Es h a l i d e s , i t has been shown 
tha t t h e progeny ions are a l so of the same oxida t ion s t a t e as the parent 
and pos tu l a t ed tha t the l o c a l - o r d e r s t r u c t u r e of the progeny compounds i s 
the same as t h e p a r e n t . 4 The maintenance of ox ida t ion s t a t e in e i t h e r a or 
B~ decay of the bulk-phase a c t i n i d e s seems t o be a consequence of the 
charge ba lance , as given in the above equa t i ons , and i s dependent on the 
i n i t i a l ox ida t ion s t a t e of the p a r e n t , an e f f e c t of h e r e d i t y . Since r a d i o 
a c t i v e decay in the s o l i d s t a t e r e s u l t s in the replacement of some matr ix 
ions one a t a t ime , the l o c a l - o r d e r ( l o c a l s t r u c t u r e ) of the transmuted ion 
may be determined by the environment, or l o c a l s t r u c t u r e , i n to which i t i s 
implanted. If t h i s i s c o r r e c t , t he r e a re s e v e r a l consequences; for exam
p l e , i t would be p o s s i b l e to i n f e r the s t r u c t u r e of Es compounds by d e t e r 
mining t h e s t r u c t u r e of progeny compounds. This could resolve the inherent 
d i f f i c u l t y of determining the s t r u c t u r e of Es compounds by s tandard X-ray 
d i f f r a c t i o n t echn iques . I t has been shown t h a t f-f absorp t ion spec t r a of 
l an than ldes and a c t i n i d e s in the bulk-phase s o l i d s t a t e a r e dependent on 
l o c a l o rder ( the bu i ld ing block of long-range order ) and a r e unique for a 
given c r y s t a l s t ructure.** Thus, absorpt ion s p e c t r a l information can be 
used t o e s t a b l i s h l o c a l order and i n f e r s o l i d s t a t e ( c r y s t a l ) s t r u c t u r e . 



The hypotheses , t h a t with a c t t n l d e spec ies (1) progeny ox ida t i on s t a t e 
I s an e f f e c t of h e r e d i t y and (2) l o c a l order I s a func t ion of environment , 
were t e s t e d using abso rp t ion spec t roscopy. Sol id s t a t e mixtures of approx
imately 10 or l a s s moleX 2 5 3 E e ( I I or I I I ) h a l l d e s in l an than lde ( I I I ) 
h a l i d e s of v a r i o u s s t r u c t u r e s have been prepared . Samples of d i l u t e E s ( I I I ) 
h a l l d e s in a l k a l i n e e a r t h ha l ldes were a l so synthesized:. The s p e c t r a of 
these samples were obtained when the samples were f r e sh ly prepared and 
aga in a t var ious subsequent t imes to e s t a b l i s h the ox ida t ion s t a t e and 
coord ina t ion of the progeny ( p a r t i c u l a r l y Cf) as they grow i n t o the c o l i d 
s t a t e h o s t . As an a u x i l i a r y s tudy , samples of i . lO.moleZ C f ( l I I ) in the 
same lan thanide ( I I I ) ha l ldea were a l s o prepared to see i f the coordinat ion 
( s t r u c t u r e ) of C f ( I I I ) , as I n t e r p r e t e d from s p e c t r a l d a t a , i s inf luenced by 
the l an than ide ( I I I ) h a l i d e . This l a t t e r experiment: i s of I n t e r e s t as a 
pos s ib l e adjunct proof of our hypothesis* The r e s u l t s of t he se s t u d i e s 
should e l u c i d a t e the inf luence of h e r e d i t y and environment on the f i n a l 
chemical and phys ica l s t a t e of progeny spec ie s r e s u l t i n g from 253^3 decay 
in the s o l i d s t a t e . 

* Research sponsored by the Divis ion of Chemical Sc iences , U, S. 
Department of Energy under c o n t r a c t s DE-AS05-76ER0W47 with t h e 
U r i v e r s i t y of Tennessee (Knoxvil le) and W-74Q5-eng-26 with Union 
Carbide Corporat ion. 

t Department of Chemistry, Univers i ty of Tennessee, Knoxvi l le , Tennessee 
37916. 

** Ana ly t i ca l Chemistry Div is ion , Oak Ridge Nat ional Laboratory . 
S Present address ; Department of Chemistry, Tennessee Technological 

Univers i ty , Cookevi l le , Tennessee 38501. 
1. J . P. Young, R. G. Hai re , J . R. Pe terson, D, D. Ensor, and R. L. 

Fellows , Inorg . Chera. .19.:2209 (1980) . 
2. D. D. Ensor, J . R. Pe te rson , 8. G. Ha i re , and J . P. Young, J . Inorg . 

Nucl. Chera., In p r e s s . 
3 . J . R. Pe terson, J . P. Young, D. D. Ensor, and R. C. Ha i r e , to be 

presented a t Ac t i n ide s , 1981, Aailomar Conference Grounds, P a c i f i c 
Grove, CA, Sept . 10, 1981. 

4 . J . P. faung, R. G. Ha i re , J . R. Pe terson, and D. D. Ensor, submitted 
for p u b l i c a t i o n . 

5 . R. G. Haire and J . R. Pe terson, in Advances in X-ray Ana lys i s , e d s . 
C. J . McCarthy e t a l . , Vol. 22 (Plenum Publ ishing Co., New York 1979) 
p . 101. 

6 . R. G. Hai re , J . P. Young and J . ft. Pe te r son , in The Rare Earths in 
Modern Science and Technology, e d s . G. J . McCarthy and J . J . Rhyne, 
Vol. I l l (Plenum Publ ish ing Co . , New York, in p r e s s ) , and re ferences 
t h e r e i n . 
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SILICATES OF THREEVALENT ACTINIDES 
C. Keller, U. Iferndt 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 SiO, in air 
(An = Am,Cm) or under reducing atmosphere (An = Pu.Am) binary 
actinide silicates of the types An g 3 3 C I 0 6 7(Si0 4) g0 2 (An 
Pu-Cm) , An„(SiO.)_ (An = Pu-Cm) , and AnuSi-O- have been Drai
ned for the first time ' . Besides ThSio. and PaSiO. thest- are 
the only actinide silicates to be prepared by <olid-state re
actions. 

The An 9 3 3 D 0 6,(Si0 4) 60 2 and An8(Si04>2 

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
itions 

Lattice 
( + 

a 

Parameters (P.) 
£ 0.005) 

c 
An 9 3 3<Si0 4) 60 2 Pu H2/1400°C/2d 9.589 1.019 

Am Ar/1350°C/3d 9.5i>9 7.002 
Cm air/1350°C/3d 9.557 + l 6.982 + l 

^jis^lf Pu H2/1400°C/3d 9.595 7.037 
Am air/1400°C/3d 9.565 7.014 
Cm air/1350°C/3d 9.564 + ) 8.213 + ) 

A m 2 S i 2 0 7 crystallizes in a pseudo-orthorhombic lattice with 
a = 8.639 8, b = 12.940 8, and c = 5.396 2. 



The option vacancies in the apatite structures can be filled 
by substitutions of the type 1/3 An 3 + + 2/3 O •* 1 Me + (Me+ = 
Li,Na) and 4/3 An 3 + + 2/30 * 2 M e 2 + {Me 2 + = Mg,Ca,Sr,Ba). 
The polynary actinide silicates, e.g., LiPUjtSiO.JgO-, 
Hĝ AnigiSiO-JgÔ * and Ba2Cmg (SiÔ J ,0, are obtainable at much 
lower temperatures than the corresponding binary silicates. 
Formation conditions and lattice parameters of selected coiri-
punds are 

Compound 
Formation 
cond i t i ons 

L a t t i c e 
<+ 

a 

Parair^ters (a) 
< 0.005) 

c 
L i P u g ( s i o 4 ) 6 o 2 H 2/1100°C/3a 9.566 6.999 
NaAm 9CSio 4)g0 2 H 2/1100°C/3d 9.576 7.007 
Mg 2 Pa g <S10 4 ) 6 0 2 

cacm 8(Sio 4) 6o 2 

H 2/1250°C/3lJ 
H2/120O°C!3d 

9.5S9 
9 . 5 1 7 + ) 

6.973 
6 . 9 8 6 + 1 

S r C 8 ( S 1 0 4 ! 6 0 2 tt2/1200°C/3d 9 . 5 6 5 + ) 7 . 0 6 9 + ) 

BaCm a (Sio^l f t 0 2 H 2/1200°C/3d 9 . 6 5 3 + ) 7.123* ' 

There seems to be a solid solution of SrO in Sr-jAn-CSiO.KO, 
as shown by the different lattice parameter of the composit
ion Sr,An,(SiO,},• 
Hhereas the Asi(III}~ and Ctti(III)-silicates are stable in air 
at room temperature, a slow decomposition of the Pu{IIIl-
compounds occur with the formation of Pu02. 
The Am- and especially the Cm-compounds show a slow increase 
in lattice parameters due to self-irradiation effects. For a 
CajCmgCSiO.),0, the change in lattice parameters folio the 
equations 

and 
ic/c » 2.8-tcf3 n-exp(-0.03-t(h)) 



This gives 
a = 9.509 8 and c - 6.984 8 for t-o 

as compared to the measured values 
.a = 9.517 8 and'c - 6.986 8 for t=4h. 

Present adress: Fundaeao National de Technologia, Depto. 
dc Quimica, Rio de Janeiro, Brazil 

I.B. de Alleluia, Ph.D.-Thesis, University of Karlsruhe 
(1979J, see also Report KfK-2849 (1979J 
C. Keller, Nukleonik 5, 41 (19631 



A T ' U K HYOPOXVSULFATES* 
Dennis Wester, Rodney Banks, Jacek Mulafc+, William Carnal!, and Barry Baran 

Chemistry Division 
Argonne Hational Laboratory 

Argonne, Illinois 60439 
Actinide compounds of the general formula An{OHhSO«, are under study 

both from a synthetic and spectroscopic point of view. Synthetically the 
compounds comprise a series in which the onset of hydrolytlc behavior leads 
to catenated AnfOH)! 1 species containing bridging hydroxides and the struc
ture reveals the Initial stages of polymer formation. Spectroscoplcally 
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 
An* + Ions, thys in principle greatly aiding the theoretical interpretation of 
the spectra. 

Uranium hydroxysulfate precipitates from a solution of U(IV) in 
dilute sulfuric acid in a hydrothermal reaction at 140 PC. Infrared spectra 
contain absorptions expected for hydroxy and sulfate moieties. Visible 
spectra are typical for U(IV). X-ray powder diffraction patterns are con
sistent with the previously determined single crystal structure. Substitu
tion of deuterium for hydrogen allows unequivocal assignment of the OH bands 
1n the Infrared. Conditions for the formation of U(OH)iSO.. are very critical. 
Even small .variations 1n the requisite conditions produce compounds of 
different compositions. 

Neptunium hydroxysulfate forms under conditions identical to those 
which produce the uranium compound. Infrared and visible spectra are con
sistent for a compound IsostructunT with the uranium species. X-ray powder 
diffraction patterns confirm the isomorphicity. Refined unit cell parameters 
display the trend expected due to the actinide contraction. 

Plutonium subjected to the conditions under which the aforementioned 
hydroxysulfates form does not produce an identical compound. The product 
which does form is under investigation and attempts to prepare Pu(OH)zSO* 
arc continuing. 

*Mork performed under the auspices of the Office of Basic Energy Sciences, 
Division of Nuclear Sciences, U. S. Department of Energy, under contract 
So. H-31-109-ENG-38, 
^Permanent Address: Polish Academy of Sciences, Institute for tow 

Temperature and Structural Research, Plac Katedralny 1, 
Box 937, 50-950 Wroclaw, Poland 
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ON THE COHESIVE PROPERTIES OF THE LIGHT ACTINIOE HETALS 

H. 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. 
He 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 pref«rential occupation of the j = 5/2 band 
has been computed with the relativistic equivalent of the pressure 
formula2. The effects are small for Ac-U but there is an increase in 
the lattice parameter for (Ip and Pu which brings the theory' into very 
close agreement with experiment. 

The cohesive energies were obtained 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 
across 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 theories*. 

t. H. L. Skriver, 0. K. Andersen and B. Johansson, Phys. Rev. Lett. 
41, 42 (1978) 

2. t T G . Pettifor, Commun. Phys. 1, 141 (1976) 
3. 0. Gunnarsson, J. Harris and RT 0. Tones, Phys. Rev., B 15, 3027 (1977) 
4. B. Johansson and A. Rosengren, Phys. Rev. B J^, 1367 (1975) 



CAUSES FOR THE VARIABLE SUPERCONDUCTING TRANSITION 
TEMPERATURE IN URANIUM METAL 

T. A. Sandenaw 
Los Alamos National Laboratory 

Universi ty o f Ca l i fo rn ia 
Los Alamos, New Mexico 87545 

The superconducting t r ans i t i on temperature (T c ) f o r a-phase uranium, as 
reported by d i f f e ren t exper imental is ts, covers the temperature range from 
<_ O.IK 1 to 1.3K2 at ambient pressure. An answer to t h i s v a r i a b i l i t y i s 
suggested by the space group, Oil Pimm, assigned to the recent ly determined 
structure f o r a'-phase uranium 1 along wi th the association o f a charge-density 
wave (COM) to a per iodic l a t t i c e d i s to r t i on in a-phase uranium 1. 

The appearance o f the space group O^t, also found in the shape-memory 
ef fect (SME) a l l oy AgCd*, i s consistent wTth a suggestion made previously 
that a close-packed, layer- type (CPL) martensi t ic s t ruc ture was indicated fo r 
the low-temperature phase o f uranium 5. This author has recent ly proposed6 

that there could be mul t ip le e f fec ts as a consequence of a low-temperature 
martensit ic a-U •*• a'-U t ransformat ion, which is indicated by the Dig st ructure 
for a'-phase uranium. Besides charge-density waves (CDWs), these e f fec ts were 
l i s t ed as: valence f l uc tua t ions , discommensurations, so l i tons and even shape-
memory e f fec t (SME}. 

Ele^tron-phonon interact ions are ronsidered to be responsible for both 
superconductivity and martensit ic transformations. The e f fec ts o f impuri t ies 
on a martensi t ic transformation in A-15 compounds has 'ready been considered 
by Bhatt and McMi l lan 7 , as well as the re la t ionsh ip o f such a transformation 
to superconductivity. There i s a s i m i l a r i t y in the a-phase uranium structure 
and the A-15 (8-tungsfcen) structure as pointed out by Pau l ing 8 . He noted that 
the two strongest bonds in uranium, as in the A-15 s t ruc tu re , bind the atoms 
together in s t ra ight "s t r ings" extending through the c r y s t a l . I t w i l l be 
shown how impuri t ies appear to a f fec t completion o f the a-U -*• a ' -U t r ans i t i on 
and why there appears to be only f i lamentary superconductivity when the t r a n s i 
t ion goes to completion at - 43K. 

Froh l ich 9 i s a t t r ibu ted by P h i l l i p s 1 0 wi th being the f i r s t to note that 
high values of T c imply l a t t i c e i n s t a b i l i t i e s . I t w i l l be suggested how va
lence f luctuat ions and CDWs, resu l t ing from a martensi t ic transformation in 
a-phase uranium, contr ibute to l a t t i c e i n s t a b i l i t i e s and therefore to the ob
served T c . The answer appears to involve domain format ion, discommensura-
t i ons , and whether the possible COWs are commensurate or incommensurate at the 
superconducting t r ans i t i on temperature, T c . 

1. S. D. Bader, N. E. P h i l l i p s and E. S. Fisher, Phys. Rev. B 1_2_, 4929 (1975). 
2. B. B. Goodman and D. Schoenberg, Nature, 165_, 441 (1952). 
3. H. G. Smith, N. Wakabayashi, H. F. Crummett, R. M. Nidclow, G. H. Lander 

and E. S. Fisher, Phys. Rev. L e t t . 44, 1612 (1980). 
4. A. Nagasawa, J . Phys. Soc. Japan, 40, 1021 (1976). 
5. T. A. Sandenaw, Scripta Met. 12, 39 (1978). 
6. T. A. Sandenaw, Scripta Met. TJn press - to appear 1n Apr i l 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. Frdh l ich , Proc. Boy. Soc. A T l 5 , 291 (1952). 
10. J . C. P h i l l i p s , Solid State Comm. 18. 831 (1976). 
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ACTIHIDE CHEVREL PHASES 
An I + Ho.Se_ WITH An * Np, Pu, AD 

D.DAHIEN, C-H. De NOVION, J.Gal1 

SEMA et SESI - DEcPu, BP n° 6 
Centre d'Etudes NucUiaires 92260 Fontenay-aux-Roscs - France 

Chevrel phases are ternary molybdenum chalcogenides of general Eoraula 
M Mo,Seg where M stands Eor a metal which can be monovalent (Na*, Li*), diva
lent (Pb2+, Mg2+) trivalent (RE3+) or even tetravalent (Th**>. The rare-earth 
compounds are of special interest because the sulfides and the selcnides are 
superconductors with high critical temperatures and more over with high critical 
fields. Among these ternary molybdenum selenides CcMo6Seg was not found to t>e 
superconducting down to 0.1 K and this is thought to be due to interactions 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 h-ivc prepared and studied ternary molybdenum selenides Ani+xMo&5e8 with 
x - 0 and 0.2 and An - 237N P, 239pu, 2*1 Jta. 

They cristallize in the rhomboedral system of PbMogSeg type like the cor
responding rare earth compounds and the lattice parameters of all the actinide 
compounds are close to those of NdMofeSefl- Their idealized structure consists 
of MogSeg clusters surrounding the actinide ions. The cation An themselves are 
considered to be surrounded by B selenium ions in a quasi cubic symmetry. In 
such a structure the lattice parameters are not very sensitive to the size of 
the metal which explains that the lattice parameters of neptunium, plutoniuut 
and omericiuta ternary irolybdenum selenides are quite close one to the other. 

The occurence of superconductivity in the actinide chevrcl phases was sear
ched by magnetic susceptibility and electrical resistivity measurements. 

Npl+xMofjSeg (x - 0 and 0.2) was found to be superconducting at 5.6 K. At 
this temperature it becomes diamagnefic and the electrical resistivity, measu
red on cold pressed pellets, drops by a factor of ten. 

Pu|+xMo6Se8 and Aml+xMofcSea were not found to be superconducting down to 
2.S 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 compound is weakly temperature dependent between 150 and 300 K 
with a rather low numerical value ( X varies from 1000 to 1200 uem CCS/Am 
atom). At lower temperature X shows a Curie Weiss type contribution attributed 
to paramagnetic impurities. Between 150 and 300 K, after substracting the dia-
magnetic and Pauli paramagnetic contributions which arc close to the LaHo6Sc8 
magnetic susceptibility, the remaining contribution of the Am ions is JC • 
(962 - 0.843 T)I0~6 uem CCS/Am atom which suggests a trivalent state of Am. 

Pul+xKo6Seg follows a Curie Weiss law from 2.5 to v 30 K with a parama
gnetic effective moment p - 0;85J*.B/Pu atom which also suggests a 3+ oxydation 
state of the Pu ions. Above 30 K a strong curvature of the curve x " fO/T) 
was observed. After substractlng the diamagnetic and the conduction electrons 
contributions, like in the case of americium, the curve x " fO/T) above 
150 K was analysed in terms of crystal field effects leading to an effective 
moment depending upon the temperature and varying from 0.85kB in the low tem
perature region to J.IZ/iB at room temperature thus approaching the free Pu 3* 
effective moment. 
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A »i»ilar Ereitment applied to HpHogSeg gives a variation of the Np effec
tive aonent (p) ranging from p - 1.67 WB at 100 K to 2.46 (IB at 300 K approa
ching the free Kp3+ moment value. At tower temperature a Curie Weiss la« is 
followed from 6 to 30 K, uith p - I.2S [jB/Np atom. Between 30 and 60 It a change 
of slope is observed likely dye to crystal field effects. On the other hand the 
existence of Np3* ions was confirmed by Hosshaiicr effect measurements '. 

It Ls rather surprising to find superconductivity in the neptunium Chevrel 
phase and not in the pluconiun and americium ones. Two kinds of arguments can 
be tsk*n into account to explain this situation. 

The law temperature behaviour of the magnetic susceptibility of Npl+xHo6SeS 
suggests a singlet ground state which can favoured the occurence of supercon
ductivity compared with PuMogSeS where Pu3+ has Che 5 f 5 configuration in 
which the ground state is a Kramers doublet. This argument docs not hold for 
amerieium (Am3+ has a 5 fo configuration with J - 0), In this case, superconduc
tivity could Stave been destroyed by self radiation damage, and this effect can 
also be taken into account for the plutonium compound. 

* Permanent address : NRCK P.O. Box 9001, Beer-Sheva, ISRAEL. 

1. J. Jove, T. Thevenln, J. Cal, M. Pages, unpublished results. 
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SPECIFIC HEAT STUDIES OF « AND i Pu* 

G. K. Stewart and R. 0. Elliott 

University of California 
Los Alamos National Laboratory 

Los Alamos, N. H. 87545 
Plutonium, due to its 5f electron bonding, has many unusual properties. We 

report tow temperature specific heat measurements on • phase Pu, «' phase Pu with 
1.8 at.I Al entrapped in the m lattice by pressure transformation of the delta 
phase (isoprcssing), and four composition of i phase Pu(Al x), with x » 1.8, 3.4, 
5.2, and LI.2 at.2. These measurements are intended as a beginning in our effort 
to characterize 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 boading in Pu. 

