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this volute includes the talks given on January 
20, 1975, at a sy*posii» in Berkeley on the occa­
sion of the celebration of the 25th anniversary of 
the discovery of berkeliw and californium. Talks 
Mere given at this sy^osiiw >/ the four people 
involved in the discovery of these elenents and by 
a ntafcer of people who have made significant con­

tributions in the intervening years to the investi­
gation of their nuclear and chemical properties. 
The papers are being published here, without 
editing, in the form in which they were submitted 
by the authors in the months following the anni­
versary symposium, and they reflect rather faith­
fully the remarks made on that occasion. 

Stanley Thomson and Glenn Seaborg in 1948 when the work on the discovery of 
eleaents 97 and 96 was in progress. 



Albert Chiorso inserts n sample into the equipment used in the discover.' of 
berkeliun and californium. 
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Kenneth Street, 1950. 



The four co-discoverers of berkelium and californium in Glenn Seabory's office, 
Lawrence Berkeley Laboratory, Januan' 20, 1975. L-R: Kenneth Street, Jr., 
Stanley G. Thompson, Glenn T. Seaborg, Albert Ghiorso. 



Introductory Ranwks 
Dr Seaborg 

Welcome to the 25th hirtMay celebration of 
berkelium and californium. ... gratified that so 
mny people have thought i t night be interesting 
enough to come and be with us today. Actually, I 
think i t ' s going to he a l i t t l e bit more than ;ui 
exercise in nostalgia; there arc goi'ig to bo some-
sc ien t i f ic considerations along with the reminis­

cences so I think you' l l find i t worthwhile. 
Actually, January 20, 19 7 5, i s an app'-opriate date 
for the 25th anniversary since the def ini t ive chem­
ical experiments that were performed on the discov­
ery of berteliicn were done on December 19, 1949, 
and on californium on February 9, 1950, so 
January 20, WS, is a good midpoint for the 25th 
anr.ivcrsarv. 

Participants in the symposium commemonicing the 25th Anniversary of Elements 
97 and 98, in front of the Nuclear Chemistr. - Building, Laurence Berkeley Laborator)', 
January 20, 197$. 
Firs t row, L-R: Lamed B. Asprey; Kenneth Str<. t , J r . ; Stanley G. Thompson; 
li'ienn T. Seaborg; Paul R. Fields'. 
Second row-: Joseph R. Peterson; John G. Conway; Frank 1\ Baranowski; 
John L. "randall; Jacob Bigeleisen. 
Third ru..: Norman Edelstein; Earl K. Hyde; F, Kenneth Hulet; William T. Carnal 1; 
Leon tevinthal . 
Fourth row: Shcnnan Fried; Gary Higgin^: J . F. Wild; Ronald Lougheed. 



Reminiscences on the Discovery 
of Berkelium and Californium 

Glenn T. Seaborg 

The discovery experiments were performed up in 
old Building S, which still exists but is much 
changed today and hardly recognizable to those of 
us who remember its layout a quarter of a century 
ago. The space was cramped, the equipment, by 
today's standards, was crude, but I think we never 
enjoyed the scientific quest more than we did those 
days. 

Fortunately, we have all of the discoverers with 
as today. However, in talking to Stan Thompson, Al 
Ghiorso and Ken Street, with the hope of going 
through their eld notebooks with them in prepara­
tion for today, I found they have lost them. 4.11 
of their notebooks, or scraps of paper with data on 
them, or whatever, have disappeared. And they can't 
find any of the equipment used for these historic 
experiments. What a sense of history! But of 
course in those days the experiment of the day was 
paramount, then on to the next experiment with its 
new equipment and new ideas. Why worry about the 
past? 

Actually, the situation isn't as bad as I have 
depicted it. We have good notes covering our re­
search meetings, much better than those we keep 
today (when we don't keep any), and the journal 
publications describing this work are unusually de­
tailed and informative. And we have our memories, 
which have not failed yet—at least not completely. 
Preparing for today's session has been, for me, a 
pleasant, nostalgic journey into the past. 

I recall that we began planning for the possible 
synthesis and identification of transuranium ele­
ments as soon as, or even before, we returned to 
Berkeley from the Chicago Metallurgical Laboratory; 
i.e., in late 1945 and in 1946. I thought that 
this would be a good Ph.D. thesis problem for Stan 
Thompson and it was, of course, natural that Al 
Ghiorso would participate on the radiation detection 
end of the problem as he had in the discovery of 
americium and curium in Chicago a year or two 
earlier. 