The samples arc prepared as thin {—.001") foils by an arc smashing 
technique reported on elsewhere.' Discs l/i" in diameter are then punched and 
measured in an x-ray diffractometer to detennin" phase purity and lattice 
parameters. The --15 mg samples arc then measured in a small sample calorimeter, 
which has been used previously to measure Pa and Am samples of similar small 
size.^'-* As can be seen in Figure I fora-Pu, it is sometimes necessary to measure 
the specific heat of a material to as low 
corrcrtly obtain T and N(0), where 

C/T = T + flT2 * (T* + 
and 

N(0) (1 * A) = .4244 1 

#U = /l2«W x 10 
The units of r and $ ere in mJ/g-acora-K3 

and raJ/g-atom-K* respectively, * is the 
electron phonon coupling constant, <jj is 
the Dcbye temperature proportional to the 
lattice stiffness, and N(0) is the elec
tronic density of states at the Fermi 
energy. As seen in Figure 1, data below 
T 2 = 70 K 2 or T = 8.4 K is essential for »-
Pu in order to obtain the correct inter
cept (T) on the C/T versus T 2 plot. Small 
sample calorimetry has the advantage, 
therefore, that the self-heating of the 
sample may be minimized by merely making 
the sample smaller, nlLowing lower tem
peratures to be reached. 

The a' phase of Pu(Al) is anomalous 
in that the Al, although smaller than the 
hosts lattice, expands the a-Pu: 1.8 c 
Al increases the volume of the a lattice 
by 1.8Z. The measurement of the specific 
heat of a'-Pu(Ali.s) indicates that this 
Lattice expansion is accompanied by a 
large decrease C302J in the lattice 
stiffness as measured by the Debyc tem
perature, «Q. Thus, the upper curve in 
Figure 1 for a'-Pu has a high slope, f, and 
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a larger lattice specific heat $T*t eq. 3. 
It should be noted that Cordon, ct al.* 
measured the specific heat of a~Pu23^ 
between 7.2 and 13.5 K and obtained r« 
23.0+5.0 roJ/g-atom-K2 *nd »Q a 183+20 K 
versus the results of Figure 1 for «»pu239 
of r« 25.0+1.0 mJ/g-atom-K2 and *n » 
215+5 K. the disagreement in the *Q 
values may be due to the ability of the 
small sample calorimeter to go below 6 K, 
or to the greater amount of the total 
specific heat measured due to the sample 
in the present work (572 versus 19% for 
Cordon, £t aXj_ at the lowest temperature 
of measurement), or to d i fferences in 
sample purity. A measurement of the 
specific heat of «-Pu 7 4 2 was made using 
the small sample calorimeter and 1= 22.0 
+1.0 roJ/g-atom-Kz and «b = 192+10 K v -slues 
were obtained, versus the result' of 
Gordon e_t ajL for a-Pu"^ between 4.1 and 
10 K of 1" 22.0+l.QaiJI/g-atom-K2 and «B " 
177^10 K. The" possibility of a real 
isotope effect is being pursued. 

The low temperature specific heats of three compositions of s-pu(AtK) are 
shown in Figure 2, where x = 1.8, 3-4, and 5.2 at.%. Data for a fourth composition, 
x - 11.2 at.I, (not shown for clarity) lies shifted slightly downward from che 
lowest curve, with r - 44*̂ 2 m-1/g-atom-K* and #p = IQ6+5 K. Several points are of 
interest concerning these r~Pu(Alx) results. The y values, which vary rapidly with 
Al concentration (a sign of a jagged density of states versus energy distri
bution), are twice as high as that to* «~Pu. Prior to this work, no measurements 
of the low temperature specific heat (and thus of r) of | phase Pu had been made-* 
below 20. K. Previously, «-Pu had been thought Co have the largest * and SCO) {.* is 
probably £0.2) of any aPotrope of any element. These new, much higher values 
for S-Pu(Alx) imply that hypothetical pure I-Pu would have r B 53+1G raJ/g-afcora-K. 
Thus, this Ecc i-Pu, with less evidence for 5f electron bonding character then the 
monoclinic vPu phase, nevertheless has mare than twice the electronic density of 
states at the Fermi energy than any other known aliotropic form of an element. 

Another point to note from the data of Figure 2 is that the slope g, and 
thus *o, is relatively unaffected by Al comrotition and is between 100 and 110 K 
for all four compositions. 

Further specific heat work on these and other allotropes and alloys of Pu 
is continuing. 

* Work performed under the auspices of the Department of Energy, 
1. R. 0. Elliott and B, C. Giessett, Plutonium 1975 and Other Actinides, ed. by 

H. Blank and R. Lindner (North Holland, Amsterdam, 1976) p. 477 
2. G. R. Stewart, J. L. Smith, J. C. Spirlet, and K. Muller, Superconductivity 

in d- and f-Band Hetalsr ed. by H. Suhl and H. B. Maple (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. Cordon, R. 0. A. Hall, J. A. Lee, and H. J. Mortimer, Proc- R. Sac. 
Lond. AMI, 179 (1976). 

5. J. C. Taylor, P. F. T. Linford, and D. J. Dean, J. Int. of Metals 96, 178 
(1968). 

Figure 2 
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AHOHALOUS VOLUME EXPANSIOK 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 A Limes National Laboratory 

Los Alamos, NH 87545 

This study examines anomalous expansion effects in a-Pu alleys by x-ray 
diffraction with solutes of nearly the same size but of different valencies. The 
solute pairs selected are: Al* - 3 CB = 1.432 R) and T i + 4 (R = 1.462 A ) , both of whicH 
are smaller than a-Pu (R = 1.523 £); and S c + 3 (K = 1.641 «) and Zr* 4 <R - 1.602 
A) both of which are larger than a-Pu. All four solutes are capable of 
stabilizing the delta phase to room temperature on quenching. Metastable alpha 
solid solutions a^e subsequently formed by pressure transformation iisopressin^} 
of the retained delta phase. 

Lattice parameters and atomic volumes of monoclinic a-Pu(Al). a-Iu(Ti), 2-
Pu(Sc) and n-Pu(Zr) alloys are given in Table I. The 8-angle of the monoclinic 
cell remains nearly constant. The lattice parameters of Ci-PutAI) 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 Che trivalent solute 
aluminum (Aw and less for the tetravalent solute titaniun (T> ) even though these 
solutes Iiave approximately the same metallic radi.. Actually, the metallic 
radius of Ti is 0.03 rt 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 
O-Pu(Zr) alloys also increase about linearly with composition in all three 
directions. In Lin's case, however, the expansion effect appears to be about the 
same for both solutes, although the metallic radius of trivalcnt scandium (Sc) is 
slightly larger that, that of tetravalent zirconium (Zr) by 0.04 A*. The lattice 
parameters depart slightly from Vegard's Law, 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 a-Pu and Isopressed Pu-rich 
Alpha Solid Solutions. 

Volume of 
Composi t ion L a t t i c e Parameters {£) u n i t , c e l l 

t a t . X) a b c (A 3 ) 

0 (Pure Pu) 6.174 4.820 10.963 319.5 
Al 1. a 6.206 4.856 10.996 324.4 

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 6.224 4.862 11.001 326.0 
4 6.225 4.870 11.018 327.1 
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. 989 323.8 

Zr 4 6.236 4.861 11.008 328.0 
5 6.249 4.8S6 11.027 329.5 
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Ellinger et al. l have reported the 
atonic volures** (v'fj as a function of 
composition of Pu-Sc alloys, as shown in 
Fig. la. Both rerminal solid solutions, 
i.e., <5~Pu(Sc) and a~Sc(Pu), deviate 
positively from Vegard's Law, as may be 
seen. Ellinger 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 calculated 
based on this assumption and these are 
shown in Fig. lb as a function of the Sc 
content. A Vegard's Law (straight) line 
extrapolated to pure pi- from the hexa
gonal crSc(Pu) soli-: solution atomic 
volumes indicates an atomic volume for 
Pa in trivalenr Sc of approximately 26.3 
A 3 (see Fig. la). He claim that plu» 
tonium is approximately trivalent in o"-Pu 
at this atomic volume. Mpure l. 

These results cjn be discussed using a simple model which combines valence 
and pressure oflc-i.es. The large number of phases which occur in Pu coupled with 
the larg-2 volume changes involved in these erystallographie phase changes 
irMcates that the f-levet occupancy is different in these different pnases 
There appears to be no clear 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 delocalized. Johansson' has shown that the o+y-Ce transition involves the 
derealization of one 4f"electron, The ratio o£ the accompanying volume change 
<AVA> C O t h e m e £ m volume (V A) of the a- and Y~phases is AV A/v£ = .16. We can 
further conclude from these size changes relative to the overall lantharide 
contraction that a delocalized 4E-eleetrcn screens approximately .44 of a 
nuclear charge.^ If we assume ' .at these numbers are also approximately correct 
for 5f-eIectrona, then the a •* S-Pu transition involves a change in f-level 
occupancy of M electron, as does the Y+5-pu transition. > - and e-Pu probably have 
the same number of Sf-electrons; the &*Y-Pu transition probably involves a change 
in f <.evel occupancy of a small fraction of an electron. 

Plutonium has eight outer electrons which we divide into two groups, vaLence 
and 5f-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 which Pu appears to be able to change from one Sf 
configuration to another suggests that Pu in dilute solid solution in other 
metals might t.y t*/ adopt the valence of the solvent metal. Fron. this viewpoint, 
the apparent size of Pu in hexagonalo-Sc(Pu) alloys suggests the hypothesis that 
Pu in f-Pu is approximately trivalent. In e-Pu, Pu is then tetravalent, and in 
O-Pu. pentavalent. These assignments differ from those of 2achariasea* but follow 
a similar trend. 

The unusual lattice parameters observed in the or and 6-Pu alloys (reported 
here) can then be thought of in the following way. A trivalent impurity in Pu 
encourages neighboring Pu atoms in the lattice to become trivalent. Since 
trivalent or "delta-like" Pu is much larger than pentavalent j-Pu, the isopressed 
a-pu alloys should show large positive deviations from Vegard's Law. If so, then 
why is rhis not observed in the case of Sc or Zr substitutions? Examination of 
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Che P-T phase diagram for elemental Pu indicates that ""2 kbar is sufficient to 
suppress 6-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 
Sc or Zr in the a-Pu lattice will exert a pressure on neighboring Pu atoms of the 
order of tens of kilobars. A very different behavior for email and large solute 
atoms is therefore expected on our model, since this local pressure effect will 
hinder the valence change of neighboring Pu &. "v. in the lattice. 

Summary 

The atomic volumes of S-Pu(Sc) and of i s o p r e s s e d , nonequi l ibr ium a-Pu(Al) 
and a-Pu(Ti) s o l i d s o l u t i o n s a re anomalous in t h a t s u b s t i t u t i o n of ^--, Al , or T i 
atoms for Pu atoms in the c r y s t a l l a t t i c e causes l a rge volume expansion, even 
though the Sc and the <5-Pu have the same atomic s i z e s and the AL and Ti have 
smaller s i z e s than the a-Pu. The e f f e c t i s g r e a t e s t for the t r i v a l e n t s o l u t e s , 
Sc and Al , and l e s s for the t e t r a v a l e n t s o l u t e , Ti . On the o t h e r hand, atomic 
volumes of i sopressed a-Pu(Sc) and Q-Pu(Zr) a l l o y s follow approximately Vegard 's 
Law and there i s no e f f e c t due t o d i f f e r ences in the s o l u t e v a l e n c i e s . In t h i s 
c a se , the t r i v a l e n t Sc and t e t r a v a l c n t Zr have atomic s i z e s l a r g e r than the a~Pu. 
These r e s u l t s a re d i scussed on the b a s i s of an h e u r i s t i c model for the valence of 
Pu in i t s var ious phases . 

t Work performed under the auspices of the U. S. Department of Energy. 
* Vegard's Law s t a t e s t h a t the re i s a simple l i n e a r r e l a t i o n between the 

l a t t i c e parameter and the composition in atomic percent for so l id s o l u t i o n s . 
** The atomic volume i s defined as the volume of the u n i t c e l l in 8? d ivided 

by the number of atoms in the c e l l . 

1. F. H. E l l i n g e r , K. A. Johnson and C. C. Land, LA-5055 (1972). 

2. B. Johansson, in Proc. 2nd I n t ' l Conf. on the E lec t ron ic S t ruc tu re of the 
Ac t i n ide s , J. Hulak, W. Suski and R. Troc, e d s . , (Ossolincum, Wrociaw, 
Poland, 1977) p. 49 . 

3. J. L. Smith and J, H. Wood, p r i v a t e communication. 

4 . W. H. Zachar iasen , J . Inorg. Hucl. Chen. 35 , 3487 (1973). 
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HIGH PRESSURE X-RAY DIFFRACTION STUDY 
OF ACTINIDES ANO THEIR COMPOUNDS 
8¥ ENERGY DISPERSIVE METHODS 

U. Benedict 

Commission o f the European Communities 
Jo in t Research Centre 

European I n s t i t u t e f o r Transuranium Elements 
Postfach 2266, D-75O0 Karlsruhe, F. R, G. 

W. B. Holzapfel 

University of Psderfaorn 
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 40 GPa. Energy dispersive x-ray diffraction methods were 
used; the x-ray sources were either a tungsten anode fine focus sealed x~ny 
tube working at 59 k¥ and 31 mA, or the storage ring DORIS at the Germm 
electron synchrotron DESY, Hamburg1'2. 

Diffracted intensity sufficient to record spectra within periods ranging 
from ten minutes to some hours was obtained, in the case of the tungsten tube, 
by use of a conical slit for the diffracted radiation. This allows the 
complete diffraction cone at a fixed Bragg angle e to be collected 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 line 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 voluiue 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 B 0 of 58 GPa and a pressure derivative 
B& of 4.2 3. 

a~uranium 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 Sa*l28.8 GPa and elastic constants (TPa-*) £ n=3.627, 
E 2 2=2.191» E3g«l,956. 

Several series of measurements were maje for stoichiometric 00 2 at 
pressures up to 40 GPa. This compound reproducibly transforms to a low 
symmetry high pressure structure and shows a narked 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 purt high pressure 
structure is conserved down to 15 GPa. 
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The diffraction pattern of the high pressure U0 2 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 PbCI 2 type 
is favored at high pressure because it is about 8% denser than the fluorite 
type. It is observed as a high pressure allotrope of other fluorite type 
compounds, and exists for uranium and thorium dichalcogenides (0-U5 2, B-U5e 2, 
ThS 2, ThSe 2) afordinary pressure. Assuming the lead chloride type leads 
us to U-U distances which are below the transition range of the Hill plot1*, 
while f.c.c. U0 2 is above 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 2- The data measured with CsCl and NaCl marker are in 
good agreement. Some data to 12 GPa communicated by J.M. Fournier5 agree with 
the present measurements. Bulk modulus calculations from the present data 
confirm the value given by Wachtman et al. e (B 0 = 210 GPa}. 

1 W. Hay, W.B. Holzapfel, Proc. Conf. High Pressure Research, Applications in 
Geophysics, Jan. 1981, Hakone, Japan 

2 B. Buras, L. Gerward, A.M. Glazer, H. Hidaka, J. Staun Olsen, J. Appl. 
Cryst. 12(1979)531 

3 G. Bellussi, U. Benedict, H.B. Holzapfel, J. Less Common Metals 78(1981)147 
* H,H. Hill, in: Plutonium 1970 and other Actinides, ed. W.N. Miner, Part 1, 

pp. 2-19 
s J.M. Fournier, personal communication (1980) 
6 J.B. Wachtman, jr., M.l. Wheat, H.J. Anderson, J.L. Bates, J. Nucl. Mater. 
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STRUCTURE RELATIONSHIPS IN AMERICIUM METAL* 

S . B . R o o f 

University of California 
Los Alamos National Laboratory 
Los Alamos, Hew Mexico 37545 

As a function of applied pressure americium metal exhibits four phases in 
Che pressure region of 0 to 20 CPa. The four phase regions are shown in the 
compression curve of Fig. 1. Phase 1 has the double-hexagonal close-pecked 
structure; Phase II is face-centered cubic; Phase II is an exotic double-body-
centered raonoclinic material and Phase IV displays the «-U structure type. Data 
points for Phase I were taken from the work of Refs. 1,2; for Phase II from Refs. 
2,3; for Phase til from Ref. 4; and for Phase IV from Ref. 5. 

A relatively simple structural relationship exists beteen the four phases 
of americium that occur as a function of applied pressure. Phase I has the <*-*yoU -
hexagonal close~paeked structure and exists from 0 to approximately 4-6 GPs The 
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 relative to a hexagonal coordinate system. Phase 
II has the face-centered cubic structure and exist- from 4-6 CPa to 10 GPa. The 
fee configuration of atoms may also be thought of as a tftombohedron which in turn 
may be referred to a hexagonal coordinate system. Relative to the hexagonal axes 
the fee structure is characterized by s layer stacking »^-" e n c e whose represent
ation is ABCABCABC The application of pressure CO dhcp "squeezes out" the 
long-range order of the 4-layer dhcp structure allowing the slightly simpler 3-
layer stacking of the fee to form. 

Phase III is a double-body-centered raonoclinic material and exists £rw 
approximately 10 to 15 GPa. Its derivation from a fee structure may be described 
as follows. In the fee lattice let a body-centered monoclinic sub-cell be defined 
with dimensions of %, •= acA/f, bQ *• a c, c m = acA/3"and £= 90°. Let two of these 
cells be stacked one on top of the other in the b axis direction; the resulting 
cell is double-body centered and the symmetry is consistent wich space group til, 
P2j/m. The application of pressure distorts this special cubic subcell to true 
monoclinic synmetry and moves the two interior atoms away from their special body-
centered positions. The structure of Phase III americiun is illustrated 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 fee material. 

The relationship of Phase 111 (monoclinic) to Phase IV (orthorhombic) is 
Illustrated in Figs. 2 and 3, In Fig. 2a we show the structure of Phase HI 
atnericiura 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 Che b axis in half and yields Fig. 
2b where p.-ijection along one unit of the halved b axis is shown. In Fig. 3a we 
show a si all distortion of the arrangement of Fig. 2b. In Fig. 3b an othorhombic 
unit cell '? outlined in Che configuration of Fig. 3a. IE the orthorhombic origin 
of Fig, 3b is movad -1/4 c the normal representation for the *-U a true tare type 
i,e obtained. The application of pressure to Phase III results in a shift of every 
fourth layer of atoms, and with minor adjustments of lattice constanta and atom 
positions, yields the «-U structure type of Phase IV. 

In summary, the application of pressure to americium metal result* in the 
formation of four phases. Starting with a dhcp structure the Material transforms 
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to a fee structure as a long-range 4-layer stacking sequence is converted to a 
slightly sinpler 3-layer stacking sequence. The next transformation is from a fee 
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 fee 
configuration. A shifting of every fourth Layer of the Phase III monoclinic 
structure yields the predominate zig-zag features of the a-u* structure type for 
Phase IV of amcricium. Thus, the change in cryutal 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 and atomic 
positions. 

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

1. D- R. Stephens, H. D. Stromberg, ard E. H. Li 1 ley, J. Phys. Chem. Solids 29, 
£15 U968). 

2. R. B. Roof, J . Appl. C r y s t . , submiLtu- for p u b l i c a t i o n (1931b). 
3 . J . Akcl la , Q. Johnson, W. Thayer and J . Schock. J . Less-Conmon Met. 68 , 95 

(1979). 
4 . R. B. Roof, J . Appl. C r y s t . , in p ress <1981a). 
5. R. B. Roof, R. C. Ha i rc , D. S e h i f e r l , D. A. Schwalbe, E. A. Kraetko, J . L. 

Smith, Science 207, 1353 (1980) . 
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HICH HtESSURE STUDIES Of CLRIIW 

Robin L. Reichlin, Jagan Akella, Gordon S. Snith and Michael Schwab 

Lawrence Llvermore National Laboratory 
University of California 

P. O. Box 808 
Li venture, California 94550 

Crystal structure of curium metal at 1 atmosphere pressure and room 
tenperature has been studied by many investigators. Cunningham *nd Mailman 
(1964). reported a hexagonal structure for curium with a = 3 496A, c = 
U.331A with a volume of 29.98A? Hawever, Snith, Hale, and Thompson (1969) 
reported a closed packed cubic structure for curium with a = 4.1382A and a 
substantially lower volume of 21.Q4AT This discrepancy on volume was 
explained by them on the grounds that the cubic close packed form is *4 as 
opposed to +3 in the hexagonal close packed form. Spirlet and ftfiller 
(1973), Reul (1975) and Stevenson and Peterson (1979) all have reported a 
dhep structure for curium. 

High pressure phase transformation data for curiun has not been 
attempted previously, in order to understand the crystallographic behavior 
of curium at high presures and also to elucidate the similarities between 
the heavier act inides and the light lanthanides, we undertook the high 
pressure study of curium in a diamond-anvil apparatus. 

The curium sample used in this study is mainly of the isotope 248cm, 
Spectral analysis of it did not show any major contaminants. Curium was 
vapor deposited onto molybdenum substrate and the sample in the final form 
was 0.07 to 0-10 nrn thick foil. A small sliver was cut from the foil in an 
open hood and then coated with Canada balsam thinned with xylene in the hope 
that the coating would inhibit oxidation and potential contamination. A H 
experiments were carried out in a diamond-anvil high pressure apparatus of 
the kind described by Bassett et al. (1967). A 99.99% pure molybdenum foil 
of 0.0254 irm thickness was pre-pressed between the diamonds, and the sample 
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 internal pressure standard. Even 
though molybdenum is a poor choice as an internal pressure calibrant with 
curium, our selection was restricted because curium was vapor deposited onto 
a molybdenum substrate. 

in a few runs, pre-pressed stainless-steel gaskets were used and the 
sample was loaded into the gesket hole (ca.120 rnn) along with a 1:4 ethanot 
and methanol mixture. A srall ruby chip was placed on top of the sample 
which served as the internal calibrant along with the molybdenum which is a 
substrate for curium, [n both cases an external fiducial molybdenum pieced 
on the back of the diamond, was used to measure the sample to camera 
distance. 

X-ray patterns were made at various pressures from 1 atm to 20.0 GPa 
pressure, pressures are based on the accuracy of the measured Ma lattice 
constents. However, we noticed considerable spread in the pressures deter
mined from 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 problem. The typical exposure times 
ranged from 120-180 hours. In a given run^lattice constants calculated from 
different diffraction lines varied by as much as 0.5 to 2.ON. 
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the ciriira sample used baa • dhcp structure at 1 aim with a « 3.480 + 
0.006 and c = 11.308 + O.Olu, These values agree reasonably well with the 
data reported In the literature. At lower pressures, we could identify 6-S 
reflections for curion, however, at high pressures (12.0 GPa and above), we 
could see a maximum of four reflections only. Because of the limited number 
of reflections and the quality of x-ray films, the lattice parameters 
derived from our data have larger standard deviations. 

Preliminary volirne compression data for curium are obtained up to 6.5 
GPa pressure. We observed 15% volume compression for curium at 6.5 GPa. 

The ccp phase described by ffriith, Hale, and Thompson has a V/Vo of 0.7 
relative to the dhcp phase of this study. In view of the fact that the dhep 
phase has now been shown to be stable to 6.5 GPa with a V/vo of 0.846, it is 
unlikely that the ccp phase is a correct description for pure curiun. 

We did not find any indication for a structural transformation up to 
this pressure. However, data for runs around 18.0 GPa suggest a possible 
structural change. At this time, we cannot convincingly confirm it due to 
the limited number of reflections. Skriver et al. {private eaimmieaUon) 
from band calculations predict phase transformation for curium at pressure? 
higher than 20.0 GPa. 

Ws are very thankful to Ken Hilet and Ron Lougheed from the Nuclear 
Oiemistry Division of our laboratory for providing us the 248^ sample. 

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. 
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CRYSTAL STRUCTURE OF AMER1CIUM 
IN THE PRESSURE RANGE, 11 - 13 GPa* 

G. S. Smith, J. Afcella, R. Reichlin, 
Q. Johnson, R. N. Schock and M. Schwab 

Lawrence Livermore National Laboratory 
University of California 

Livermore, CA 94550 

Phase transformations in metallic, americium at high pressure were 
recently summarized by Akella, Johnson, Thayer and Schock (1979) and by 
Akella, Jonnson. and Schock [19B0) as follows: at atmospheric pressure 
and room temperature, Am is aouble-hexagonal do'^-packed (=dhcp)(McWhan, 
Cunningham and Mailman (1962)); between 5.0 ± 1 GPa and 10.0 ± 1 GPa, 
the crystal structure is face-centereo cubic (=fcc). The transformation, 
ahcp to fee, is accompanied by little change in atomic volume for Am. 
Above 10-0 ana extending to i IS GPa, a thiro modification was 
observea. A fourth phase at still higher pressures was indicated. Roof 
et al (1980) have describea this latter phase as being of the ortho-
rhomoic a-U type. 

We report here 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. Our results for the atomic volume of Am in this 
pressure region are in disagreement with values reported by Roof, et al 
(19B0) (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-U structure was noticed. The 
data were next put through various automateo computer-indexing programs 
that determine unit-cell dimensions and crystal system solely from powder-
aiffraction data. 

The most promising solutions were obtained from Smith and Sahara's 
(1975) computer-indexing program, QTEST, with an error setting of 
AQ(Q El/o2) of 0.0040 A"'. Refined values of the lattice 
constants for a centered monoclinic cell containing 4 Am are given in 
Table 1. {The unit cell is set with the unique axil, as c to allow 
comparison to o-U.) 

Table 1. Lattice constants vs pressure for monoclinic unit cell of 
An.. Cell is C-centereo, contains 4 atoms with the unique axis as c. 

Atomice Pressure, GPa , a, A b, A c, A y ,' VoJ-jJl3-

11.0 3.101(9) 6.212(19) 4.625(14) 93.5(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 

*"Hork performed under the auspices of the U.S. Department of Energy by 
the Lawrence Livermore Ntl Laboratory under contact number W-7405-ENG-4B." 
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The dimensions of this unit cell are similar to those obtained for 
the metastabte o"-phase fount* in certain quenched uranium alloys. For 
example, Stewart and Williams (1966) give unit cell dimensions for 
uranium, 10 at. % Ho: a = 2.866, b = 5.752, c = 4.940 A; 7 * 92.3°; 
at. vol. = 20.34 A 3 (as compared with an at. vol for ct-U of 20-81 
A 3 ) . Atomic positions are * (x, y, 1/4) and ± (1/2 + x, 1/2 + y, 
1/4J with x = -0.036 and y = 0.102. 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 elose-
packea arrangement by small atomic displacements so as to increase one 
interaxial angle beyona 90° (Stewart ano Williams (1966)). Thus, a 
prototype exists for the structure reported here* although Am would be 
toe iirst pure element to possess this structure. 

Volume compression data are shown in Fig. 1. According to these 
data, the transformation in As frets fee to an a"-U structure-type is 
accompanied t>y a discontinuity in atomic volume of *\- 3.5%. 

he note also that the atomic volumes reported here for 11-13 GPa are 
smaller than those Roof et al (1980) reported at still higher pressures. 

1. J. Akella, Q. Johnson, W. Thayer, and R. N. Schock, J. Less Common 
Metals, 68, 35 (1979). 

2. J. Akella, 0. Johnson, ana R. H. Schock, J. Geophys. Res., 85, 7056 
(1980). 

3. O. b. McWhan, 8. B. Cunningham, and 0. C. Wallman, J. Inorg. Sue!, 
Chem., 24, 1025 (1962). 

4. R. B. Roof, R. G. Haire, D. Shiferl, L. Schwalbe, E. A. Kmetko, ana 
J. L. Smith, Science, 207., 1353 (1980). 

5. G. S. itnitn and E. Kahara, J. Appl. Cryst,, 8, 681 (1975). 

6. u. Stewart and G. 1. Williams, J. Nucl. Hat., 20, 262 (1966). 
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CHARACTERIZATION OF SOHE METALLIC STATE PROPERTIES 
OF HEAWY ACTINOIDS BY THERMaCHRQMATOGRAPHY 

S.h'tlbener and I.Zvara 
Joint Institute for Nuclear Research, Oubna, USSR 

As elements beyond einsteinium are not available in weigh" 
able quantities, it is necessary to employ some indirect tech
niques to characterize their metallic state properties. In the 
present work ve used data on the theriuQchratnatagraphic behavior 
of atomic actinoids in columns of polyerystolline titanium and 
molybdenum, as well as the experimental evidence that for known 
alkali, alkaline earth and rare earth metals in tracer quantiti
es, the deposition temperatures or the enthalpies of adsorption 
evaluated from the latters correlate with metallic valency. In 
order to secure the free atomic state of actinoids in the gaseous 
phase, they were applied an the column by evaporation from mol
ten lanthanum at 1*25 K and some calcium vapor aas introduced 
into the carrier gas (helium). The columns used consisted of a 
quartz tube with an inner tantalum foil lining, that prevented 
diffusion of oxygen from the tube walls into the carrier gas. 
and a titanium foil lining, or with a sole molybdenum foil. 

On the ti tanium column, under certain conditions the 
elements Na, K and Rb formed adsorption zones at temperatures of 
400-50a°K, Yb at 750°K, Ra at 80u°K, calcium vapor condensed at 
about 1000°K, and £u and Sm yielded two peaks on the thermochro-
matogram: one coincident wi'-h the calcium condensate and the 
other at a higher temperature of 112G°K. The actinoids Cf, £s, 
Fm and Hd formed zones close to that of Yb. 

On the molybdenum column, the behavior of the alkali metals, 
Ra and Cu »ss the same as titanium, while Yb and 5m yielded peaks 
at 12D0-130O°K. Cf was also adsorbed in that range, while Es, Fm 
and Hd gave peaks at 7QO-800°K, the same as on titanium. 

Th= position of Cf, Es, Fm and Hd zones on the titanium 
columns relative to other elements provides evidence that these 
actinoids are divalent metals a.id are adsorbed in divalent state. 
For molybdenum one can expect higher energy of adsorption inter
action than For titanium. So the formation of high temperature 
peaks of Eu, Yb and Cf on molybdenum (as well as of Eu on 
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titanium) suggests that in this case the divalent metals are 
adsorbed in trivalent state . As Es, Fin and Md are adsorbed in 
divalent states even on molybdenum, one may conclude that their 
f energy levels are lower with respect to the Fermi level than 
in the case of Cf and even lower than for Eu and Yb. The measured 
evaporation rate uF Cf from molten lanthanum appears to be inter
mediate between those of £u 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 Flow rate and retention time, using a sort of the Arrhenius 

2 plot , the enthalpy and entropy of adsorption of Cf on titanium 
were evaluated as -162 ^ 8 J/mole and 144 + 11 J/mole K, respec
tively (at 800 DK). 

References 
1) V.V.Nikitin and N .D.Potekhina, Solid State Physics (USSR), 

20, 3354 (1978) 
2) B.Eichler and I.Zvara, Radiochimica <\cta, to be published. 
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MECHANISM OF URANIUM OXIDATION 
FROM THERMOGRAYIMETRIC MEASUREMENTS* 

C. Colmenares and T. McCreary 

Lawrence Uvermore 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 18Q°C. Thermogravirnetrlc measurements were per
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 (flW/A) = kt n + c, where (AW/A) is the weight gain in mg/cm2; k is the 
reaction rate constant in mg/hr-cnr; t is the time in hours; and, n and -
are constants. For the oxidation in dry oxygen n was 0.805, while the va*'je 
of c was Q.2 mg/cm2. The oxidation of uranium in oxygen-free (< 5 vppm) 
water vapor followed a linear law with n * 1 and c = o. On the other hand, 
the oxidation process in humid air could be best described by an initial 
linear 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+» that the activation energy 
for the oxidation process in humid air is the highest, followed in decreasing 
order by that in oxygen and then that for water vapor alone. 

Table 1. ACTIVATION ENERGY FOR THE OXIDATIO.Y 

ACTIVATION ENERGY 
KJ/HOIE (KCAL/IIOLS)** 

11.79 * 3.« C9.B9 ±0.82) 

70.97 ± 2.41(16.96 ± 0 . 5 8 ) 

9S.07 * T.% (25.W ± 1 . 9 0 ) 

78.51 ±11.97 (18.75 + 1.19) 

* PRESSURE INDEPENDENT I N THIS RANGE 

• • 952 CONFIDENCE LIMITS 

The e f f e c t of oxygen on the water uranium reac t ion was s tud i ed a t a 
cons tan t water vapor p ressure of 13 kPa (97.8 t o r r ) and oxygen p a r t i a l 
p ressures from 0.101 Pa {7.6 x 10"" t o r r } t o 63,-73 kPa (479 t o r r ) , A 
decrease in ox ida t ion r a t e by a f a c t o r of ^ 12 was found between oxygen 
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TEMPERATURE 
OxIHATios CONDITIONS RANGE, °C 

P H @ = T,97 KP A iffi TORR) - H 2 CAMIER 02 - 300 

P 0 = 6.26 TO 11.60 Kpfl * 

(17.10 - 313.03 Teas) 120 - 177 

P H 0 • 7.97 KP A (60 TORS) - AIR/INITIAL SI - 139 

P H - - 7.97 KP, (60 TOPR) - AIR/FINAL 81 - 139 . 



partial pressures of 1.01 Pa (7.6 x 10- 3 torr) and 10.1 Pa (7.6 x 10~ 2 torr). 
Above the latter value an increase in oxygen concentration did not have a 
significant effect on the corrosion rate. 

The pressure dependence of k for the reaction of uranium with oxygen-
free water vapor and humid air was investigated at a constant temperature 
of 100°C. These data were fitted to the equation k * aP 1'", where P is the 
water vapor pressure in 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. 

£ ' fc i i mini—mi?mi—i i IIIIIII—i 11 MUM—rmrn P -n ' \ ' ' ' -

Water vapor pressure {kPa) 

Figure 1 

The interpretation of our results has taken Into account the complex 
defect structure1'2 and electrical properties of uranium oxides. Assuming 
that: (1) Vacancy migration predominates 1n UOj-x, U0 2.o and U1.O9, and that 
interstitial migration predominates for UOz+x1; (2) the reaction rate con
stant is proportional to the predominant electrical conductivity of the oxide 
in question (k a o, where c is the electrical conductivity), then since 
0 = AP 1' 0, k a P1/", 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 a0) and P(H s0 + air), the acti
vation energies, and the oxide stoichiometrics determined experimentally by 
x-/"ay diffraction we have shown that: 

1. A single defect cluster 2(0^V o0^)~ m + mh + rich in interstitials 
controls the oxidation in H 20(v) and dry oxygen. (0± = oxygen at an inter
stitial site, V 0 = oxygen vacancy, h = hole; m = 1 for HaO and has not been 
determined for oxygen). Oxygen transport takes place via the "interstitialcy 
mechanism."3 

2. For HaO(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 comDOSitign (̂  U0 2 20) 
indicate that the interstitial-rich cluster 2<0fV o0jr" + 4h + controls the 
oxidation. 
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At HiO(v) pressures between 6 and 17 kPa (1/n - - 1/9.5) a change in 
mechanism takes place and a vacancy-rich cluster of the type 2 (V^V^)** + 
8 e- controls the oxidation (IM)9). 

3. The activation energies for "Interstitialcy" controlled oxidation 
are lower chan those for a "vacancy-rich" process in the high P{H20) regime 
tE (HZD) < E (0?) < E (H20 + air)). This finding is consistent with theo
retical predictions.1 

* 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 Soc. London A, 353, 533-561 (1977). 
Z. C.R.A, Catlow and A.B. lidiard, "Symposium on the Thermodynamics of 

Nuclear Materials," Vol II, 27-43, Vienna, Austria, 21 Oct., 1974. 
IAEA publication SH 19D/13. 

3. C.R.A. Catlow, 0. Phys. Chem. Solids, 38, 1131-1136 0977). 
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KINETICS FOR THE REACTION OF HYDROGEN KITH A 
PLUTONlUM-1 w/o GALLIUM ALLOY POWDER* 

Jerry L. Stakcbake 

Rockwell International, Energy Systems Group 
Golden, Colorado 60401 

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 reaction of hydrogen with plutonium coupons 
have been reported by Bowersox1*2 and Colmenares et al. 3 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 reaction kinetics. Additional work is 
required in order to fully understand the kinetics of plutonium hydriding 
as well as the factors which influence the kinetics. 

This paper describes the results from an investigatin of the 
hydriding kinetics of plutonium-] K/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 were 
carried out over a temperature range of -29 to 355°C and at hydrogen 
pressures of 20 Pa to 67.95 kPa. Actual measurements were made with a 
recording vacuum tnicrobalancc. 

The reaction model used to describe the reaction of hydrogen with 
plutonium metal powder has been described previously.1" 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: 

K c = W m U-[l+k(n-l> MoCn-Dtjl/l-n (1) 

where W^ = hydrogen reacted in time, t 

W m - total hydrogen reacted 
k = rate constant 
n = order of the reaction 
Mo = milligram atoms of metal initially available 

In the special case where the reaction is first-order (n=l) equation (1) 
becomes 

H t = K„ (l-e-kt) (2) 

This equation was used throughout this study to evaluate rates of reaction. 

Hydriding of plutonium metal released significant amounts of heat. 
With the experimental set-up being used, this heat could not be dissi
pated and the net result was an increase in sample temperature. Net 
effects of large temperature fluctuations on the hydriding rates were 
evaluated using the Arrhenius equation for hydrogen pressures of O.GG/ 
and 26.6 kPa. Figure I 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 a Mere negative for both the 0.067 and 
26.6 kPa data; e.g., -0.03 W/»ol ("0-006 kcal/«ol)at 26.6 kPa. These 
negative activation energies have no theoretical seaning in themselves 
hut they do indicate that the reaction between hydrogen and plutoniim 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
ability to maintain isothermal conditions is of little consequence. 

4 .0 r 

3.0 
i 
S a.o 
§ 
• 1.0 

f O . O | 

-2.0 

+-H-
E„» -1.13 W/mol 
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I , ••• — S — " 

-»-%—w~ 
0.067 kPa 

E » -0.03 W/fcwl 

10 14 18 2.2 2.6 3.0 3.4 3.8 4.2 4.6 5.0 
1000/T 

Figure 1. 

Data from all runs at various pressures were analyzed using the 

Khyd knP" (3) 
where k ny d is the first-order rate constant, P the hydrogen pressure in 
kPa, k 0 is a constant and n is the order of the hydrogen pressure depen
dence. A plot of the data using this equation revealed a discontinuity 
at about 1 kPa [8 torr) which indicated the pressure range 0 to 1 kPa 
(0-3 torr) n is equal to 0.45 while for pressures greater than 1 kPa 
n is O.U. 

In the low pressure region thn rate is proportional to P. For 
pressures greater than 1 kPa the pressure dependence of the reaction is 
proportional to P 0 - 1 1 or very nearly equal to 2ero. This type of be
havior is similar to the Langauir adsorption isotherm and suggests that 
hydrogen adsorption nay play a major role in this overall hydriding 
kinetics. 



A LsngBuir model can be tasted for the hydriding of pluronium powder 
by using the equation: 

khyd kj K*» 
(4) 

Plotting P̂ /kjiyd against P^ gives a straight line with the slope 1/ka. 
Such a plot is shown in Figure 2. From an evaluation of the date k» was 
found to be 2.69 min - 1 and K was equal to 0.66 kPa - 1. Using these con
stants hydriding rates have been predicted over the pressure 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. 

o'o ib 2lo 3.0 ' 4.b ao ao 70 ab ao 10.0 
v'KhPtt) 

Figure 2 . 

•Research performed under t h e ausp ices of t h e U. S. Department of Energy. 
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Rate Measurements by Pressure Change," USAEC Report LA-551S-MS (1974). 

2. D. F. Bowersox, "The Reaction Between Plutonium an4 Deuterium Par t I I -
Rate Measurements by Weight Changes," USAEC Repor'. LA-6681-M3 (1977). 

3 . C. A. Colmenares, Lawrence Livcrmorc National Laboratory, unpublished 
da t a (1980). 

4 . J . L. Stakebake, J . Electrochem. Soc . , 126, 1596 {1979J. 



THE PLUTONIUM - HYDROGEN SYSTEM: EQUILIBRIA 
OF THE STABLE HYDRIDE PHASES* 

John M. Haschke and Angelo E. Hodges, H I 

Rockwell International 
Rocky Fiats Plant 
P. 0. Box 464 

Golden, Colorado 80401 

Tensimotrie measurements have verified previous results indicating 
the existence of two stability regimes in the Pu + H system.1 The phase 
diagram suggested by these findings differ froa that proposed in earlier 
studies. 

The stable regime is entered by rapid reaction of alpha-phase ini 
and high purity Ha at temperatures greater than 500DC. A 25g metal 
sample is placed in a stainless steel vacuum-pressure system, heated 
in vacuum to 100-200oC and then exposed to a H- charge which is suffi
cient to convert the sample to trihydride and leave residual H 2 

concentration in excess of O.OS mol A"1. The hydride composition 
attained upon cooling the products to 25°C is ftiltj.oe* o.si-

Press urc- compos it ion isotherms have been measured by successively 
removing hydrogen from the system. The variation of the partial mol3r 
free energy of hydrogen in equilibrium with the solid hydride, PuH», 
along the 440 K isotherm is shown by the lower curve in Figure 1, The 
previously determined partial molar free energy of hydrogen in equili
brium with the metastatic PuHx solid solution is shown by the upper 
line.1 This cubic phase is obtained by slow reaction of the elements 
at temperatures less thrn 200"C. The enhanced s*n' ility of the high 
temperature product is evident. The presence of ; roe distinctively 
different slopes in the free energy curve indicate*, the existence of 
three hydride phases in the 2,5 < * < 3.0 composition range. Evidence 
for the existence of a fourth phase near " = 2.77 is marginal. At 440 K 
the AG*difference between the trihydride phases is approximately 6 kcal 
aoi"1. At x » 2.3S i 0.OS and Lower compositions, fiGB is ;cro and two 
stability regimes 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 = S.341(3}&) CaF2-type and hexagonal (a = 3.779(5), c = 
6.77I(8)A) LaFa-tyoe phases. These structures are assigned to those 
found in the 2.35 : * < 2.77 and 2.77 < * < 2.9S 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 Hx loss during preparation. However, the tensimctric 
and diffraction data both suggest that the Puilj • PUHJ system is similar 
to the SrFi + £uF3 system in which a continuous solid solution, 
(Sr,Eu)Fx, is observed over the 2.78 < * < 3.00 range.3 For 2.78 < < 
< 2.9S, the fluoride has the hexagonal LaF3-type structure; for 2.95 
< x < 3.00, the phase is orthohombic YFj-type. 

Entry into the stable hydride regime at high temperature is 
attributed to structural rearrangement of the cation lattice. At low 
teaporatures metals are unable to rearrange from the cubic array of 
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the CaFj-type dihydride and hydrogen enters available I«?tice sites 
(octahedral or octahedral-related) as * increases. At hr-̂ h temperature, 
sufficient kinetic energy is available for structural rearrangement. 
Examination of the metal positions in the cubic and hexagonal hydrides 
shows thai their cations nave closest-packed coordinates which arc 
accurately described as ABC and AB layers, respectively, and that these 
layers arc coherent. A micTodonain Mechanism is proposed for the cubic 
to hexagonal conversion. The LaF3- and YFj-typo structures are related 
by a simple displacivc transition. 

Previously reported kinetic data si'n-.gcsted that th*. 2.0 < « < 2.4 
region of the Pu + II system is similar to that of the ;iFy(M Sin, F.u, 
Yb) systems. Although additional data are needed to fully define the 
Pu * 1! diagram, thrc present results suggest that the 2.78 < * < 3.00 
region is mciolcd by that of the (Sr.EuJF* systen. 

* This work was performed under U. S. Departnent of Energy contract 
DE-AC04-76DP03S33. 