On the basis of our confidence in the actinide 
concept we felt we could make the chemical iden­
tification, although we knew we would have to 
develop better chemical separation methods than 
were then available to us. And it seemed clear 
that we would use helium ion bombardments of 
amerjeium and curium for our production reactions 
once these elements became available in sufficient 
quantity through production by prolonged neutron 
bombardment of plutonium, and we learned how to 
handle safely their intense reaioactivity. 

We knew these things but we didn't anticipate 
how long it would take to solve these simple prob­
lems- Actually, Three years went by before we 
found ourselves ready to make cur first realistic 
experiment. Stan, who couldn't wait so long, went 
on and finished his Ph.D. thesis on another prob­
lem. The three years were censured in arranging 
and waiting for the production cf the quantities 

of americium and curium needed for use as tarter 
material, developing the required extremely effi­
cient chemical separation method:- based on ion 
exchange and the required methods for safe handling 
of the intensely radioactive target material. 

During the fall of 1949 we made a number of bom­
bardments of aiitericiui'i with helium inns in the 
60-inch cyclotron, with emphasis on looking for 
alpha-particle emitting isotopes of element 97, all 
with negative results. It was becoming clear that 
we should look for electron capture decay by de­
tecting the accompanying conversion electrons and 
X-rays, so Ghiorso worked to improve the detection 
efficiency for such radiations. 

The first successful experiment was performed 
on Monday, December 19, 1949, A target containing 
7 milligrams of 24lAm w a s bombarded with helium 
ions in the 60-inch cyclotron, after which the 
chemical separation was started at 10:00 a.m. 
After the removal of the bulk of the americium by 
two oxidation cycles (utilizing oxidation to the 
hexapositive, fluoride-soluble, oxidation state of 
americium, which had just been discovered by 
Asprey, Stephanou and Penneman at Los .Alamos), the 
97, Cm and remaining Am were carried on lanthanum 
fluoride, dissolved and subjected to a group sep­
aration from fission product lanthanide elements 
(using a method of elution with concentrated HC2, 
just discovered by Ken Street), after which the 
actinide fraction was put through a cation exchange 
adsorption-elution procedure; this entire process 
was completed in seven houis. The prediction that 
element 97 would elute ahead of Cm and Am, in se­
quence, was of course the key to its successful 
chemical identification. Figure 1 shows a repro­
duction of the data obtained that afternoon, in 
this case, and especially in considering the data 
from following elution experiments, we were some­
what surprised to see the rather Large gap between 
97 and curium; we shouldn't have been surprised he-
cause there is a notably large gap between the 
elution peaks of the homologous lanthanide elements 
terbium and gadolinium. 

Detected in the samples tliat eluted at the peak 
corresponding to element 97 were conversion elec­
trons, X-rays of energy corresponding to decay by 
electron capture, and alpha particles at very low 
relative intensity (less than 1%). These radiations 
were found to decay with a half life of about 4.S 
hours and it was immediately assumed that the 
isotope was 24*97 produced by the reaction: 
24lAm(cx,n)24497. Soon thereafter it was correctly 
surmised that the main isotope, that giving rise 
to the observed alpha particles, was actually 
243rjk produced by the reaction 2 4 1Am(a,2n) 2 4 aBk. 

It is interesting to note that experiments as 
early as the first day, i.e., Monday night, indi­
cated that element 97 has two oxidation states, 
III and IV. The actinide concept provided the guid­
ance to look for these two oxidation states, by 
analogy with the homologous element, terbium, in 
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Fig. 1. Original elution data corresponding to 
discovery of berkelium ( 2 1 , 3Bk), S. G. 
Thompson, A. Ghiorso, and G. T. Seaborg, 
December 19, 1949; Dowex-50 eluted with 
citrate at 87°C. (XBL 751-20) 

fact, the chemical identification procedure had 
been devised to accommodate either oxidation state 
and the large gap in the elution positions of 
element 97 and the curium was at first erroneously 
thought to be due to the fact that element 97 was 
in the IV oxidation state at that stage. 