L. J. M. Haschkc, A. E. (lodges. III, C. H. Smith and F. L. Getting, 
J. less-Common Metals 73, 41 (1980). 

2. 0. Greis, Z. Anorg. Atlg. Chen. 441, 39 (1978). 
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Figure 1. Variation of the partial nolar free energy of hydrogen with * 
in the Pu + 11 systcn at 440 K. 
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COMPARISON OF T^E REACTION BEHAVIOR, VALENCIES AND 
ATOMIC RADII OF ACTINOIDS AND OTHER TRANSITION METALS 

H.Holleck 

Kernforschungszentrum Karlsruhe 
Institut fiir Material- und Festkbrperforschung 

Postfach 3640 
0 7500 Karlsruhe 1 

Federal Republic of Germany 

Examination of binary 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 light actinoids (Th 
up to Np) 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 oDserved. 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 is used as a basis- Empirical realtionships 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/J. 

Table 1 lists the atomic radii used, Fig.1-6 show examples 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 f 3) 0.164 Tm 0.175 An (3) 0.186 
Sc M G.152 n 0.174 Am (4) 0.172 
Y 0.177 Lu 0.174 Cm (3) 0.186 
La 0.188 Th 0.180 Cm (4) 0.171 
Ce (3) 0.185 Pa (4) 0.177 Bfc (4) 0.170 
Ce (4) 0.167 Pa (B) 0.164 Ti 0.140 
Pr 0.183 U (4! 0.175 Zr 0.155 
Nd 0.182 U (5) 0.162 Hf 0.153 
Sm 0.180 U (6) 0.154 V 0.135 
Eu 0.180 Np 4) 0.173 Hb 0.145 
Gd 0.180 Np (5) 0.161 Ta 0.i45 
Tb 0.178 Pu (3) 0.187 Ru 0.134 
Dy 0.178 Pu (4) 0.172 Rh 0.135 
tic 0.177 Pu (5) 0.160 Pd 0.138 
Er 0.176 

232 



If one analyzes the relationships outlined above and other, similar re
lations between the occurrence of interffletallic phases, structure and bonding 
conditions (as expressed by atomic distances), one can recognize a uniform 
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, yith respect to their phase behavior, the lighter actinoids follow 
the transition metals of the d-s'.eries 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 both cases, 
these relationships confirmed the system of radii for the actinoids as de
fined by Zachariasen. 

Even if there is Tittle theoretical jacking of the radii in intermetal-
lic phases of transition metals, they can yet be used as very welcome quan
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 light of the relationships 
outlined above. 
Literature: 
IV H.Holleck, Ber.Bunsenges. 79 (1975) 97S 
III O.C.Slater, J.chem. Physics 41 (1964) 3199 
IV W.H.Zachariasen, J.inorg.NucTT Chem. 35 H975) 34S7 
74/ Z.T.Teatum, K.A.Gschneidner, J.T.Waber, report LA-4003 (1968) 
75/ H.Holleck, J.Nucl.Mat. 42 (1972) 278 
76/ H.Holleck, KfK report l72"6 (1972) and IV.Int.Conf. on Solid Comp, 

of Transition Elements, Geneva, April 9-13, 1973, AEO-Conf.73-128-015 
111 H.Holleck, J.Less-Conraon Met. 52 (1977) 167 

atomic raiKus Of T«lal M [nm] atomic rodw* ol roelal M [nm] 

Fig. 1 " « 1 - 2 

233 



~t MHn, f-

III I . ' 

~t MHn, f-

III I . ' Th 

1 . Cmt / t Cm 

P U S / P U * 
Pa5 - A * - ~ Pal 

013 Oil, 015 0 * 017 016 019 

alonuc todnjt ol mttal M [nmj 

Am i / Am 3 
C m . - / - Cm3 

C«3 

015 017 019 

alemie todiui cf mtlal M [nrrfl 

Fig. 3 

s a« 
I 
: 
I iwo 

./>r 
z' 5 

an a» aifi QB 
atomic rodm of m*la1 M [nm] 

Fig. 5 

o a • MRh,c, . 

| au 

ore an ou 019 am 
atomic radius ol mtloJ M [nm] 



HEAT CAPACITY OF UP-USe SOLID SOLUTIONS 

A. BLAISE, R. TROC*, H. LAGNIER++, H. MORTIHEPH"+ 
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Chemistry Division 
AERE HARWELL 

Oldest (Oxon) OX UiORA (Grande-Bretagne) 

Heat capacity measurements in the low temperature range (5-300 K) are 
reported on three compositions in UP-USe solid solutions : UP,, Q C Se r n c , 
U P0.9 S e0.r U P0.82 S e0.l8' 

A magnetic phase diagram based on neutron diffraction and magnetic 
susceptibility data has recently been published (1). This diagram shows that 
for UP X Sei_x solid solutions, the simple odtiferromagnetic type I 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 all compor'tions typical ano
malies characteristic of the onset cf magnetic ordering (TN = 108.5, 98.3, 
97 K respectively) in general agreement with t,.c data of (1). On cooling down, 
all 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= 0.5 
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 moment-jump without any structure chai.9„- (1,3). For 
x = 0.35 and 0.9, peaks at about 30.5 K may be due to UOg contamination or, 
for the former composition to bulk phase phenomenon associated with the 
type I-IA transition. Then, for both compounds, peaks at about 22 K, are 
likely to be due to the moment-jump in type I phase, typical of UP-rich 
compounds. 

Rossm temperature values of the thermodynamic data compare wtU to the 
values obtained for the terminal compositions (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 energies associated 
with the various anomalies is given for all compounds. 

The electronic heat capacity coefficient y is derived both in the low 
and high temperature range. Typically at l?*- temperature Y = 35mJ/mole. K̂  
with negligible high temperature value. Tim behaviour s analysed in a very 
narrow 5f band model located close to tht Fermi level. 
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U2fi,Je - RECONCILED INTERPRETATION OF HEAT CAPACITY AND MAGNETIC DATA 
A. BLAISE, J. HULAK+, R. TROC+, Z. ZOLNIERtV 
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uy 2Te is tetragonal with a LagOgTe type structure (1) (space group 
I 4 i n n ) . The substitution of U by Th leads to an isomorphous non-magnetic 
compound. Magnetization measurements have shown lLN«Te to have unusual magne
tic behaviour (Z) with a Curie point at 71 K but no saturation reached under 
140 kOe 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 

2 4+ 
terms of crystal-field interaction on the 5f electrons of U ions. 

Low-temperature specific heat measurements on U^N-Te and Th^N^'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 kOe) would show the field effect on the Curie 
temperature and the magnetic entropy. Experiments have been carried out or. 
three different samples with the same qualitative results. Th^Te 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 crystal field model and the molecular field 
approximation. The experimental data to be interpreted are : the paramagnetic 
moment M = 2.7yg, the ordered moment u f = 2.5yB and its increase with the 
applied magnetic field (to 2.78iio at 140 kOe), the angle of uf with the basal 
plane & s 20*. the shift of Tc up in external magnetic field (8 K at 70 kOe) 
and the entropy of magnetic ordering S - 1R (8.0 - 8.5 J/mol °K). In 
û N-jTe the uranium ion is surrounded by 4 nitrogen and 4 tellurium anions 
forming a tetragonal antiprism of C ^ point symmetry. The contribution to 
the crystal field potential coming from the nitrogen square is highly domina
ting. A simplified model with the uraniur.' (4+) ion of pure h. ground term 
turns out to be adequate. The point charge model (PCM) gives a splitting 
scheme with three levels (r 3, r 5 and Tj) far remote from others (> 1000 cm" ) 



and the total splitting of the 3H. term Being equal to 3600 cm~l. The r g and 
r, eigenfunctlons are rich in |± 1> anc1 [0-- components, respectively. The 
first three levels lie within a 0-300 K energy interval. 

Detailed analysis of the experimental data allow us to reconstruct the 
lowest part of the uranium ion splitting diagram in U 2

N 2 T e independently 
and sufficiently univocally. According to the best fit the r 5 doublet rich 
in |± 1> component (over 80 %) is the lowest state. The most probable sequence 
of the singlets is - r. (at -v 100 K) and r, (at * 300 K). The r, singlet is 
rich in |0> component (over 80 %}. 

(300 K) 

Tj (100 K) Y | 0> + c|4> + z\l> (T > 0.9) 

r 5 (0 K) B|±l> +a ]*3> (S > 0.9) 

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 3.15tv with a most probable value of 2.95uR. Such 
system of levels produces rather large perpendicular and small parallel 
magnetic moment giving as a result an angle between the easy direction and 
the basal plane e = 15 ± 5°. 

The molecular field theory give 

y B H m 

4L2i = 0.80 ± 0.05 

which corresponds to H m = 850 ± 50 kQe . The ordered magnetic moment 
1s calculated by diagonalization of the Zeeman energy u(R + R 6 X t ) matrix. 



Uf varies from 2.5 to 2-8uB and Increases with applied magnetic field (by 
0.05 - 0.1P B at 140 kOe). The present approach predicts also some shift up 
of Tc in external magnetic field (by * 10 S at 140 kOe). The entropy of ma
gnetic ordering is calculated following the Grunzweig«-Genossar (4) approach. 
FOP the considered system of levels this entropy is close to R. 
References 
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LIGHT-PARTICLE EH!SS!GHJWRING THE SPONTANEOUS 
FISSION OF 256RI, AND &'fm* 
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We have made preliminary measurements of Jtght particles emitted 
during the spontaneous fission (S?) of 2.6-h "°¥m and 101-d Z 5 7 F m in 
order to determine whether the potential energy available for this process 
is diminished by the formation of colder, more spherical fragments -t 
scission. The SF properties of 2 5 6 F m and 2 5 7 F m are clearly transitional 
between the "traditional" asymmetric, low-kinetic energy fission of the 
lighter actjnides, and the symmetric, high-kinetic energy fission of 

Much experimental and theoretical work has been undertaken over the 
p?st two decades to characterize the phenomenon of Hght-particle emission 
during fission.* Host closely studied has been '"Cf, which is found to 
emit a light particle once in every 285 binary SF events. More than 90$ 
of the time, the emitted light particle is an alpha particle, followed in 
abi-ndance by tritons, protons, "He, and deuterons.' The results of these 
studies suggest that ternary and binary fission are quite similar except 
for the expenditure of some energy in the formation and acceleration of 
the light particle which is predictably reflected in lower fragment ener
gies and masses, and less fragment neutron and gamma-ray emission. 

The rate of light-particle emission increases somewhat linearly with 
2^/A, which is the ratio of electrostatic to syrface energy in the liquid-
drop model of fission. This trend, illustrated in Fig. 1, might be ex
pected, at least for those nuclides which exhibit the "normal" asymmetric 
niode of fission, since the fraction of energy available for fission which 
appears as fragment kinetic energy generally decreases with increasing 
Zz/A. A larger amount pf potential energy is, therefore, available for 
producing the more elongated, pre-scission nuclear shapes apparently 
necessary for the emission of light particles. 

This trend of increased light-particle emission with increasing Z2/A 
might be expected to continue on up through the heaviest actinfde, if it 
weren't for the anomalous fission behavior of Z 5°Fm and 2 5 9 F m . For these 
isotopes, most of the available energy for fission appears as fragment 
kinetic energy because the fragments themselves are relatively spherical 
and unexcited, owing this stability to their proximity to the doubly-magic 
nucleus *3 25n. since the emission of a light particle appears to cost the 
nucleus at least 25 HeV in potential energy, there is likely to be a large 
decrease in the light-particle emission rate for the SF of 258Fm and 259Fm 
due to a lack of deformation energy available for this process. The study 
of light-particle emission rates in 258p m a n (j 259p m vrauld be an impossible 
undertaking, due to the short half-Hves and low availability of these 
isotopes; therefore, we are studying light-particle emission during the SF 
of 2 5 S F m and 25'Fm, where an anomaly in the .amission rates might first be 
detected. 
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Our experimental apparatus consists of two counter telescopes mounted 
facing one another inside a vacuum chamber. The SF sample, mounted on 
0.2-mg/cmZ graphite foil, is placed between them. Counting data is accumu
lated by a small computer and stored on a floppy disk for subsequent off
line analysis. The 2 5 6 F m is obtained from the bombardment of « 4 a.Es by 
34-HeV alpha particles at the 88-in cyclotron at the Lawrence Berkeley 
Laboratory t<j oroduce 76-min Z 5 6 H d , which subsequently decays by electron 
capture to « 6Fm. The Z b / F m was obtained from the Transuranium Element 
Production Program of the U. S. DOE. We used 2 5 2 C f to calibrate our count* 
ing systems, assuming values of the light-particle emission rate from the 
literature.2 

The initial results indicate that the rate of alpha particle emission 
during the SF of " 6 F m and "'Fm is some 40 to 50% higher than for " 2C,f 
SF, which is in opposition to our expectation of a rate equal to or some
what lower than that of Z 5 Z C f . 

*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-48. 

1. See, for example, I. Halpern, Ann. Rev. Nucl. Sci. 21, 245 (1971 >; 
R. Vandernbosch and J. R. Hm'zenga, Nuclear Fission,Tcademic Press, 
N.Y. (1973), pp. 374-400. ~ 

2. G. M. Rafsbeck and T. D. Thomas, Phys. Rev. ]_72_, 1272 (1968). 
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ALTERNATIVE APPROACHES TO THE SYNTHESIS OF SUPERHEAVY ELEMENTS: 
COMPLETE FUSION AND DAMPED COLLISIONS 

J.V. Kratz 
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0-61 Darmstadt, Sermany 

Recent experimental results on dynamical aspects of heavy-ion fusion 
and damped collisions 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 conditional saddle point 1, requires dynamical deformations of target and 
projectile in the entrance channel if very heavy compound nuclei are to be 
formed. Experimental results2 on fusion of *oep;- w * h "Mg, I 7 A 1 , *,BCa, 
! ,Tt, i2Cr, and ***>, are presented in Fig. 1, where they are compared with 
the prediction of a one-dimensional proximity model of capturing spheres5 

(full lines) and with predictions of Swiatecfci's two-dimensional model1 

(dashed lines}. 

CENTER OF MA5S ENERGY (Mev) 

Fig, 1 

Together wi th data** on fusion of l l 0 P d wi th u s X e . and of 1 B D Gd wi th B 6 K r , 
these data show consistent ly that the "extra push" of k ine t i c energy abnve 
the barr ier required to fuse two heavy nuclei sets in when the entrance 
channel model parameter1 exceeds ( Z J / A ) e f f . = 32.5. An "extra push" resu l ts 
in extra exc i ta t ion energy of the superheavy compound nucleus and, thus, 
d ras t i ca l l y reduces i t s s u r v i v a b i l i t y . 

However, a t the same t ime, there i s c lear experimental ev idence 1 , see 
also F ig . 1 , f o r the fac t that the macroscopic model 1 i s not adequate to 
reproduce the fusion cross sections f o r heavy systems very close to (or 
below) the ba r r i e r . The exc i t ing gain in the fusion cross sections below 
the b a r r i e r s (and the associated reduction in the compound nucleus exc i ta t i on 
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energy) has been discussed5*6 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 dynamics1 of nucleus-nucleus collisions predomi
nate for target-projectile combinations necessary to form compound nuclei 
near 2=114. 

Analyses of the statistical spin component, K 0, as deduced from y-
multiplicities7 or from fission fragment anisotropics*, 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 
Z=110, and that KQ, accordingly, is very large. 

This is contrary to the results* on sequential fission of the heaviest 
transfer products in I J 8 U * 2 3 8 U and 3 3 B U + z l , B C m collisions where one ob
serves no increase in KQ 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 suiiiie 'intil the mass asymmetry 
is completely relaxed M O - 2 3 sec). 1* 7 In darned collisions of Z 3 S U and 
2 u 9 C m nuclei at dissipated energies of > 150 MeV (Ref. 9) fragment elon
gations outside the appropriate saddle point configurations might be asso
ciated 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 1 0 in the I 3 f l U + 2 ) 8 U and S 3 8 U * J , , B C m 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 Bakowski et at. 1 1 

The same isodel predicts minimum excitation energies of 25 HeV for 2=1!4 in 
the * , 8 u V B C m reaction if fragment defer*" .itions are absent. 

In summary, there are conceptual problems both with £' _• complete 
fusion approach and with the damped collision approach to the synthesis of 
supherheavy nuclei, that deserve further study. These are i) the possibi
lity to fuse sufficiently heavy nuclei w"*I;out "extra jjush" at or even 
below the barrier, and ii) the question of fragment Cf:formation in the 
low-energy tails of the Q-value distributions in damped collisions. 

1. W.J. Swiatecki, The Dynamics of Nuclear Coalescence or Reseparation, 
Report LBI-1091I (1980), and Progress in Part, and Nucl. Phys. 4, 
383 (1980). 

2. H. Sann. R. Bock, Y.T. Chu, A. Gobbi, A. Olmi, U. Lynen, W. Muller, 
S. Bj0rnho1sn, H. Esbetisen, GSI-Preprint 81-6 {1981). submitted to Phys. 
Rev. Lett. 

3. J.R. Birkelund, L.E. Tubbs, J.R. Huizenga, J.N, Oe, I'. Sperber, Phys. 
Rep. 56, 107 (1979). 

4. T. Si Iceland et al., unpublished data (1980). 
5. R.6. Stofcstad, U. Reisdorf, K.O. Hildenbrand, O.V. Kratz, G. Wirth, 

R. Lucas, J. Poitou, Z. Phys. A295, 269 (1980). 
6. H. Esbensen, Nucl. Phys. A352,"T47 (1981). 
7. A. Gobbi, S. BjpYnbolm et al., private communication (1981). 
8. B.B. Back, H.G. CI ere, R.R. Betts, B.G. Glagola, B.D. Wilkins, 

preprint 1SB1, submitted to Phys. Rev. Lett. 
9. P. Gla'ssel, 0. v. Harrach, Y. Civelecoglu, R. Manner, H.J. Specht, 

J.B. «ilh°liiiy, H. Fe-eieslefeen, K.D. Hildenbrand, Phys. Rev. Lett. 
43, J483 (1979). 

10. HT Schadel, H. Bruchle, H. Gaggeler, J.V. Kratz, K. Summerer, 
G. Wirth, G. Herrmann, R. Stakemann, G. Tittel, N. Trautmann, 
J.H. Nitschke, E.K. Hulet, R.W. Lougheed, R.L. Hahn, R.L. Ferguson, 
preprint 1981. 

11. H. Dakowski, A, Gobbi, H. Nbrenberg, preprint 1981, submitted to 
Nucl. Phys. 

L 

;N 



THE ELECTRON BINDING ENERGIES IN ATOMIC SYSTEMS WITH 1D7 < Z, +Z 2 < 188 

P. Armbruster, F. Bosch, D. Liesen, P.H. Mokler, 
H. Schmidt-Bbcking*, R. Schuch** 

GSI Darmstadt, FRG 
*HMI Berlin, FRG 

" I . Phys. J-t*... Univ. Heidelberg, FRG 

The possibility to accelerate very heavy ions opened the field of atomic 
collision studies of these ions (Zi) on heavy targets (Z 2). 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 HeV/u < E/A < 
5 MeV/u the nuclei are far within the K-shell radii of an atom with a hypo
thetical atomic number (Zi+Zz) corresponding to the combined system. The 
electrons for a short time period are bound as in an atom with (Zi+Z 2). If 
ionisation occurs during this time period the binding energy of the quasi-
p.tom and its wavefunctions determine the ionisation probability. It has been 
shown ionisation to occur predominantly in the quasiatoms /I/. The study of 
ionisation probabilities and the finding of a scaling law for the ionsation 
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 %. He will report on deter
minations of K- and L-binding energies for systems with 130 < (Zi+Z3) < 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 (Z1+Z2 = 173) up to 
now is waiting for experimental confirmation. 

The binding energies of 
K-electrons as a function of 
atomic number. The binding 
energies of the Isc-electrons 
have been measured at 
R 0 = 50 fin for the quasiatomic 
systems indicated. The K-binding 
energies for some elements are 
given as points. The full lines 
are calculated by Soff et al. 
/V. 
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1. 0. Liesen et al., Phys. Rev. Lett. 44, 983 (1980) 
2. F. Bosch et al., Z. Phys. A296, 11 TT980) 
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DECAY OF 13.9-MIN 241«p 

S. Katcoff , P. P. Parekh, E-H. Franz, and L. K. Peker 

Brookhaven National Laboratory 
Upton, NY 11973 

lear spectroscopic study of 241fjp revealed several new y-ray 
; which aided in the in te rp re ta t ion o f the level s t ructure of 

A nucl 
t rans i t ions whi„., „ . „ „ ... „..*. ...~^. v . 
241pu. A new decay scheme is proposed 

Sources of 2 4 l N p were prepared by the 2 3 8 u ( a > p ) react ion ( i r r a d i a t i o n 
with 32-MeV o par t i c les } and by the 244p u ( n > p3n) reaction ( i r r a d i a t i o n wi th 
30-160 HeV neutrons*). The neptunium was chemically separated in a series 
of steps which involved e lu t ion o f unwanted a c t i v i t i e s , wi th 4.5H HNO3 and 
12M HC1, from a DOWEX MP-1 anion exchange column. Neptunium .vas then 
eluted wi th an HC1-HF solut ion and pu r i f i ed fur ther by fuming wi th HCIO4 to 
v o l a t i l i z e Ru and Tc, reduced to Np +4, and f i n a l l y coprecipi tated wi th 
LaF3. In some of the uranium i r rad ia t ions the Np+4 was also pu r i f i ?d by 
extract ion from 1.0M HCl in to 0.5M TTA i n xylene followed by back ext ract ion 
in to 9M HCl. 

The Y-ray spectra were measured as a funct ion of time wi th high resolu
t ion Ge(Li) detectors, and the analyses were performed by means of the INTRAL 
and SAMPO codes. In tens i t ies of Y rays per d is in tegrat ion were determined 
from almost weightless sources mounted on 10 ug/cm? p las t i c f i lms whose 
absolute s-ray emission rates were measured wi th a 4TT proport ional counter. 
The h a l f - l i f e of 2^*Np was determined to be 13.9 ± 0.2 min by means of least 
squares decay analysos o f the 175.1-keV y - r ay peak. A l l of the y t rans i t ions 
are shown i n the Table wi th t h e i r respective energies E.f i n keV and t he i r 
in tens i t ies I y given as Y fays per 100 decays. 

Gamma Rays from Decay of ' *NP 

42.0 1 0.1 
133.1 1 0.1 
161.6 1 0 . 2 
175.1 ±0 .1 
308.8 1 0.2 
362.4 1 0.1 

0.10 i 0.03 
0.86 i 0.05 
0.07 i 0.01 
3.1 +0 .2 
0.07 i 0.02 
0.19 i 0.02 

476.6 1 0.2 
518.8 1 0.1 
561.1 1 0 . 2 
834.6 i 0.2 
929.7 1 0.2 

0.10 1 0.01 
0.44 1 0.03 
0.08 ± 0.03 
0.11 ± 0.03 
0.08 i 0.02 

Based on these data and on previously Iden t i f i ed levels^ 1n 241p u , the 
decay scheme shown in the Figure was constructed. The f rac t ion of B" feeding 
to the various leve ls , and the corresponding log _ft values, were estimated 
from a balance of t rans i t i on i n tens i t i es . The mu l t i po la r i t i es f o r the Y-ray 
t rans i t ions were assumed as H ] , except that the 476.6- , 518.8-, and 561-keV 
y rays were taken as E l , and the 161.6-keV y ray as E2. Then the theoret ica l 
to ta l conversion coef f ic ients were used to determine the various r - t r a n s i t i o n 
in tens i t i es . The ra t i o I V (175.1) /1 Y (133.1) fo r depopulation of the 175.1-keV 
level is 3.6, a value which is i n good agreement with the ra t i o o f 3.4 

k 



reported recently by Dickens 
and McCannell3 in the i r work 
on the a decay o f 245Qn. The 
levels shown at 51U.7 keV and 
561.0 keV are probably the same 
as the 520-keV and 560-keV 
leve ls , respect ively, seen bv 
Braid et a l , 4 i n the i r study of 
the 24T}TuTd",d')24lPu react ion. 
The 518.8-keV Y rays probably 
const i tu te a doublet and de
populate both of these levels . 

The (d ,d ' ) react ion 
studies of 241pu and neighbor
ing odd-A nuclei^ indicate that 

94 P u 147' w 1 t h 9 r o u n d s t a t e 

5/2+|622], exhib i ts an octupole 
v ibrat ional state and associated 
ro ta t iona l band wi th K11 = 5/2-
and I " = 5 /2" , 7 /2" , 9 / 2 " , . . . . 
Evidence from the decay of 
2 * lNp indicates that the octu
pole band in 241pu s tar ts from 
the 518.7-keV leve l . Spin 
assignments to the B34.6-keV 
and 929.7-keV levels were made 
with the help of resul ts from 
various nuclear react ion ? J 

s tud ies 2 , 4 : neutron capture by 

0 l ! M i l } £• ««(. 

OS -T3 IVJ-i * ?° 'f~1H. -Ql -IS If/?l +1 'f~1H. 
" "3bi 4 ^ 

ip4 -4-H ] J ffir*^ 

Pu, the Pu(d,t) react ion, and the 
2 ^ p u ( 3 H e , a ) react ion. 

We are thankful to Mrs. Doris M. Franck fo r valuable assistance wi th the 
measurements and wi th the data processing. This research was performed under 
contract wi th the U. S. Department of Energy and supported by i t s Off ice of 
Basic Energy Sciences. 
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HYDRATION OF LANTHANIDE AND ACTINIDE IONS : 
SEMI-THEORETICAL AND EXPERIMENTAL APPROACH 

F. David, P. David*, J . Duplessis, B. Fourest and P. Rogelet 

I n s t i t u t de Physique 8 u d £ a i r e , laberato i re de 
Radiochimie, bat. 100, 91406 Orsay 

I f one consider a Born Haber cycle envolving so l id and gaseous metal , 
gaseous and hydrated ions one observe that sublimation enthalpv o f the metal 
and formation enthalpy o f the aqueous t r i v a l e n t ions are sneasured o r estimated 
from experimental Jata in case of the act inides (1 ) . F i r s t ion iza t ion poten
t i a l s are known (2} and consequently hydration enthalpy has been only calcu
lated f o r t r i v a l e n t ions ( 3 ) . 

we w i l l f i r s t give a genera! ana ly t ica l expression aHj, » f ( r , n , z , r 
(water)) ( r being the radius of the considered e n t i t y and n the most l i k e l y 
primary hydration number of the ion of charge z ) . This expression gives calcu
lated values which are close from the 3? experimental data corresponding to 
hal ides, a l k a l i s , a l ka l i - ea r ths , t r i v a l e n t and same divalent and te t rava lent 
lantham'de ions : standard deviations are les - than 1 % f o r each of the s ix 
considered fami l ies . I t takes in account c lassical terms : Born term, d ipo la r . 
quadrupolar and induced dipole in terac t ions . We added three other terms : ana
l y t i c a l expression of the interactions£depending from r ) between the centra'* 
ion and the water molecules outside the f i r s t hydration sphere, and two par i t y 
terms related to the charge of the considered ion and the row o f the element 
in the per iodic tab le . We used the 3? experimental data concerning ions o f 
charge -1 to +4 to compute the 9 unknown parameters aswell as the absolute 
hydration enthalpy of the proton. The obwined expression has been applied to 
t-Mh calculat ions fo r H^*, W* and M*+ lanthanide ions. By deducing hydration 
numbers of act inide ions from those of lanthanides wi th the sar,e charge we 
calculated aH h fo r d iva len t , t r i v a l e n t and tet ravalent act in ide ions. I t gives 
the p o s s i b i l i t y to deduce ion izat ion potent ia ls of the ac t in ides . 

The second approach is to get experimental data on the hydrated r a d i i of 
the act in ide ions. I t was in te res t ing to look fo r a change of the hydration 
number in the act in ide series s im i l a r l y as proposed fo r lanthanides ( 4 ) . 

Since the study of heavy act inides i s only possible by radiochemistry we un
dertook transport number measurements, essent ia l l y the d ^ c a t i n a t i o n a t 25°t of 
d i f fus ion coe f f i c ien t in Li C1-HC1 orLa Ch-HCI aqueoi^ medium (pH i s adjusted at 
2.5 in order to prevent hyd j l y s i s of t r i v a l e n t : „ • . - ; . I t has been v e r i f y ' that 
3utodif fusion coe f f i c ien t are ident ica l w i th d i f f us ion coef f i c ien ts measured; i n 
the indicated condit ions. One obtained in both cases D9 = 0 . ( E u 3 * ) = 5 .9 .10" 6 uw S""1. 

Precise D° values have also been obtained fo r sour lanthanides from con
duct! /<ty measurements. Di f fusion coe f f i c ien t of Am-"" i.as been measured iind 
compared wi th Eu 3 + data ?.nd experiments wi th mixtures o f act in ides (americium, 
curium, cal i fornium an:* einsteinium) make possible a comparison between the 
0° and therefore the - i d i i of the hydrated i o i s . 

+ E.N.S.A.E., 25 rue Larousse, 92240 Malakoff. 
1 . F. David, K. Samhoun, R. GuiHaumont and N. Edelste in, J . Inorg. Nucl . Chein. 

40, 69 (1968). 
2. wTC. Mart in, L. Hagan, J . Reader an<. J . in. - , J . Phys. Chem. Ref. Oata, 

3 , 771 (1974), 
3. S\ Goldman and L.R. Morss, Can. J. Chem. j j3 , 26J r., (1975). 
4 . A. Habenschuss and F.H. Spedding, J . Chem. Phys. ±i, 442 (1980). 
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erMK PROBLEMS OP THE CHEMISTRY OF AGTIHIDES 
IH THS LOt/ER OXIDATION STATES 

11,B. Mikheev 

Institute of Physical Chemistry 
USSR Academy of Sciences 

Leninsky Prospect 31, 
lloscow, USSR. 

One of the fundamental problems of the chemistry of ac
tinides is the problem of similarity of this group of elements 
with the lunthanide group. Since the first half of actinides 
holds special position in the actinide row it would be impor
tant to find out the likeness between the second half of ac-
tinides v;i th the group of lanthanidos. 

In order to solve this problem it is necessary to com
pare the regularity of stability change for unusual oxidation 
states of both groups of elements with an increase in atomic 
number. Our latsst studies proved that the oxidation poten
tials of the Me3+/He couple change syrabaticaiiy with an in
crease in atomic number for the first haif of lanthanidus and 
the second half of actinides, and untiuatically when compar
ing the second halves of both groups. A similar picture is 
true for other unusual oxidation states, such ;.ts 4 + , and 1+. 
It should be mentioned that while there is a chemical like
ness between ac tirades and lnnthanidea in the oxidation sta
tes 4 + » 3 + i and 2-t-, and therefore, it is possible, uused on 
this likeness, to predict their behavior, a similar compari
son would not be possible for monovalent actinides because 
monovalent lanthanides are not obtained. 

By now, mendelevium is the only actinide obtained in the 
oxidation state 1-t-. Thus any information on the properties of 
Hd(l + ) is of significant scientific value, i/e showed /1/ that 
mendelevium can be reduced to the monovalent state in the pre
sence of divalent europium. Using Hartri-Pok radius of maxi
mal electron density we calculated the ionic radius >?f Md (1+) 
[coordination number = 9, electron configuration 5f ^ equal 
to 1.20 & /2/. The same value of the ionic radius was deter
mined by us /3/ derived from the data on the cocrystallisa-
tion of Md(1+) with MaCl and KG1 /!/. Based on this data, we 
calculated the value of solubility product of HdCl in aqua-
ethanolic solutions. The solubility product as well as the 
interatomic distance of MdCl lie within the interval between 
the respective values for NaCl and KC1 /3/. Thus Md(l+) with 
electron configuration 5fpj; is likely to be an analogue for 
Na and K +. similar to No*" with the same electron configura
tion being analogous to Ca^* and Sr 2 + /4/. Likeness between 
Md(1+) and Ha +, and K + shows also in the fact that Md(1+) does 
not form stable complexes with Cl~ /1/. 

•Ve calculated the hydrotation energy of Md(1+) and deter
mined that the hydrotation energy gain An(1+) in electron con-
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figuration f s can provide stability for Md(1+) as well as 
for Frist, 1-*-) i*i water and aqua-ethanolic solutions. This opens 
up a good outlook for obtaining Fm(1+). 
1. N.B. Mikheev, V.I. Spitsyn. A.N. KamenaHaya, J. Mikulaki 

and f. Petrina, Badiochem. Badioanal. Letters 43. 85 
(19B0). 

2. G.V, lonova, K.B. Mikheev and V.I. Spitayn, Raa. ocheraistrv (in riussian) 20, 112 (1978). 
3. tUB, Liikheev, A.M. Kamenakeya, S.tS. Eerdonosov ur*d J.I. 

Klimov, Radiochemistry (in Russian, in print). 
4. •••• J. LcDoweii, O.IJ, Keller, P. ii. Dittner, J.P. rarraw; 

and C.I.". Cast:, J. Inorg* llvcl, Chcm. ̂ S, 1207 (1976). 
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THE THERMODYNAMICS OF THE 
COMPLEXATION REACTIONS OF 

AMERICIUM (III) ANDCURIUM (III) WITH 
AMINOPOLYCARBOXYLATE LIGANDS+ 

0. D. Ensor and A. K. Shah 

Chemistry Department 
Tennessee Technological University 

Cookeville, TN. 38501 
and 

Transuranium Research Laboratory 
Oak Ridge, TN. 37830 

The stability constants for the complexation reaction of trivalent 
actinides with various aminopolycarboxylate ligands have been measured 
at 25° *. The thermodynamic data (fiH, fiS) 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 

M + 3 + HXL Z ML''"3"* + xH + 

the ligands with Am(III) and Cm(III) was measured using a solvent, extrac
tion technique. The organic phase utilized dinonylnapthalenesulfonic acid 
as the cation exchanger. All aqueous phases were maintained at 0.5 M ionic 
strength by the addition of NaClO^ 

The enthalpies of formation for each reaction were derived from the 
variation of the stability constants over the temperature range of 5° -
50° . This data was fit by a method of least squares analysis to the van't 
Hoff isochore. Previous determinations of enthalpy changes for the actinides 
have been done by this method 2. 

The aminopolycarboxylates used in this Study were chosen because thermo
dynamic data for the trivalent lanthanides3»4 was available in order that a 
comparison could be made. The thermodynamic data for the complexation of 
Am(ni) and Cm(III) with nitrilotriacetic acid is shown below along with 
data for Eu(III). 

Thermodynamic Properties 
(25°; M=0.5 M NaC104) 

Eu(III)3 Am(III) Cm(iri) 

AGt {kJ/m) -63.6±0.5 -63.9±0.3 -64.4+0.4 
AHi (kJ/mj -6.4+0.5 15.6+0.9 21±2 
AS X (J/m °C) 192+2 267±Z 288±2 
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The results> as expected, show that the AG values for the actlnfdes are onty 
slightly larger than those values for the lanthantdes. The enthalpy changes 
observed for the actinides are move positive and* therefore, evidence for 
greater dehydration of the actinide 1on durins the formation of the complex. 
Comparison of the entropy changes shows the actlnfdes are more positive by 
a magnitude which would Indicate the loss of an additional two water mole
cules. 

Previous authors ' have discussed the variations of AH and AS for the 
tHvatent lanthanldes and actinldes In tertas 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 complexatlon reaction of 
the 3is1nGpo)ycarboxy1ates and fta(lll) and Qn(ni) will be discussed 1« terms 
of the dehydration mechanism for the trfvalent 5f acMnfde elements. 

+ Research sponsored by the Division of Chemical Sciences, Office of 
Basic Energy Sciences, U.S. Department of Energy, under contracts 
DE-AS05-79ERKM89 with TTU and H-7105-eng-26 with Union Carbide Corp. 
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THERMODYNAMIC PROPERTIES OF THE GASEOUS LOWER VALENT 
FLUORIDES AND CHLORIDES OF URANIUM* 

K. H. LTM, R. D. Brittain, and D. L. Hildenbrand 

Materials Research Laboratory 
SRI International 

Menlo Park, California 94025 

Chemical techniques were developed for generating effusive molecular 
beams containing thtt sub-valent fluorides and chlorides of uranium. The gas
eous uranium halide bean species were Identified and characterized by mass 
spectrometry, with primary identification based on the measured ionization 
threshold energies (appearance potentials) of the positive ion species ob
served. These threshold energies, which are close to the vertical ionization 
potentials (IP) of the parent neutrals, progrei-jively increase as successive 
halogen stores are added to the central uranium atom, varying from values near 
the IP of uranium for the monohalldes to values approaching the IP's of the 
halogen ligands for the penta- and hexahnlides. 

A number of gaseous reaction equilibria involving the uranium halide 
species and certain reference species were studied by high temperature mass 
spectrometry, using low ionizing electron energies to eliminate overlapping 
fragmentation effects. The gas mixtures were geneiated in an effusion oven 
source, and a characteristic test applied to ascertain that chemical equilib-
liura was attained. The magnetic-deflection mass spectr?meter, the experimen
tal technique, and the methods for interpreting ana evaluating the results 
have been described in pre/ious publications. 

Because of major uncertainties in the spectroscopic and molecular con
stants of the U-F and U-CI species, the reaction equilibria were studied over 
wide temperature ranges, and thennocheraical data were derived solely from the 
temperature variation of equilibrium constants (second-Law method). A sum
mary of the reaction thermochemistry and derived bond dissociation energies 
(BDE) is given in Table I. The BDE values in Table 1 exhioit several signi
ficant trends. First, boLh the U-F ani*U-Cldata show a dramatic decrease ir. 
bond strength as the fifth halogen atow is added to the central uranium atom, 
with the U-F data shc-lng a further substant.al drop with addition of the 
sixth F atom; the results corroborate the relatively high stability of the 
tetravnlent state of uranium, and indicate that the pentavalenr and hexava-
lent states are attained only at the expense of substantial valence promotion 
energy. Additionally, the BDE data Illustrate that UF b is only marginally 
stable and is, in fact, an effective fluorinating agent. Secondly, the vari
ation in BDE with number of halogen ligands is quite different for the two 
halide systems, reflecting perhaps a substantial change in ionic-covalent 
bondinr ' iracter. 

Information about the spectroscopic and molecular constants of the U-F 
and U-Cl species is relatively sparse, especially that pertaining to riie en
ergies and configurations of the low-lying electronic states. However, the 
reaction entropy data in Table 1 together with accurate entropies of subli
mation of UF^(s) and UCl^(s) yield reasonably accurate total entropies of the 
halide species that can be used to cneck the assignment thes.j constants. For 
the U-F species, the results indicate •':=» the electronic contributions ire 
appreciable, and are comparable to those of etomlc uranium in the same tem
perature range. In fact, the experimental entropies of the uranium fluc;Jdes 
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are in good agreement with calculated values based on reasonable rotational 
and vibrational constants plus the estimated electronic state assignments Of 
Curvich and co-wc;kers.2 Corresponding data for the li-Cl molecular species 
(except for UCI4} have not yet been analyzed fully, For gaseous UF-, and UCI4, 
where the direct bubllrcation data yield entropies accurate to within about 
0-5 cal/deg mole, the experimental data strongly support a distorted tetra-
hedral structure of effective C 2 v symmetry as suggested by electron diffrac
tion data,3 rather than a regular tetrahedral structure that is more in accord 
with the photoelectron spectra.6 Overall, the new thermochemlcal datu define 
the equilibrium behavior of the- gaseous U-F andC-Cl aystens aver a wide tem» 
perature ran̂ t-, and provide useful insights into several aspects of the chem
ical bonding. 

This research was supported by the Office 01 Basic Energy Sciences, D. S. 
Department of Energy. 
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Table I 

REACTION THERMOCHEMISTRY 
ENERCIE5 OF URANIUM 

Gaseous Reaction Kcul/mole 
U + BaF - UF * Ba - 17.8 + 0.7 
UF 4- BaF - UF 2 + Ba S.8 + 0 ,6 

UF2 + flaF - UF3 + Ba - S.3 + 0.4 
UF 3 + CaF - UF6 + Ca - 19.5 + 0.6 

0 -*• CI * UC1 - 98.7 + 1.5 

UC1 + CI - UCl 2 -118 .0 + 1.9 
UC12 + CI - UC13 -113 .1 + 1.2 
CuCl + VClj - Cu + UCI4 - 9.2 + 0 .3 
UC14 + ljCl2 - UCI5 - 20.3 + 0 .3 

*From previous s t u d i e s , Reference 5 . 

AND DERIVED BOtC DISSOCIATION 
FLUORIDES AND CHLORIDES 

6sJ Derived 8DE 
cal/defl mole leca 1/mole 

- 3.0 D(U-F) - 156 
0 .6 IJ(FU-F) - 134 

- 9 .5 D(F 2U-P) - 147 
-14 .9 D(F 3U-F) - 146 

D(r 4 U-F) - 102* 
D(F 5U-F) - 69* 

-22 ,8 S(U-C1) - 99 
- 3 1 . 2 D(CIU-CI) - 118 
-31 .8 D(C12U-C1) - 113 
- 8.6 D(CI 3U-C1) - 99 

D(C14U-C1) - 49 
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Activities of Components in the System TMNOsK-HNOj-H^O 

R.J. Leralre and C.P. Brown 

Research Chemistry Branch 
Uhiteshell Nuclear Research Establishment 

Atomic Energy of Canada Limited 
Pinawa, Manitoba ROE ltO 

The equilibrium composition of the vapor above thorium nitrate-nitric 
acid-water mixtures has been studied as a function of thorium nitrate concen
tration, nitric acid concentration and temperature, using a transpiration 
technique. At 25°C the thorium nitrate solution concentrations (m-j-) which 
were used ranged from 0.1 to 2.5 molal and the nitric acid concentrations (mu) 
from 0.3 to 25 molal. The vapor pressure of the nitric acid (P̂ diqgiiitf)) was 
found to Increase with increasing thorium nitrate concentration for a constant 
molality of nitric acid in the aqueous solutions. At constant raj the ratio 
P[g<mjj,nir)/Pjj(njj?0) becomes larger with decreasing nitric acid concentrations. 
This is most pronounced for tnu less than 3 molal as shown below. 

z I 
Q. 
J 

T T 
2.5 m Th (N0 3) 4 

o o 
°0 

o° 0 

10 
"N 20 

The water vapor 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 in the results at 50°C were similar to those found for 25°C but at 50°C 
the ratio PN(ra}j,i»iO/'pN(roN>0' d l d 0 0 t Increase as rapidly z.t low nitric acid 
concentrations. 



Both empirical multiparameter functions and functions based on theories 
of Ionic tnteractions(li2) were fitted to the 25°C experimental data. From 
t!tes<?, and available literature data for the nitric acid-water and thorium 
nitrate-water systems at 25°C, expressions were calculated for the variation 
of water and thorium nitrate activities as functions of the nitric acid and 
thnriun nitrate concentrations usfnR the fTlbbs-Duhem equation' 3'. The cal
culated water activities agreed reasonably well with those determined from 
the experimental water vapor pressures. Values calculated for thorium 
nitrate activities were, however, strongly dependent on the form or" the func
tions originally used to fit the nitric acid vapor pressure data. Consistent 
trends were found in the thorium nitrate activities for solutions 0.5 - 10 
molal in nitric acid. The analysis of the 50°C data was less satisfactory 
both because of larger errors in the 50 C measurements and because the 
behaviour .if the binary systems has not oeen as thoroughly investigated. 