A name was given to element 97 imnediately; in 
fact, you might say that a name had been chosen 
even before it was discovered. According to the 
actinide concept, element 97 is the chemical homo-
logue of terbium, which was named after the Swedish 
town of Ytterby. So the name "berkelium" after the 
city of Berkeley practically leaped out at us. I 
remember calling the mayor of Berkeley with the 
glad tidings and being very disappointed at his 
complete lack of interest. Stan and Al wanted 
to give berkelium the chemical symbol Bm, because 
it had been such a stinker in resisting identifica­
tion for so long, but cooler heads prevailed and 
the symbol Bk was finally suggested and accepted 
by the scientific world. 

Our suggested name didn't go uncontested. Two 
Soviet scientists, A. P. Znoyko and V. I. Semishin, 
in an article entitled "The Problem of Elements 
97 and 98," published in Doklady Akademii Nauk, 
USSR (Novaya Seriya, Vol, LXXIV, No. 5, 1950, pp. 

917-921), claimed the right to name element 97 on 
the basis that they had predicted its radioactive 
decay properties two years before its discovery 
using their Mendeleev periodic system of atomic 
nuclei. They suggested that it therefore be given 
the name "mendelevium" (symbol Md). Perhaps we 
satisfied these investigators some five years later 
when we ascribed the name "mendelevium" to element 
101, on the sounder basis of recognizing Mendeleev's 
contribution to the chemical periodic system. 

We had some more official communications con­
cerning the spelling and pronunciation of 
"berkelium," since we preferred to keep the second 
"e" in the spelling, but of these as a faithful 
reflection of the tie-in to the name of the city,__ 
Berkeley. The nomenclature committee of the Nation­
al Research Council suggested the dropping of the 
second e, thus spelling and pronouncing it 
"berklium." The Commission on Inorganic Nomencla­
ture of the International Union of Chemistry sug-
gested_keeping the second e, but pronouncing it 
"ber-ke'lium." As we know, the spelling remained 
with the inclusion of the second e, i.e., 
"berkelium," but the pronunciation varies, with 
berk'lium prominent in the united States (as we 
prefer) and ber-ke'-lium used more often in Europe. 

As in the case of neptunium-plutonium, and 
americium-curium, where in each case both members 
of the pair were discovered in rather quick suc­
cession, the second half of the 97-98 pair was not 
long in coming. The reason for this is not dif­
ficult to understand—the background of preparations 
for element 97 applied almost equally well to ele­
ment 98. In fact, there were no false lunges at 
element 98. The predictions of both its radioac­
tive and chemical properties were made with uncunny 
accuracy and led us to our prey without a single 
misstep. Yen Street joined in this effort and per­
haps this is the reason why no unexpected difficul­
ties were encountered. 

The first synthesis and identification of element 
98 took place on Thursday, February 9, 1950. A 
target containing 8 micrograms of 242cm was bom­
barded with helium ions in the 60-inch cyclotron. 
A simple adsorption-elution separation was made 
using an ion exchange resin and element 98 was 
found to elute ahead of berkelium and curium, in 
sequence, and in the position expected. Actually, 
on the basis of column calibration experiments, 
element 98 was expected to elute onto collection 
plate number 13 in the 26th and 27th drops of elu-
ent and this is exactly where it was found after 
a total elapsed chemical separation time of two 
hours. And it was expected to decay by the emis­
sion of alpha particles of energy about 7.1 MeV 
and this is exactly what Al saw with his preset 
pulse analyzer. The half life was found to be 45 
minutes, also consistent with predictions. 

This spectacular success of prediction of both 
the chemical and nuclear properties made possible 
an extraordinary sensitivity, for that time, for 
detection of such a small amount of alpha radia­
tion (about 80 alpha counts per minute at the time 
of detection) present originally with over 10*0 
alpha counts per minute of curium-242. This was 
probably the earliest date that our techniques had 
advanced to the point of making this possible. In 



fact, the identification of element 98 was accom­
plished with a total of only some 5,000 atoms; 
someone remarked at the time that this number was 
substantially smaller than the number of students 
attending the University of California at Berkeley, 

The elution curve corresponding to a subsequent 
bombardment is shown in Fig. 2, in which the 
elution-positions of yttrium and berkelium are al­
so included for purposes of comparison. 'Ihe iso­
tope was thought to be 244gs produced in the re­
action 2 4 2Qit(a,2n) 2 4 i l98 but later work showed it 
to be 24598 from the reaction W2Qnf 0 t n)*4St, 8, 

The naming of element 98 was not so straight­
forward as was that of element 97, According to the 
actinide concept, element 98 is the chemical homo-
logue of the lantlianide element, dysprosium. A lit­
tle research turned up the information that dyspro­
sium was named on the basis of a Greek work 
"dysprositos" meaning "hard to get at." Although 
element 98 was hard to get at, in the sense that 
we had been working toward its synthesis and iden­
tification for some three years, we had trouble 
finding an analogous name. 