Re_fe.reiu.-es 

I. K.S. I'itztrr, J. Solution Chero. __, 24<* (1?75). 

J. (-- Scat chard, K.M. Rush and J.S. Johnson, J. I'hys. Chern. 7_i, 3786 (1970). 

i. W. Davis, .Jr., P.S. i.awson, ii.J. deBruin and J. Mrochek, i. Phys. Chen. 
69, |9«i (1965). 
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VAPOR PRESSURE AND THERMODYNAMICS OF Bk-249 METAL* 

John W. Hard and Phillip D. Kleinschmidt 
Los Alamos National Laboratory, Los Alamos, HH 87545 

Richard G. Haire 
Oatt Ridge National Laboratory, Oak Ridge, TN 37830 

The vapor pressure of 2 ^ B k metal has been measured over the range 1100-
IS00 K, using combined Knudscn effusion mass spectromctric and target collection 
techniques. Vapor pressure data arc combined with appropriate estimates for 
solid free-energy functions and the crystal entropy S°298 t o calculate enthal
pies, entropies and heat capacities from 298 to 3000 K. The vaporizations are 
described by the equations: 

LoglO P(atm) = - (I573+26M/T + 5.8<»+0.22 [solid, 1107 - 1319 K| 
Log| 0 P(a£«n) = - <15047+203)T + 5.27*0.14 [liquid, 13« - 1528 Kl 

from which uc calculate 
A)f>298 ( 2 n d l a w ) " 74586*1192 cal/mol IsolLdl 
.1«°298 t 2 n d l a w > = 73331+ 891 cal/mol [liquid] 

and 
'-H°298 ( 3 r d U w ) n 7*»,168*60 cal/mol [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 el fusion cell. 
The apparatus and techniques have been described previously.1 Six liquid data 
points and ten solid data points were obtained with the mass spectometer before 
sample cxhautsion. In addition, three target exposures were taken to calibrate 
the data line. These results arc plotted in the figure. The related data are 
shown in t.ie table. 

Data were taken in random temperature jumps throughout the range. No 
apparent scatter or residual cell effects were seen 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 oi the validify of the Bk-data. The early data points contained a varying 
signal from the *"Cf daughter, which gradually 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 equations we calculated a heat of melting of "j3200 cal/mol and 
an entropy charge of 1.9 cal/mol-deg. This heat may or may not include a dhep-
fec transition, which in any case occurs near the melting point. Early work^ 
indicated a tempi raturc of melting of 986°C; some recent preliminary results show 
a possible higher temperature.-' Wehave arbitrarilychosen a melting temperature 
of 1050°C, showing (on the figure) a fair possible range. In any case the exact 
location (+100°C) does not materially affect the values calculated or the 
conclusions drawn. From the data, ue estimate a boiling point of 2860+50 K. 

Tl.d crystal entropy S°298 H a s calculated using Nd as a model, according to 
the correlation of Ward and Hill. 4 Since Bk develops its full paramagnetic 
•aomcnF;,̂  we used the magnetic entropy of the 1° trivalent ground-state 
configuration for this calculation. Gas phase data were taken fro* the work of 
Conway, et al .*» who list 102 odd anJ 72 even levels between 3700 and 12,000 cm"*. 
The calculated crystal entropy S°29g = 18.7+0.3 cal/dcg-mol. Free-energy 
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Our choice of Nd as a model was based on similarity of crystal structures, 
phase transitions, melting point and heat ot vaporization. Using the Johansson 
correlation, 8 which shifts Pu, etc. aitder Ce, etc. in terms of siaular physico-
chemical properties, Pm would have been 'le proper hotnolog; however, there arc 
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 '»T a 9 1 

kcal/raoi. which was probably due to the sample size and use of a Ta container, 
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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-LoglO P H°2qa, Third Law, cal /mol 

110 7 4 . 0 2 
x 

1 0 - 9 8 . 3 9 5 7 7 
H 2 4 6 . 6 2 X 1 0 - 9 8 . 1 7 9 1 4 
U 2 S 1 8 . 5 4 X 1 0 - 9 8 . 0 6 8 5 4 
: i « 1 . 4 4 X 1 0 - 8 7 . 8 4 1 6 4 
i ! »M 1 . 6 6 X 1 0 - 8 7 . 7 7 9 8 9 
i n t . 2 . 8 5 X 1 0 - 8 7 . 5 4 5 K 
1 :10 9 . 0 4 x 1 0 ~ 8 7 . 0 4 3 8 3 
12V* 1 . 9 5 x 1 0 - 7 6 . 7 0 9 9 7 
; 2 » ; * 4 . 0 1 x 1 0 " ? 6 . 3 9 6 8 6 
i u y 7 . 0 4 X 1 0 - ' 6 . 1 5 2 4 3 

• ' i d 
1 .24 x 1 0 - 6 5 . 9 0 6 5 8 

i i n 1 . 8 7 X l 0 - 6 5 . 7 2 8 1 6 
1 .Ml 2 . 4 4 x 1 0 - 6 5 . 6 1 2 6 1 
r . 2 : i 4 . 7 0 X l 0 - 6 5 . 3 2 7 9 0 
i-..-.} 7 . 0 9 x 1 0 - 6 5 . 1 4 9 3 5 
I ' -JK 2 . 5 9 X 1 0 - 5 4 . 5 8 6 7 0 

73 ,798 
74 ,315 
74 ,238 
74 ,031 
73 ,852 
73 ,978 
73 ,728 
74 ,287 

74 ,168 
74. ,412 
74 ,145 
74. ,367 
74. ,263 
74, ,400 

•ti-s a l so t a rge t da ta p o i n t . 

i,<n'<'0 predic ted a valu* of 70-76 kca l /mol ; our r e s u l t s confirm these 
. n o n s . Our f inal value for the heat of vapor iza t ion *.H°298 = 74.1J-0.9 
•n,>l i s the average of our second and th i rd law daLa. 

performed under the auspices of the U. S. Department of Energy, Office of 
• Energy Sc iences , Chemical Sciences Div is ion . 

1 W. Ward, P. D. Kleinschmidt and R. C. Haire , J . Chcra. Phys. U C1979J 
j ' J20 . 
.1 A. Fancy, J . R. Peterson and R. D. Baybarz, tnorg. Nucl. Chem. L e t t e r s 
h (1972) 101. 
R. C. Hai re , p r iva t e communication. 
j . W. Ward and H. H. H i l l in Heavy Element P r o p e r t i e s , eds . W. Hiiller 
,ind H. Blank (North Hoiland/American E l s e v i e r , New York, 1976) p . 65. 
S t . Nave, P. n-. Huray and R. C. Hai re , in Cryst.il lint? E l e c t r i c Field 
,ind S t r u c t u r a l Eti€„. .s in f -E lcc t ron Systems, eds . J . F. Crowe, R. P. 
(.nortin and T. W. Mihal is in (Plenum P r e s s , New York, 1980) p. 269. 
I C. Conway, E. F. Worden, J . B l a i s e , P. Camus and J . Verges, Spec t ro -

t lumica Acta JI2B (1977) 101. 
i w. Ward, P. D. Kleinschmidt , R. G. Ha i re , and D. Brown, in The Chem
i s t r y of Lanthanidcs and Ac t i n ide s , cd. N. E ^ l s t e i n , ACS Symposium 
Ser ies No. 181 (1980) pp. 199-220. 
a Johansson, Phys. Rev. M_l (1975) 2836. 
K Samhoun, PhD. Thes i s , Universi tc* Par i s -Sud, Centre d 'Orsay , s e r i e s 

: . u . 1727 (1976) p 87. 
K. David, K. Samhoun, R. Guillaumont and N. Ede l s t e in , J. Inorg. Nucl. 
Clicm. 40 (1978) 69. 

http://Cryst.il


ENTHALPY OP FORMATION AND MAGNETIC SUSCEPTIBILITY OF CmO., AND C m ^ a 

L.R. Morss 
Chemistry Div i s ion , Argonne Nat ional Laboiatory 

Argonne, I l l i n o i s 60439 USA 

J . Fuger and J . Goffar t 
Laboratory of Ana ly t i ca l Chemistry and Radiochemistry, Univers i ty of Ut-ge 

CSart TiimanS , 8-4000 Liege , Belgium 

and R.G- Haire 
Transuranium Research Laboratory, Oak Ridge National Laboratory 

Oak Ridge* Tennessee 37830 USA 

Stoichiometric curium dioxide has been prepared from Cm (containing 
0.17 at. % Cm! by careful calcination of pure curium(III) oxalate at 

5SO-G00°C, followed by prolonged heating at 300°c. Monoclinic curium sesqui-
oxide was prepared by hydrogen reduction of the dioxide at 825°c. The 
purity of these conpounds has been verified by X-ray powder crystallography 
and by thermogravimetric analysis. 

The magnetic susceptibility of milligram-scale samples of each compound 
was measured on a Faraday balance at temperatures between 2 and 298 K. 
Following the magnetic measurements, the enthalpy of formation of each 
compound was determined by solution calorimetry. 

Susceptibility data on Cm oxides are compared with earlier values 
obtained on 2 4 4Cm and *^BCm oxides in terms of expected magnetic moments 
for Cm(IIl) and Cm IIV) and in terms of nonstoichiometry of CmOp caused by 
iicomplete oxidation ar by radiation damage. The thermochemical data on 
ti... oxides are interpreted in terms of the aqueous reduction potential 
i. ;cm4*/Cm3+) and in terms of the stabilities of other lanthaiiide and 
actlmdn dioxides and sesquioxldes. 

a work performed under the auspices of the Office of Basic Energy Sciences, 
Division of Nuclear Sciences, U.S. Department of Energy under contract 
H" W~3i-i09-ENG-38 ; the Institut Interim iversitaire des Sciences Nude-
aires (Brussels) ,- and a collaborative Research Grant from the North 
Atlantic Treaty organization. 

b Chercheur QuaiifiS de 1*1.I.S.N. (Brussels). 
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STABILITIES OP TERNARY ALKALINE EARTH - ACTINIDE (VI) OXIDES M.AnO, * 

L.R. Morss and J .A. Fahey 
Chemistry Div is ion , Argonne Nat ional Laboratory 

Argonne, I l l i n o i s 60439 USA 

R. Gens and J . Fuger 
l abora tory of Ana ly t i ca l Chemistry and Radiochemistry, Univers i ty of Liege 

(Sar t Tilroan), B-4000 Liege , Belgium 

and H.D.B. Jenkins 
Department o£ Chemistry and Molecular Sciences, University of Warwick 

Coventry, CV4 7AL U.K. 

The complex oxides Ca-UO,, Sr-UOgi Ba,UOt< Ba^NpO,! ana Eu^PuO^ were 
prepared by solid-state syntheses at temperatures up to 1200°C. X-ray 
powder photographs show that Ba3Np0g and Ba 3Pu0 6 have lower symmetry than 
was reported earlier ; the X-ray data on the other complex oxides confirr-
previous structural studies. Spectrophotometry> volumetric and gravimetric 
analysis, isotope-dilution mass spectrometry, and alpha counting have been 
used to characterize these compounds. 

Samples o£ these compounds were reacted in solution calorimeters 
in appropriate dilute acids to determine their enthalpies of formation. 
In cost cases, the reported results are derived from two or more preparations. 
These complex oxides all have similar crystal structures (distorted, 
ordered perovakiteJ 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 
perov*>kltes in comparison with the binary oxides and other species, and to 
calculate enthalpies of formation of the MO?" complex ions. 

a Work performed under the auspices of the Office of Bas'c Energy Sciences, 
Division of Nuclear Sciences, U.S. Department of Energy under contract 
N° W-31-109-ENG-38 ; the Institut Interuniversitaire des Sciences Nucl6-
aires (Brussels) ; and a collaborative research grant from the North 
Atlantic Treaty Organization. 

b Faculty Research Participant from B -onx Community College, Bronx, N.Y. 

c Boursier I.R.S.I.A. (Brussels). 
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COMPARISON OF THE AFFINITY OF TRIVALENT ACTINlOE 
AND LANTHANIDE FOR NITROGEN AND SULFUR DONORS 

C. Musikas, P. V i torge, G. Le Haroit., R. F i touss i , C. Cu i l le rd ie r 

DGR-SEP 
Centre d'etudes raidea1res de Fontenay-aux-Roses 

Fontenay-aux-Roses - France 92260 

This work is part of an invest igat ion of the dif ferences and analogies of 
the t r i va len t actinides and laihanides complexes i n l i qu id phases. Aqueous or 
organic complexes of the two series wi th nitrogen and su l fur donors ligands 
vrill be described. 

Tt appeared that nitrogen Hgands form stronger complexes wi th the a c t i 
nides «/en i f the values of the ionic radia were in favor of lanthanide more 
stable species. For example Am(I I I ) with r = 1.06 A" give a 1:1 complexe with 
1-10 orthophenanthroline for which flj * 102.63 when Eu ( I I I ) of which r = 0,93 A 
give a weaker complexe wi th $\ = 10I-S8. in order to compare the a b i l i t y of 
several ligands to complexe se lec t ive ly the 4f or the 5f ion of a given pair 
we reported in Table I the value o f SF of Am{ni ) -Eu( I I I ) couple. Sf is a 
select ion factor defined as : 

SF = 2 U G A c ~AGL n) / (AGAc +^Ln) 
.".GAc and .iGtn are the free enthalpy changes for the fonnati? r> of th«< act inide 
and lanthanide 1:1 complexe. 

Table I : Sf fo r the Am( I I I ) -Eu ( I I I ) pair for selected oxygen, nitrogen and 
nitrogen-oxygen donors 

Ligand Complexe SF 
Most probable 

number of 
ligand(other 
than N)-metal 

bonds 

Host probable 
number of 
N-metal 
bonds 

References 

F- HF> -0.084 1 0 (H 
CH3CO2" M(CH3C02)2+aq 0.03 2 0 (2) 
ECTA * M(EOTA)" 0.09 4 2 (*) 

N3- MN32+ 0.93 0 1 This work 

phen * «{phen) 3* 0.69 O 2 This work 

TPT2 * M(TPTZ) 3 t 0.38 0 3 This work 

We used the above abreviat ion fo r the fol lowing ligands 
DTPA = diethylene triaminopentaacetic ac id, phen = 1-10 orthophenanthroline, 
TPT2 = 2-4-6 t r i p y r i d y l t r i a z i n e . 

I t can be seen that the higher S p factors are obtained wi th the nitrogen dorors. 
Dialkyldithiophosphoric acids ((ROJ2PSSH) have been chosen as su l fu r donors 
complexing agetits. We observed aqueous complexes f o r tet ravalent or hexavalent 
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actinide but no soluble species for pentavalent actinlde or trivalent actinide 
and lanthanide. So it was rot possible to compare directly the stability of 
A m ( m ) and Eu(III) aqueous complexes with dialkyldithiophosphate. 

However Am(lII) and Eu(lII) showed a very difft -ent behavior when extracted 
by mixtures of di2ethylhexyldithiophosphoric acid (HuEHDTP) and tributylphosphate 
(TBP). The distribution coefficients of Arn(IIl) and Eu(111) as a function of the 
re^ctants ratio are shown figure 1. 

OlSTRIBimoN COEFFICIENTS OF A m " ANtl E u " IONS 
BF.TVEEK AQOEOl'5 SULffTllWS O.OSN 1M HSU, Mil l (1IDBH!.TP . IBP) I * ! t W W l A S t 

Ik. can be seen that tiie two ions are extracted via different synergistic 
effects. From these curves and complementary extraction data it can be deduced 
that the complexes in the organic phases are respectively : Am(DEHDTP)3 TBP and 
Eu(DEHDTP) (N03);>.(TBP)2. This difference illustrates the greater affinity of 
actinide for sulfur donor? 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 SPECTROSCOPIC STUDIES OF ACTINIDFS IN 
CARBONATE-BICARBONATE BUFFERS* 

Dennis W. Wester and James C. Sullivan 

Chemistry Division 
Argonne National Laboratory 
Argonne, Illinois 6043S 

The electrochemical and spectroscopic properties of actim'des in 
carbonate and bicarbonate solutions are under investigation. 

For uranium, the reduction of U(VI), which exists primarily as the 
triscarbonatodioxouranate(VI) ion U0?{C03|31', 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 solution (1 M), U(VI) is 
reduced to U(V) at potentials comparable to those for carbonate solutions, 
but at the lower pH values the U(V) species disproportionates to U(IV) and 
U(VI). Spectroscopic r?su!ts are consistent with the presence of only one 
UtIV) species, the spectrum of which shows similarities to other U(IV) 
species in basic solution. 

For neptunium, results are nearly identical throughout the pH range 
8.3-11.2, i.e., in bicarbonate or carbonate. At a potential much less 
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 coulometric data are 
unattainable, comparison of spectroscopic properties clearly indicates that 
Np(IV) is produced. 

For plutonium, results to date indicate that Pu(VI) Is reduced quasi-
reversibly to Pu(V) at a slightly more negative potential than the corre
sponding reduction of Np(VI}. This system Is currently under investigation 
a«d results will be reported as they become available. 

Work performed under the auspices of the Office of Basic Energy Sciences, 
Division of Nuclear Sciences, U. S. Department of Energy under contract 
No. W-31-109-ENG-38. 
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SPECTROELECTROCHEHICAL STUDIES OF THE ACTINIDES: RECENT 
RESULTS ON Np AND Am IN AQUEOUS CARBONATE SOLUTION* 

D. E. Hobart, K. Samhoun**, J. Y. Bourges+, B. Guillaume , 
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 transparent electrodes (OTE's) in 
conjunction with cyclic voltammetry has btcn applied to the study of the 
Np(VII)/Np(vi) and Am(IV)/Am(III) redox couples in aqueous alkali metal 
carbonate solutions. 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 Na2C03 solution and the Am(IV)/Am(lH) couple in 
(NH4)2C03, Na2C03-NaHC03, K2CO3 and CsgCO^ media are reported. 

Heptavalent neptunium can be prepared by electrolytic oxidation of Np(VI) 
in 0.25-1.5 M Na2C03-0.2 H NaOH.1 The stability and absorption spectrum of 
Np(VII) in carbonate solution make the Np(VII)/Np(VI) redox couple amenable 
to spectroelectrochemical investigation. 

A concentrated solution (> 1 M) of ^^Np(VI) was prepared in 1 H HCIO4 
and an aliquot introduced into 2 H Na2C03. This 10" 2 H Np{VI) solution was 
adjusted to pri 13 by addition of RaOHT and cyclic voltammetry was then per
formed at a platinum wire microelectrode. The cyclic voitammogram 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 ± 0.01 V in this medium. [All 
potentials given here are "oferenced to the normal hydrogen electrode (NHE)]. 
This Np(VI)-Na2CQ3 solution was subsequently placed *n a platinum screen OTE 
in the light beam of a spectrophotometer. An absorption spectrum of the 
yellow-greert Np(VI) solution was recorded (Fig, 1) prior to electrolytic 
oxidation,and spectra were then recorded as a function of time during tne 
potential-step electrolysis. The spectrum of dark green Np(VII) in NagCO^ 
solution is shown in Fig. 1. The E°' for the Np{VII)/Np(VI) redox couple in 
this medium is presently being determined spectroelectrochemically to nrov.de 
a more accurate value than that obtained via cyclic voltammetry. 

Tetravalent americium is unstable with respect to disproportionate in 
most mineral acid solutions, because of the high value, about 2.4 V^, of the 
Am(IV)/Am{III) potential. It is possible to prepare stable Am(lV) in strongly 
completing aqueous solutions such as concentrated alkali metal fluorides3, 
concentrated phosphoric acid^.5, and acidic sodium pyrophosphate solutions.4 
Our recent work stabilizing Pr(IV) ^nd Tb(IV) in concentrated aqueous alkali 
metal carbonate solutions suggested the possibility of stabilizing Am(IV) in 
this same medium.6 

Solutions of from 10"! to 10"^ ft 243/\m(ujj w e r e prepared in various 
carbonate solutions (2 M (1^4)20)3, 2 H NagOh-NaHCOa, 5.5 H K 2C0a, and 5 M 
CS2CO3) by dissolving freshly precipitated Am(0H)3 into these carbonate 
solutions. 

Cyclic voltammograms of Am(IlI) in Na?C03 solution were recorded at a 
platinum microelectrode as a function of pfl. The pH was adjusted bybubbling 
CO? through the solution. At p.' 9.7 a reversible voitammogram of the Am(IV)/ 
Am(III) redox couple was obtained from which an E°' value of 0.92 ± 0.01 V was 
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determined. The same solut ion was placed in an OTE of re t icu la ted vitreous 
carbon (RVC). An absorption spectrum of the Am( l I I ) solut ion was recorded 
p r io r to e lec t ro l ys i s (F ig. Z). A potent ia l of 0.60 V was applied to the ce l l 
and increased to more pos i t ive values un t i l a change in the spectrum was 
noted. The solut ion f i r s t turned golden-yellow and then red-brown. The ab
sorption spectrum of the product, Am(IV), is shown in F ig. 2. 

The assignment of oxidat ion state IV to the oxidized americium species 
was based on electrochemical jnd spectroscopic evidence and determination that 
only a one-electron t ransfer was involved, as shown by spectrophotometric and 
potentiometric t i t r a t i o n s wi th Krf}Fe(CN)g in 2 M Na2C03 solution . 

Assuming the s h i f t in reduction potent ial provided by complexation wi th 
carbonate ions is 1.7 V more pos i t ive than that in non-complexing solut ion,6 
the standard reduction potent ia l for the Am(IV)/Am(III) couple can be calcu
la ted . This value is 2.62 ± 0.01 V which agrees well with that recently 
reported.7 

I t is expected that concentrated a l k a l i metal carbonate media may be 
exploi ted as a means to generate and s tab i l i ze other , less-s tab le , nigher 
oxidation state act in ides such as Cm(IV) and Cf(V). 

* Research sponsored by the Division of Chemical Sciences, U.S. nepartment 
of Energy under contracts DE-AS05-76ERQ4447 with the University of 
Tennessee (Knoxvi l le) and W-7405-eng-26 wi th the Union Carbide Corporation. 