DROPS OF ELUANT 

Fig. 2. Original elution data corresponding to 
discovery of californium (zl**Cf), S. G. 
Thompson, A. Ghiorso, K. Street, Jr., 
and G. T. Seaborg, February 9, 1950, 
Dowex-50 eluted with citrate at 87°C. 
(XBL 751-21) 

Despairing of using the naming of dysprosium a> 
an analogy, we toyed with a rather long list of 
possibilities. Upon looking through some of my 
old files I came upon a handwritten list of names 
that we apparently had under consideration for 
element 98: lewisium, cyclotronium, cyclonium, 
euprosium, nonuctinium, enncactinium, enact inium, 
lawrencium, radlabium, praedicium, uccretiam, 
colonium, californium. As you know, californium 
(symbol Cf] won out, honoring the state and the 
university where the work was done. In a weak 
attempt to add justification by comparison with i.s 
homologous element, in our publication announcing 
the discovery of californium we added, "The best 
we can do is point out, in recognition of the fact 
dysprosium is named on the basis of a word meaning 
'difficult to get at,' that the searchers for an­
other element a century ago found it difficult to 
get to California." 

Again, the naming of element 98 did not go un­
noticed by those interested in this game. The news 
paper writer Jack Wilson said in the Des Moines 
Register, for example, that it looked like the 
scientists had about used up the atomic possibili­
ties of Berkeley, California. He said he would per­
sonally like to see what they would name an atom if 
they found one in, for instance, Vinegar Bend, 
Alabama, or Pysht, Washington. 

And the Men Yovker magazine didn't remain silent. 
Upon learning about the naming of elements 9~ and 
98, the "Talk of the Town" section had this to say: 

New atoms are turning up with spectac­
ular, if not downright alarming, frequency 
nowadays, and the University of California 
at Berkeley, whose scientists have discov­
ered elements 97 and 98. has christened 
them berkelium and californium, respectively. 
While unarguably suited to their place 
of birth, these names strike us as indicating a 
surprising lack of public-relations foresight on 
the part of the university, located, as it is, in 
a state where publicity has flourished to a degree 
matched perhaps only by evangelism. California"s 
busy scientists will undoubtedly come up with 
another atom or two one of these days, and 
the university might well have anticipated 
that. Now it has lost forever the chance 
of immortalizing itself in the atomic 
tables with some such sequence as universi-
tium [97), ofium (98J, californium (99), 
berkelium (100). 

The discoverers sent the following reply: 

"Talk of the Town" has missed the point 
in their comments on naming of the elements 
97 and 98. We may have shown lack of con­
fidence but no lack of foresight in naming 
these elements "berkelium" and "califor­
nium." By using these names first, we 
have forestalled the appalling possibility 
that after naming 97 and 98 "unlversitium" 
and "ofium," sore New Yorker might follow 
with the discovery of 99 and 100 and apply 
the names "newium" and "yorkium." 



The answer from the New Yorker staff was brief: 
We are already at work in our office 

laboratories on "newiura" and "yorkium." 
So far we just have the names. 

Before going on, I want to acknowledge the help 
of Burris Cunningham, Ken Hilet, and Gary Higgins 
in these experiments and in the preparation for 
them. Also critical to the success of the program 
were the contributions of Joe Hamilton, Bernie 
Rossi, Tom Putnam and M. T. Webb in operating the 
60-inch cyclotron in Crocker Laboratory, and of 
Nelson Garden, Bill Ruehle, C. M. Gordon and J. M. 
Davis for providing and supervising the use of the 
excellent protective equipment for handling in a 
safe manner the high levels of radioactivity in­
volved. 

The discovery and early subsequent investigation 
of a synthetic chemical element, of course, involves 
work with tracer amounts. The second most impor­
tant milestone in an element's life, after its 
discovery, is its first isolation in ponderable, 
i.e., macroscopic—usually visible or weighable— 
quantity. We had to wait until 1958 for this 10 
happen to both berkelium and californium. In that 
year Burris Cunningham and 3tan Thompson succeeded 
in isolating for the first time compounds of berke­
lium, as the isotope berkelium-249, and califor­
nium, as a mixture of the isotopes califoraiura-249, 
-250, -251 and -252. These had been synthesized 
in the intervening years by the long-term irradia­

tion of plutoniufr- 239 and its transmutation 
products with neutrons in the Materials Testing 
Reactor at the National Reactor Testing Station 
in Idaho. 