* * National Council of Sc ien t i f i c Research - Lebanon. 
t Centre d'Etudes Nucleaires, Department de Genie Radioactif (SEP), 

8.P. No. 6 , 92260 Fontenay-aux-Roses, France. 
1 . G. A. Simakin and I . V- Hatjascuk, Radiokhimia U, 481 (1969). 
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FIGURE 2 
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APPLICATIONS OF SPECTROELECTROCHEMICAL TECHNIQUES 
TO STUDIES OF THE ACTINIDES* 

D. E. Hobart, K. Samhoun**, H. 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 oxidation states of the actinides is described. An electrochemical 
reaction can be monitored by passing light 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 I mL), spectroelectrochemistry is well suited to 
studies of actinide redox couples. 

New electrode materials such as reticulated vitreous carbon (RVC)J and 
porous metal foam (PHF)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 radioactive solutions. PHF is similar in structure and aopearance 
to RVC, but the PHF matrix, being metal, is a superior conductor of electri
city. In addition, PMF is more versatile than RVC in that it is easier to 
plate platinum or mercury onto PHF for extended potential range capabilities. 

Simple OTE's were made by sandwiching a thin slice of RVC or PMF between 
quartz microscope slides (Fig. 1) and placing epoxy on three edges as described 
elsewhere.$>* 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 lefion 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. 
When the lid is lowered the electrodes are immersed in the solution. Two 
different quart2 cuvets were used with the cell holder, a 0.5-cm path length 
cuvet (0.75 mL) and a 2.0-cm path length one (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 Gary Model 14-H spectrophoto
meter. Electrochemical measurements were performed with an EG8G PARC Hodel 
173D/179D/175 potentiostat/coulometer/universal programmer. 
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FIGURE 1 

The Np(VI)/Np(V) redox couple in 1 M HCIO4 is used hero as an example to 
demonstrate the spectroelectrochemlcal method for determination of the formal 
reduction potential (E°') and the number of electrons exchanged (n) for the 
reaction 

Npo|* + e* ̂  NpOj-
The relationship between the applied potential (£} and the concentrations of 
neptunium species Is described by the Nernst equation, 

£ = £». +«=ga log £_• 
" [NpO*] 

and the relationship between the absorbances of the neptunium species and 
their concentrations is expressed by Beer's law. 

A = cb CNpo|+] and A' » c'b [Npoj]. 

Combination of these expressions relates the applied potential to the ratio 
of the absorbances of the electroactive species: 

Experimental data were obtained by placing the Upof* starting solution in an 
DTE. A potential to ensure retention of Np(VI) was applied to the cell, and 
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FIGURF 2 

an initial spectrum of NpOj was recorded. More negative potentials were then 
applied to the cell to generate Np02, 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 applied 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" 1 value determined for the Np(VI)/ 
Np(V) redox coupic in 1 K HCIO4 was 1.140 * 0,005 V (n = 0.93), in excellent 
agreement with the accepted value of 1.137 V.^ 

Important advantages of this 1. .thod include (a) current measurement is 
not required, (b) the same solution can be recycled for many experiments, (c) 
attainment of equilibrium is readily deturmined by noting constant absorbance 
with time, and (d) the path length of the cell, b, and knowledge of the molar 
absorptivity, c, of the redox species are not requirtH if the proper monitor
ing wavelength is selected.3 Additional advantages of this technique, as 
well as descriptions of other spectroelectrochemical methods applicable to 
actinide studies, will be presented. 

* Research sponsored by the Division of Chemical Sciences, U.S. Department 
of Energy under contracts DE-ASG5-76ER04447 with The University of 
Tennessee (Knoxvillel and W-7405-eng-26 with the Union Carbide"Corporation. 

** National Council 0 Scientific Research - Lebanon. 
f On leave from Toh&*u University, Sendai, Japan. 
1. RVC is a registered trademark of Fluorocarbon, Anaheim, CA. 
2. Obtained from Astro Met Associates, Cincinnati, OH. 
3. T. P. DeAngells and W. R. Helneman, J. Chem. Ed. 53, 594 (1976). 
4. V. E. Norvell and G. Hamantov, Anal. Chem. 49, 1470 (1977). 
5. D. Cohen and J. C. Hindeman, J. Am. Chem. Soc. 74, 4679 (1952). 
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REDOX PROPERTIES Of URANIUM IN AN ACIDIC 
BOON TEMPERATURE MOLTEN SALT* 

R. De Waele, L. Heerman and W. D'Olieslager 

Department of Chemistry, Katholieke Universiteit 
te Leuven. Celestijneniaan 200F, B-3030 Heverlee, 
Belgium 

There hds been an active interest in the electrochemistry of uranium 
i.nd the other actinides in molten salts 1 » z . This work describes the redox-
properties of uranium in the hICU + h 'n-butyl)pyridinium chloride tBPC) 
room temperature molten salt system, described by Osteryoung et al. 3* . 
Experiments have been restricted to the acidic region (mole ratio AlCl-j : 
6PC • I). The results are compared with those obtai •> ' ' a previous study 
of the electr. ̂ nemistry of uranium in acidic A1C1, + Na-i melts at 175"C 5. 

Fig. 1 shows a voltammagram for the reduction/oxidation of UC1. solutions 
in 2:1 melts at a glassy carbon rotating disc electrode (35° C; 150 rpm). 
Cathodic scans exhibit an almost reversible wave (at low rotation rates} for 
the reduction U{(¥) - U(I11); anodic scans show two irreversible wsves for 
the oxidations U(IV) - U(V) and U{V) - U(VI). The height of »ach wave in
creases linearly with the uranium concentration as shown in iig. 2(1 : 
reduction wave; 2 : sum of both oxidation waves). The oxidation wave 5 

"(V) * UfVl) has not been o&served previously in acidic A1C1, + fiaCl melts ; 
in the room temperature melt, this wave is found at potentials more positive 
than the thermodynamic limit of tne solvent and stable solutions of hexava-
lent uranium cannot be prepared. !« 2:1 melts, solution of pentavalent ura
nium also reacts to some extent with the solvent; at 30* C the standard 
potential of the U(V)/U(!V) -.ouple is estimated as 1.9 V (vs. Al). The stan
dard potential of the U(IV}/U{IU) couple, determined by coulometric titra
tion, is given by t° = 1.146 - 5.25 x 1<P T(V) (at 30° C; E° . 0.98? V). 

If the acidity of the melt is decreased, the waves U(IV) -* uiHt) and 
U(IV) - U(V) shift to iess positive potentials; the wave U(V) - UfVI) merges 
with the tietQiuposition of the solvent. 

For the reduction wave, the variation of half-wave potentials with melt 
composition is shown in^fig. 3 (the dotted lines have slopes of 62 and 186 
nsV/decade change of pCl",respectively). Pie results can be explained by the 
reaction 

UClj, 4 - x ) + e* •• U 3 + * x CI" (1) 
where x varies from 1 to 3 as the composition o f the melts changes from 2:1 
to 2:1,05 A1C1,:BPC mole ra t ios (addi t ion of more BPC causes UC1. to p rec i 
p i t a t e ; UC1, i s also insoluble in melts that are only s l i g h t l y a c i d i c ) . 
Reaction (17 has been proposed already for the reduction o f UCK solut ions in 
A1C13 + NaCI melts b . 

The va r ia t ion of half-wave potent ia ls wi th melt composition f o r the wave 
U(IV) •* U[V), at 150 rpm, i r shown 1; f i g . 4 . Since th is wave i s i r r e v e r s i b l e , 
i t s posi t ion is dependent on ro ta t ion rate and no d e f i n i t e conclusions can be 
drawn from the data o f f i g . 4 ; it i s worthwhile to mention however that stable 
solut ion of U(¥) can be prepared i n melts wKn a l , 7 ; i t o 1,2:1 A1CU:BPC 
composition range 



At present, spectral studies are undertaken to characterize the dif
ferent valence states of uranium in these room temperature molten salts. 

* This work was supported by the I.I.K.W., Belgium 
1. J.A. Plambeck, in Encyclopedia of Electrochemistry of the Elements, 

A.J. Bard, ed., Vol. X, Fused Salt Systems {Marcel Oekker, New York, 
1976) 

2. t. Martinot, in Encyclopedia of Electrochemistry of the Elements, 
A.J. Bard, ed. Vol. VIII, Chapter VIIi-3, Actinides {Marcel Dekfcer, 
New York, 1978) 

3. R.J. Gale, D. Gilbert and R.A. Osteryoung, Inorq. i.hem., 17, 2728 (1978) 
and refs. cited in 4 

4. B.J. Welch and R.A. Osteryoung, J. Electroanal. Chem., UB, 455 (1981) 
5. f. Meuris, L. Heerman and fc?. D'Olieslager, J. Electrochem. Soc, 127, 

1294 (1980) ' 
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THE CHEMISTRY OF PLUTONIUM (III) - AQUEOUS CARBONATE* 

J.D. Navratil and P.C. Hagan 

Rocky Flats Plant 
Rockwell International 

P.O. Box 464 
Golden, Colorado 80401 

Evidence D£ plutonlum (III) carbonate complexes was observed first 
when plutonium (III) hydroxide and sulfate were dissolved in potassium 
carbonate solutions!. Plutonium (III) "carbonate" was made by adding an 
excess of ammonium carbonate to a hydrochloric acid solution of plutonium 
(111)2, but the precipitate was n->t analyzed. Plutonium (III) carbonate 
was also reported prepared by precipitating plutonium (III) sulfate with 
ammonlur hydroxide and reacting the precipitate with carbon dioxide3; this 
compound was not analyzed, but was found to be insoluble in water and 
carbonic acid and soluble in 45% sodium carbonate. 

A systematic study was reported to characterize compounds precipitated 
by the addition of alkali metal carbonates to dilute hydrochloric acid 
solutions. of plutonium (IlO^'she precipitate was suggested as impure T*u„-
(C0-)3 which redissolved at PusM-CO. ratios of 1.0:30 to 36, when 
M=-Cs and Rh, but did not redissolve at maximum Pu:M,C03 ratios of 1.0:42 
and 1.0:75 when H»K and Na, respectively. Preparation of a more crystalline 
compound was achieved by precipitation at eltvaced temperatures and was 
characterized by elemental analysis, infrarea spectroscopy, therwograviiuetrie 
analysis, and X-ray diffraction as Fu<0i1)C03-xH20 or Pu(OH)j-Pu^a^j-x^O. 5 

This paper will attempt to elucidate the complex chemistry of plutoninta 
(III) in aqueous carbonate media as well as to identify the solid compounds 
precipitated. The explanation will be based on the above studies as well as 
unpublished results from the authors' laboratory. 

* This work is supported by contract with the U.S. Department of Energy. 
1. The Actinide Elements, National Nuclear Energy Series, IV, U-A, 

eds. G.T. Seaborg and J.J. Katz (McGraw-Hill Book Co., New York, 1954). 
2. D. Boreham, J.H. Freeman, E.W. Hooper, I.L. Jenkins, and J L. Woodhead, 

J. rnorg. Nucl, Chera. 16, 154 (196UJ. 
3. B.C. Blanke, E.N. Bousquet, and R.J. Stetnmeyer, US ABC Report 

T10-12161 (1961). 
4. J.D. Navratil, US AEC Report RFP 1760 (1971). 
5. P.G. Hagan, J.D. Navratil, and R.5. Cichorz, J. Inorg. Ku=l- Chem. 

in press. 
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INTERACTION OP PU(VI) WITH BICARBONATE 

James C. Sullivan 

Chemistry Division 
Argonne National Laboratory 

Argonne, II. 60439 

and 

Peggy A. Bertrand and Gregory R. Cho- tpin + 

Department of Chemistry 
F'.orida State University 
Tallahassee, Fl. 32306 

To describe the behavior of plutonium(VI), Pu0 2 , in natu
ral water systems it is necessary to know the extent of hydroly
sis and of complexation by HC03 / C 0 3

2 ~ . Additional interaction 
with both inorganic (e.g. F~, SO,j2*"f etc.) and organic (e.g. 
humates, amino acids, etc.) ligands may occur should these be 
present but hydroxide and HC03~/C03 2 - anions are always present. 

Gel'man, e_t. al^, (1) reported stability constants for the 
formation of Pu0 2(CO3)(OH) 2

2 ~> Pu0 2(CO3)(OH)~ and P u 0 2 ( C 0 3 ) 2
2 _ . 

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(Vl) 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 
at F.S.U. (2). The techniques used in the titration calorimetry 
experiment have been described previously (3). The heat of 
dilution of the P u 0 2 + 2 solution was very small, indicating that 
the P U ( V I ) existed in either monomeric or quite stable oligomeric 
form. 

Analysis of the data, using S, = 463 from previous work (4) 
gave the values listed in the table. 

Thermodynamic Parameters for 
Complexation of Pu(VI) and Bicarbonate 

T = 25.0°C? I = 0.10 M (NaClO.)r pH --« 6.3 

oonplex 8 4G(kJ .m _ 1 ) iHO-.J-m"1) asW'K"1.!!!"1) 

1:1 

1:2 

463 ! 60 

(2.3 * 0.5) X 10 4 

-15.2 * 0.4 

-25 i 1 

-1 .46 ± 0 .5 

-56 1 '5 

+ 46 ± 3 

-105 ± 50 
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At pH 8.3, 90-95% of the Pu(VI) exists as the dihydroxy 
species, PuC^OH)?. From literature data, thermochemical cycles 
can be constructed which support Pu02(003)2~ 2 as the 1:2 species; 
i.e., 

P u 0 2 K M I ) 2 ( a ) + 2HC0 3- a l = P U O J I C O J I J " ^ + 2I>20 

Assignment of the reactj.cn forming the 1:1 species is more 
uncertain. However, it seems likely that the species is a . 
bicarbonate complex such ad Pu0 2 (OH) (HCO,) or PuO ? (OH) , (HCO3) "* 
rather than Pu0 2(C0 3) or Pu0 2(OH)(CO3). 

From the log 6 values of the table, we estimate that Pu(VI) 
in trace level concentrations exists predominantly in the form 
of the mono-bicarbonate complex in marine waters although the 
fraction present as P.102(011)2 is not insignificant. However, 
10% or less is present as Pu02(C0 3)2~ 2 i n constrast to U(VI) 
which is considered to be mostly U0 2(C03) 2 i s s e a water (6). 

This research was supported by contracts with the U.S.D.O.E. 
1. A.D. Gel'man1 A.I. Moskvin and V.P. Zaitseva, Soviet 

Radiochem., ±, 138 (1962). 
2. E. Ensor, L. Kullherg and G.R. Choppin. Anal. Chem., 4 9, 

1978 (1977). 
3. E. Orebaugh and G.R. Choppin, J. Coord. Cr.em. , 5_, 123 

(1976). 
4. J.C. Sullivan, unpublished data. 
5. 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. Ede'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 input parameters for chemical modeling of nuclear 
waste in -jeologic repositories.* Computer controlled voltammetry is a 
relatively new analytical technique that can be used at these levels for the 
determination of stability constants^ - 4 of tri- and tetravalent neptunium and 
Plutonium systems. 

Preliminary 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 diok) with the appli
cation of different waveforms (linear scan, differential pulse, differential 
Dulse anodic stripping voltammetry). The detection limits were determine' 
for various conditions. 

NpdV.IIl) in acidic solutions gave reproducible responses on stationary 
Hq electrodes. The Np(IV)/Np(III) couple can be considered as quasi-reversible 
with the transport of the electroactive neptunium species to and from the 
electrode surface controlled by a diffusion-limited adsorption or desorption 
process. No electrochemical response was observed with Np(IV) carbonate solu
tions with Hg electrode:., which suggests the reduction potentials are more 
negative than -I.9V, requiring fairly large stability constant(s) for the 
cotnplex(es) of Np(IV) with carbonate ions. 

Pu(III} and Pu(IV) solutions in 1M HC1 did not produce any response on 
a glassy carbon electrode with linear sweep voltammetry contrary to a previous 
report.^ In addition, no response va<= obtained with the application of a 
square wave to a platinum disk electrode in a solution of 9.u x 1Q~5 M Pu(IV) 
in 1M HC!.*> Differential pulse and differential pulse anodic stripping 
voltammetry gave excellent response and precision on the platinum disk elec
trode with peak potentials in 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(lII), 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 NaHC03 shifted the Pu(IV) peak to a distinctly less 
cathodic potential than in 1M Na2C03. Differential pulse polarography ?t a 
platinum disk electrode, applied to solutions of Pu(IV) in 1M Na2CQ3, showed 
well-formed peaks for the Pu(IV)/Pu(IH) 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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PREPARATION AMD PROPERTIES OP PWTAVALIIT 
AHKRICIUM IH PHOSPHORIC ACID SOLUTIOIS 

I.A.Lebeder, V.Ya.Prenkel, Yu.M.Kulyako, 
B.P.myaaoedov 

V.I.Vemadsky Institute of Geochemistry and 
Analytical Chemistry, Academy of Sciences 
of the USSR, 117334 Vorobievakoe Shoes9 47a. 
Moscow, USSR 

A convenient method was developed for the preparation of Aa(V) 
in phosphoric acid solutions based on electrochemical oxidation 
of Am(III) to Am(VT) with subsequent electrochemical reduction 
of Am(VX) to Am(V). 

the electrolysis at the anode potential 2.02V provides within 
1 hour practically complete (> 99-5*) oxidation of Am(III) to 
Aa(VI) in the mixtures containing Q.02-0.1 K HC10. and ^ 10"^ H 
phosphoric acid. The reduction of Am(VI) to Am(Y)*reaches at the 
second stage of the electrolysis at the anode potential 1.27V 
for 30 minutes* 

Am(V} is stable in diluted phosphoric acid and is slowly 
reduced to Am(III) by the radiolysis* It disproportionates into 
Aa(VI) and Am (III) at the concentration of phosphoric acid > 2 M, 
the rata of the disproportionation increases proportionally to 
CH-,P.0,J • The apparent order of the disproportionation reaction 
indexation to the concentration of Am(7) if. equal to ca.1 at 
25*0, it increases with the temperature rise* this phenomenon 
can be explained by the participation of Am(V)-phosphats 
complex ions in this reaction. 

An(F) instantly interacts with Am(IT) in 5-5-10 M phosphoric 
acid being oxidized to Am(YI), direct experimental evidences 
for this reaction were obtained for the first time* A method 
for the coulometric determination of americium was developed 
using Am(7I)/Am(V) couple; this method permits to determine 
ovsr 30 micrograms of americium with 1-5-2* error in the 
presence of twofold and threefold amounts of Cm, Pu and 
hundredfold amounts of La, li, Al, Cu, Or and other elements. 



AC7INIDE COMPLEXATION WITH HYDROPHILIC 
LIGANDS. LACTATES OF Am(IN) AND U(IV) K 

R. Lundqvist 0. F. Lu * x and I . Svantesson 

Department o f Nuclear Chemistry, Chalmers 
University of Technology, 412 96 Gb'teborg, Sweden 

The TBP,HDEHP and HTTA extract ion systems were analyzed fo r t he i r use 
in the study of complex chemistry and new information about the thermodyna
mics of the lactate completing of Am, Eu and U(IV) was derived. Furthermore 
i t was found improbable that the extract ion mechanism of the Talspi.-ak process 
involves extract ion o f any An or Ln lactate containing species. 

In our study of the complexation of the act inides wi th hydrophi l ic 
ligands we are presently siuding the carbonate, phosphate and carooxylate 
systems. Of special in terest is the s i tua t ion at near neutral conditions 
and the separation of actinides from Purex waste. The invest igat ions are 
carr ied out by solvent extract ion techniques using HDEHP(bis,2-ethyl-hexyl-
phosphoric ac id ) , IITTA(2-thenoyl-tr if luoroacetone) and TBP(tributylphosphate) 
and by electromig>-* ion. Here, we are report ing the resul ts on the lactate 
complexing, which is of importance fo r geological (groundwater), b io log ica l 
and indust r ia l appl icat ions. F i r s t l y we present the extract ion systems, the 
extract ion mechanisms and extracted species. Secondly we present the obta in
ed s t a b i l i t y and thermodynamic constants fo r the lactate complexes of Am, ^u 
and U(IV). 

Fi-j. 1. Extinction nuatems for covplex xtudiez, Diattribution of Am (unfill
ed uyrbolo) <ntd k'u as a fioictioy of ph, 1 '•! (Ua,H)ClQ . The initial organ
ic phases ucre; 100% TEP; 5> 10 '' !•! HDEtiP in n-heptano;' 0.5 M HTTA in toluene. 

The ext ract ion of Am, Eu and U f i l l , I V , V I ) wi th the three reagents TBP, 
HDEHP and HTTA were thoroughly studied wi th respect to ionic s t rength, pH, 
reagent concentration, rep roduc ib i l i t y , mass balance and ex t rac t ion o f l a c t i c 
( 1 4 C ) ac id . I t was concluded that HDEHP and especial ly TEP behaved very re -
producibly and in accordance wi th the expected behaviour whereas we had some 



problems with HTTA. Relat ive ly poor reproduc ib i l i t y was obtained and the rea
gent and hydrogen ion concentration dependencies becane somewhat lower than 
expected, especial ly wi th n-heptane. TBP has the advantage o f beeing indepen
dent of pH in a wide range, pH 2-7, F ig . 1 , but has the drawback o f beeing l a 
borious to quant i ta t i ve ly i n te rp re t at very high concentrat ions, in comparison 
wi th the perchlorate, of complc-xing Hgand. 

In the presence of l a c t i c acid a reduction of the d i s t r i bu t i on v^lue D 
(0 - [H](organic phase)/[M](aqueous phase)) is obtained corresponding to the 
degree of complexing between the metal H and the lactate anion. In Fig. 2 a 
p lo t o f log (D/D°) versus the lactate anion concentration is shown for Am 
with HOEHP and TBP. The very s imi la r curvature obtained for the completely 
d i f fe ren t ext ract ion systems suggests that a stepwise tomplexation occurs in 
the aqueous phase accordin-j t o : 

M J T(Lac) (3-n)+ Lac~ = M(lac) 3-(n+l) 
n t l =0,1,2,3 0) 

There is no ind icat ion of any ext ract ion of a mixed lac ta te-ex t rac t ion 
complex l i k e Am(Lac)(DEHP)2 which was reported resently fo r the Talsoeak pro
cess. The deviat ion at higher lactate concentrations for TBP is due to the 
change in ionic media as mentioned above. 

The pH dependancy of the lactate complexation was analyzed by perform
ing TBP extract ions at various constant pH between pH 2 and 6, F ig .3 . By con
sider ing the e f fec t of pH on the d issociat ion and d i s t r i b u t i o n o f l a c t i c acid 
one concludes that the complexation proceeds as in eqn. (1 ) . Futhermore, some 
association wi th undissocialed HLac is indicated. 

U(IV) was obtained by e l e c t r o l y t i c reduction and followed by measuring 
the redox po ten t i a l . I ts d i s t r i bu t i on between TBP and 1 H NaC104 was deter
mined together wi th data for U [ I I I ) and U(VI). The order o f e x t r a c t i b i l i t y 
of the uranium valency states wi th TBP i s ; U(VI) U f I I I ) U(IV). Introduct ion 



of l ac t i c acid at pH 2 and 0.001-0.01 H U(IY) gave information on the s t a b i l 
i t y o f the formed complexes. Both natural uranium and U 2 3 3 was used a f te r 
pu r i f i ca t i on from daughter a c t i v i t i e s . 

The temperature influence on the ext ract ion of Am and En was i n v e s t i 
gated in the temperature interval from 5 C to 45 °C al lowing determination 
of the enthalpy and entropy of the complex formation. Pre'iminery s t a b i l i t y 
and related thermodynamic constants f o r the lactate complexes of Am and Eu 
are col lectea i n the table. Data fo r the uranium systems are not completed 
at present. 
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-3 O pH 2 . 
l p K 3 , 
O pH 2 . 
l p K 3 , 
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Fig. S. The p.1/ dependency of the taata; 
D of An between undiluted TBP and 1 !•! lb 
added lactic acid at aonctant pit. "5°J. 
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SUBLIMATION AHD GAS CHROMATOGRAPHY OP JJ-DIKETOJATBS 
OP ACTIIIDE AID LAKTAHIDE ELEMENTS IS THE VAPOURS 0? 

p -DIKETOHES 
A.V.Davydov, B.P.Myaaoedov, E.V.Pedoseev, 
S.S.Travnikov, L.A.Ivanova 

V.I.Vernadsky Institute of Geochemistry and 
Analytical Chemistry, Academy of Sciences 
o? the USSR, 117334, Vorobievskoe Shosse 
47a, Moscow, U.S.S.R. 

Sublimation and gas chromatography of £-diketonates and 
their adducts with donoractive compounds can he used for the 
separation and isolation of actinide and lantanide elements* 
Practical application of these method*, was limited, however, 
by difflcultes associated with the synthesis of volatile com
pounds of the microamounte of radionuclides as well as with 
the decomposition and sorption of coordination-unsaturated che
lates In sublimation and gas chromatography because of the 
interaction with the impurities in the carrier gas and with 
the equipment construction materials. 

It was established /"\/ that a large number of metal cora-
pounds(hydroxides, salts of readily volatile acids: chlorides, 
oxychlorides, nitrates, acetylacetonatea, tenoyltrifluoroace-
tonates) reactld in miligram or trace amounts with the vapo
urs of fluorlnated and other j9-diketones forming volatile 
jl-diketonates which at certain temperatures can be quanti

tatively extracted into the gas phase. This method was used 
for the synthesis of volatile hexafluoroacetylacetonates, 
trlfluoroacetylacetonatee and plvaloyltrlfluoroacetonates of 
rare earth elements, amerlcium, berkellum (IV) and (III), 
neptunium, thorium and some transition metals. 

The synthesis of volatile 8-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 separation of various couples of the elements were deve
loped on this basis. 

Gas adsorption thermgchx'omatography of hexafluoroacetyl-
acetonatea of 2*3Am and *39jp In a glass column with a tempe
rature gradient was used for the separation of these elements. 
Tenoyltrlfluoroacetylacetonates of these element! (prepared 
by extraction) were placed into a starting zone, and argon 
saturated with HPA vapours was passed above them at ca.200QC. 
After the quantitative sublimation hexafluoroacetylacetonates 
of americium (III) and neptunium (IV) were precipated in the 
column at ce.100 and 6o°C respectively. 

The separation of Th- "pa and "ib-^zr couples is based 
on a fraction sublimation of their hexafluoroacetylacttonates. 
Protactinium and niobium form non-volatile hydroxoaubstituted 

B-diketonatea, whereas thorium and zirconium are quantita
tively transferred into the gas phase when being treated with 
HPA vapours* 
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The gaa cnroaatography of JJ-dilcetonates and their adducta 
with donoractlre co«pounda in th* carrier gaa saturated with 
HFA vapours la uaed for the separation of actinlde and lantanlde 
•leaenta. 
1. A.V.DavydOT, E.V.Fedoseev, S.S.TravnikoT, B.P.Myaaoedov, 

RadiokhiMlya, 22, 529 (19B0). 



HVESTIGATIOK 0? XECHASISM OP URAJIU* SORPTIOH 
7R0V THE SEA WATER 

S.P.Myaaoedov, Yu.P.lfovikov, 
V.M.Komarewsky 

V.I.Veraadsky Institute of Geochemistry and 
Analytical Chemistry, Academy of Sciences 
of the USSR, 117334 Vorobievakoe Shosse 
•7a, Moscow, U.S.S.R. 

The report presents the investigation 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 substance is the 
general feature of the sorption process studied. Awraaml-Iero-
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 reactions were calcu
lated and semi-empirical relationships between Initial uranium 
concentration in th* solution, its distribution factor in the 
system, thermodynamic stability constant of triearbonate-uranyl-
ate complex 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 seaa. 

The rate constants of the sorption of uranium and other ele
ments were determined for the sorbents tested in natural condi
tions. The sorbent on the basis of titanium dioxide with a par
tially changed anatase structure was found to be the most pro
mising one and is known under the trade name of nThermoxide-5"» 

The granulated sorbent possesses a high mechanical strength 
permitting to use the latter in a fluidized bed in order to 
prevent from mudding and fouling of the sorbent. The concentra
te containing grams of uranium was isolated in optimum condi
tions at the linear filtration rate equal to 1 m/min and with 
the grain size ranging from 0.6 to 1 mm. 
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EXTRACTI01 OP THAISPLUTOIIUM ELBOITS BZ DIPHBIYL-
(ARYL)DIALKTLCAHBAJIOTIilETHTL PHOSPHUE OXIDES 

M.K.Chmutova, V.E.Kochetkova, O.E.Koiro, 
B.P.myasoedov, 2.Ta#Medved', W.P.Yesterova, 
M.I.Xabachnik 

V.I.Vernadaky Inatltute of Geochemistry and 
Analytical Chemistry, Academy of Sciencea 
of the USSR, 117334 Vorobievakoe Shoaae 47a, 
Moscow, U.S.S.R. 

Folydentate neutral organophosphorus compounds attract 
great lntereat &• efficient extractants of trensplutonium ele
ments (TPE) from acid waate nuclear fuel element solutions. 
High cost of production and refinement of those reagents* their 
limited solubility in organic solvents or high solubility in 
the aqueous phase can be the main obatacle preventing from their 
extensive utilisation. 

Por instance, neutral bi-, tri- and tetradentate organo-
phoaphorua reagents posses a high extraction capacity, but a 
limited solubility in a small number of the solvents /I/. 

With the view of the further search for the optimum extra
ctants the following group of the reagents was synthesized and 
investigated. 

R' fi1" 
\ / 
P-CH,-C-N 

R" ° ° V 

We have studied the effect of the aubetituents, associated 
with phosphorua and nitrogen atoms, on the extraction capacity 
of the reagents. The figure below illustrates the relationship 
between Am(III) extraction by 0,1 M solutions of the reagents 
I-VT in dlchloroethane and nitric acid concentration. The sub
stitution of alkoxyl groups (YI) attached to the P-0 groups 
for alkyl groups (IT) Increase substantially the 
extraction capacity of the reagent. The aubatitutlon of butyl 
(IY) for phenyl radicals (II) also increases the reagent ex
traction capacity, whereas the aubstitution of one of phenyl 
radicals for ethyl radicals markedly decreases this capacity. 

R'=R" = c 6 Hs, R" = C„ H s IX) 
R' = R" =C 6 Wj, R'"=C2H5 (I) 
ft' = h"«C6M„(cydo-; R"' = C2H5 (1) 
R'=R"=C<,H 9 R'">C 2 M S ffl 
ft'=CtHs,fV'*C2Hs R" ' C2H5 H) 
R"=UH.O R"= Ms- ® 



The difference in radicals {reagents I and IX) aaaoclated with 
nitrogen atoms haa 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 solTenta and in nitric acid solutions-

Reagent I was shown to be the best one, since it posses
ses the highest extraction capacity, a good solubility in a 
large number of organic solvents (unlike reagent II) and a low 
solubility in nitric acid. Its synthesis and refinement presents 
no problems. 

We hare investigated the relationship between TPE extrac
tion by reagents I and II in various solvents and the time, 
the nature of the solvent, the concentration of the acid, 
salts, reagents and the volume ratio of the phases* 

The investigation has shown, that reagent 1 can be used 
for a rapid quantitative TPE concentrating from highly acidic 
media with any content of the salts and 1:50 volume ratio of 
the organic and aqueous phases. 
1. M.K.Chmutova, I.B.Kochetkova, S.?.myaso«dov, J. Inorg. 

fuel. Chem. 42, 897 (1980). 
2. T.Ya.Medved'TVK.Chautova, v.^.aeeterova, O.E.Xoiro, 

••E.Koohetkova, P.?.syaso«dov. M.I.Kabachnik, lev. 
AT 5SSR, aer. Khlm. (In print). 

3. M.K.Chmutova, I.P.Iesterova, l".E.Kochetk©va, O.B.Koiro, 
B.V.ftjrasoedov, Radiokhimiya (in print). 



EXTRACTION OP TETRAVALEIT BERKELIUM BY BTGH-
MOLECOLAR AMIES XM THE FRESSIGE AF HETERO-
POLYAaiOWS 

B.F.Myasoedov, M.S.Mllyukova, 
D.A.Malikov, E.V.Kusovklna 

V.I.7srnadiky Institute of Geochemistry and 
Analytical Chemistry, Acadaay of Sciancaa 
of the USSR, 117334 Vorobievskoe Shosse 
47a, Moscow, U.S.S.R. 

The report presents investigation results of the extrac
tion of tetraralent berkelium by high-molecular amines from 
0,1-14 M HMO, solutions containing heteropolyanions. Berkelium 
oxidized by cremate ions in the presence of these anions was 
found to be quantitatively extracted by primary, secondary, 
tertiary amines and by quarternary ammonium bases all known to 
be practically incapable of extracting tetravalent berkelium 
fro* nitric acid solutions containing KBrO^ oxidant. 

The efficiency of the extraction of berkeliua by the amines 
from nitric acid solutions containing hetoropolyanions is some
what lower with the use of the mixture of AgVO^ and ( K H ^ S ^ Q 
(aa berkelium oxidant) compared to the oxidation by broaate 
ions. 

The extraction degree of tetravalent berkelium in the pre
sence of heteropolyanions is dependent of the nature of the 
amine and the Initial concentration of nitric acid in the aque
ous phase. Daeylamlne extracts berkelium quantitatively over a 
wider range of the concentrations of nitric acid (0.5-6 M) com
pared to dloctyl- and trioctylamine (1 M HHO,) or to quarter-
nary ammonium bases (0.1-2 K}. It should be Jparticultuly noted 
that Bk(III) cannot be extracted under these conditions by high-
molecular amines in the presence of heteropolyanlons* 

Bk :1*0Z ratio in the organic phase was found to be six when 
extracting -'by decylesdne and four when extracting by triactyl-
amlne and quarternary ammonium bases. 

Much lower concentrations of amines are required for the 
maximum extraction of Bk(IV) from nitric acid solutions contain
ing hetsropolyanlons as compared to the extraction from nitric 
acid solutions containing bichromate ic= in the absence of 
heteropolyanions* The association of two, three, three and eight 
molecules of decylamine, dloctylamine, trioctylamine and quar
ternary smmnTitum bases respectively with one molecule of ber
kelium nitrate was established by the relationship between the 
degree of the extraction of Bk(IY) and the concentration of 
the amine. Heteropolyanion:Bk(XV) -ratio in the organic phas>» 
was found to be three In the case of extracting by decylamine 
and two when extracting by dloctylamine, trioctylamine and by 
quarttrnary ammonium bases. 

The results obtained permit the conclusion that hetero
polyanions do net only stabilize the tetravalent state of 
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berxeliua, but also enter into tba coapcaition of tfaa itoapounda 
extracted* 

She extraction benaviour of a nuaber of TPS, REE and fia-
eion aleaients waa etudied in the condition* optiaua for berke-
?.ium extraction, and the aajoritj- of the aboYe-aentioned ele-
aents was found to ba only alichtlT axtractabla. 



THE EXTRACTION OF URANIUM FPOM SEA WATER 
WITH LEAD SULPHIDE AND GALENA. 

S.Ocgetto and M.Fansin 

Consiglio Nazionale delle Ricerche 
Istituto di Chimica e Tecnologia "adioelem. 
Corso Stati Uniti- 35100- Padova,ITALY• 

Many studies for the purpose of collecting uranium from 
sea water have been carried out in recent vears and various 
methods have been proposed. In naTticuJar the method o£ 
adsorption has been examined for numerous organic and 
inorganic materials 

For the recovery of uranium from sea water the adsorbent 
must 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, 
iii) easy elution of uranium from the adsorbent 

Among the proposed materials the mineral Galena and lead 
sulnhide despite an uncertain solubility in sea water have 
been reported to be in so far between the most efficient 
adsorbing materials. 

In a recent paper the distribution constant of uranium, 
was determined for 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.X.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,CEPL,(1974) 
4. C.Bettinali.F.Pantanetti, Notiziario CNEN.6,S3,(1976) 
5. S.Khan, The Nucleus ,9_, 39, (1972) 
6. L.Baracco,S.Degetto,A.Harani,U.Croatto,La Chimica e l ' l n -

disstria, in the press (1981) 



THE PLUTONIUM 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 Seibersdorf 
+ ' Institute for Inorganic Chemistry, University of Vienna 

wahringerstr. 42, A-1090 Vienna 

Air filters for the period 1962 - 1979 from a monitorincj station in 
Vienna {Wien/Hohe Warte), which is operating as part of the Austrian network 
for measuring environmental radioactivity1, were analysed for plutonium by 
chemical separation and alpha spectrometry. The procedure used h»; 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. 

Y e a r 96 2 J 1 6J f 6 4 e 5 66 6 7 M 69 1970 71 13 ' 7 3 ' 74 ' 75 ' 76 '77 ' 7B ' 79 

net IS Apr.21 (SHAP-9AI 



The "'(i:*Ojpu concentration of surface air was found to have reached the 
highest values (up to 1 fCi/m3) in the spring of 1963, i.e. some months after 
the high yield nuclear weapon tests in the fall of 1962. Afterwards the Pu 
concentration decreased, reaching about 0.O3 fCi/mJ in 1967. This was a 
result of the Test Ban Treaty coming into force. The annual course of the 
Pu concentration showed "spring ir-axima" especially in 1963, 1964 and 1965, 
such maxima having been observed also for other fallout radionuclides. In 
1968 and 1976 the Pu concentration increased again (up to 0.06 fCi/nr). 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 tc 
0.02 fCi/m3. 

97ft 2391 SOI 
In 1963 and 1964 the c Pu activity was between 2 and 6 % of the 'Pu 

activity, such ratios being in agreement w U h those expected for f3^°ut 
Plutonium from weapon tests. Beginning in 1967 the activity ratio " H P u / 
239(240;pu increased to values of 20 to 80 X. This was a consequence of the 
release of 236p u ^ e n the satellite SNAP-9A burnt up in the atmosphere (in 
April 21, 1964)3. 

Pu Concentration of Sur'ace *\r at Vienna 

Period (•CI/ P 3 ) 
Activity ratio (:) 
2 M P u , ? 3 ' ( 2 « 0 | P u 

Perled " e P u 
(*Ci t«?) 

Activity n t t o (t) 
» W 3 9 , M D > P U 

1963/1 - It «.«.* 1967/1 - III 19 •- 1 84 •- 21 
III - IV 
V - Vt 
III - IV 
V - Vt 35 ; 7 2.5 t 0,8 IW8/I - III 1* : I 67 = 17 
VII - VIII 27 : 1 2.5 : 0.7 IV - VI 18 : 3 23 '- 5 
IX - X 11 : a 2.8 : 1,2 VII - IX 10 = 2 19 •- 1 
H - XII 13 : S 5,4 = Z,l X - XII tS 20 •- 10 

IMA/I ' II 21 : 6 6.7 : 2.3 13E9/I - III 7 : ( 32 •- n 
III - IV IS : 5 4.0 •• 1,3 IV - VI 9 : Z » = S 
V - VI n.d. VII - IX n.d. 
VII - VIII 10 = 4 2,9 t 1.1 X - XII S " 1 35 : 10 
U - t. n.d 
XI - XII n.d. 

1965 and 1966 n.d. 

'nun detectable 

For f inanc ia l -support o f th i s work the authors u, lebted to the Austr ian 
Federal Min is t ry of Health and Environmental Protect ion. 
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3. B.H. Hachholz (ed,). US Atomic Energy Commission, Rep. WSSH-1359 (1974). 

297 



WAVELENGTHS OF THE M X-RAY SPECTRA 
Of URANIUM, NEPTUNIUM, PLUTONIUM, AND AMERICIUM 

!•'. Kleykamp 

Kernforschungszentrum Karlsruhe 
Institut flir Material- und Festkbrperforschung 

7500 Karlsruhe 
Federal Republic of Germany 

The qualitive and quantitative analysis of the actinides are being in
creasingly important for tVie characterization of nuclear fuels in the as-
fabricated condition and after the irradiation as well as for the analysis of 
the residues frcm 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 H series which have a favou
rable wavelength region between 200 and 500 pn for the electronprobe micro
analysis. X-ray emission spectra of the M lines of thorium, protactinium, and 
uranium have been reviewed * ) ; furthpr measurements on uranium have also been 
reported 2,3), -fas major M lines of the transuranium elements have been ana
lyzed recently in most cases on metallic specimens of neptunium 4.5,6) plu-
tonium 5,7,8,9) t 3nd americium 8). 

In this study the complete series of the M lines of uranium, neptunium, 
Plutonium, and americium have been measured between 250 and 520 pm. Sintered 
U02, 2% NpOj dissolved in a borosilicate glass, sintered PuO?, end a two-
phase AmAlfl-Al alloy have been prepared by the hot cell metatiographic tech
niques. The samples were embedded into araldite resin and were polished with 
0.25 um diamond paste. The homogeneity was checked by a autoradiography. 

The instrument consisted of an a and y shielded electrorirobe microana-
lyzer JRXA 50 (Japan Electron Optics Ltd.) which is connecte- 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 Rowland 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 quartz crystal (2d = 668.62 pm). The distance 
b between sample and crystal is not constant but varies linearly with wave
length X and sin a, 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 O.05 om *<hich are approxi
mately equivalent to 0.093 pm. The wavelength measurements w*>re absolute 
usifw the relation \ = b»d/R and were calibrated for cross-che-k using the 
Kai lines of internal standards, resp. The error in the wavelength measure
ments is ± 0.1 pm for the stronger line*;; it is ± O.'d pm for intensities 
lower than 3% of the strongest line of the respective M spectrun. 

The measured wavelengths and the relative intensities (Mai = 100%) of 
the M series of uranium, neptunium, plutonium, and americium are given in 
table 1. The Ma2 lines could be detected on the high wavelength tails of the 
Mai lines for all four elements investigated. However, theywere too weak in 
intensity for a precise wavelength determination. The Mt lines of neptunium, 
plutonium. and americium and the M H J N I V and MTTINJ transitions of neptunium 
and americium have been measured for the first time. The results of the re
maining lines of uranium, plutonium, and americium agree very well with the 
literature values. However, the wavelengths of neptunium are throughout 0.1 
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to 0.5 pm lower than the values c i t ed in l i t e r a t u r e in sp i te o f the fac t 
that d i f fe ren t in tern?! standards (Ce L a i , Ti Ko j , Ca Kaj) were used fo r 
the analysis of t ?s lement. 

favolengths ( i n pm) and re l a t i ve in tens i t ies (Mai 
I series of the X-ray l i nes . 

100J) of the 

line uranium neptunium plutor ium americium line 

> r.i. > r.i. * r.i. a r.i. 

V I I I 275.4 1 - <1 25B.1 <1 - <1 
V'lV 281.9 2 272.3 1 264.1 255.5 

K i " l l 290.7 1 - <1 - <1 - <1 
H1I1°1V,V 295.1 5 286.2 2 278.3 270.4 

r l l " l 333.1 2 322.2 2 312.7 303.0 

"HI'V-I* 347.9 13 338.7 3 329.5 320.6 

"lllniv''2> 352.0 2 342.5 <1 333.7 324.9 
HIY°11 357.6 1 - <1 336.2 <1 - <1 

.»iv"vi(M 371.6 180 360.6 72 351.0 67 341.3 64 
'VVlI<'l> 391.0 100 380.0 100 370.1 100 360.2 100 
"ill"] 433.0 0.5 421.5 0.2 412.2 0.2 402.2 0.2 

' V n i ' - i ' 494.3 0.9 480.4 0.3 467.2 0.2 454.3 0.2 
»,v"l|t'2) 504.9 0.6 491.3 0.2 478.4 C.2 466.2 0.2 

J.A. Bearden, Rev. Hod. Phys. 39 (1967) 78 
G. lachere, Ccmpt. Rend. B 267 (1968) 821 
0. keski-Rahkonen and M.0. Krause, Phys. Rev.AiS (1977) 959 
F. de Keroulas, D. Calais and G. Lachere, J. Less Common Met. 46 
(1976) 39 
A.G. Killer, Phys. Rev.A13 (1976) 2153 
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