The first ccnpound of californium of proven mo­
lecular structure (by means of X-ray diffraction) 
was isolated in 1960 by Burris Qmninghara and Jim 
Kallmann, in the form of three-tenths of a micro­
gram of californium (as californium-249) oxychlor-
ide. The pure oxide and trichloride were also pre­
pared at that time. Figure 3 is a photograph of 
this first californium oxychloride. 

The first compound of berkelium of proven molec­
ular structure was isolated in 1962 by Burris and 
Jim, They isolated about 0,02 microgram of berke­
lium (as berkeliura-249) dioxide and used about one-
fifth of this, about.0.004 microgram (i.e., 4 nano­
grams), for the determination of its molecular 
structure by means of the X-ray diffraction tech­
nique. Figure 4 is a picture of the 0.02 micro­
gram berkelium compound. 

Besides some further remijiiscences by Stan, Al 
and Ken, today we will hear about much of the im­
portant research that has been performed on 
berkelium and califcrnitm during their lifetime of 
a quarter century. We will hear about their nu­
clear properties and chemical properties, about 
their production in astounding quantities, and 
about potential practical applications, both un­
dreamed of twenty-five years ago. 

Fig. 3. Photograph of the first pure californium compound isolated in 1960, 
magnified about ISO times (0.3 microgram of californium as the 
oxychloride, CfOCl). The californium was in the form of the 
isotope 2 l"Cf. The crystals are lodged in a capillary tube. 



Fig. 4. Photograph of the first pure berkelium compound isolated in 1962, 
magnified about 100 times (0.02 microgram of berkelium as the oxide, 
Bk02). The berkelium was in the form of the isotope 2 l* 9Bk. It is 
contained in a well drilled in a platinum rod and can be seen as a 
small sphere at the point of the arrow. 



Introduction ot Stanley Thompson 
Dr. Seeborg 

So with that I'll go next to the first of the 
following reminiscers, Stan Thompson. I'd like to 
say a few words about Stan before I ask him to 
come up here. [ don't know whether I should ad-
rait this or not, but Stan and I have been friends 
about 50 years —it'll be 50 years this fall since 
we met each other as freshmen at a high school in 
the Watts district of Los Angeles. Stan got his 
A.B. in chemistry from UCLA in 1934 and came up *o 
the Bay Area and worked at the Standard Oil Com 
pany in Richmond until 1942 when he joined me as 
a part of my Chemistry Section at the Metallur­
gical Laboratory where he worked until just after 
the end of the war. By the way, he was there 

hell, I see a lot of old friends here today, 
people who were with us at the time of the early 
experiments we did when we first came to Berkeley. 
1 see Herman Robinson, and Rosemary Barrett, and 
a nutiber of other people. But, as Glenn said, a 
lot of work went into the discovery of these ele­
ments. I think the beginnings took place at the 
Metallurgical Laboratory in Chicago in 1945. As 
you may remember, the War was over in August 1945 
ami even by that rime we had started to do experi­
ments in preparation for the attempt to produce 
berkelium, In fact, the first experiments were 
done near Christmas time 1945. 

Some 3ther things we managed to accomplish at 
the "Met" Lab in Chicago were to arrange to get 
samples of americiun and plutonium in the I tanford 
reactor for neutron irradiation to make isotopes 
that were useful later in the experiments we did 
at ilcrkeley. Of course, we also hail a lot oi ex­
perience in separating actinides from other ele­
ments and fission products, etc., as a result of 
our work on the Hanford separations process, he 
actually did the first ion exchange separations at 
Chicago—although they were rather crude compared 
with the separations developed later. We also had 
some notions about how to handle radioactivity, 
which were put into effect later when we came to 
Berkeley. 

hell, when we got to Berkeley the cupboard was 
bare, more or less. We had to start from scratch 
and build up a lot of equipment. And as Glenn 
said, wc had a lot of help from people like Nols 
Garden, Red Gordon, John Gilford, Bill Ruehlc and 
others in designing a"-1 constructing equipment to 
handle radioactivity. Wo were successful in 
getting the gloved boxes, which are even used to­
day; also what wc called "junior" caves in which 
we Made the separations behind a moderate amount 
of shielding and handled the radioactive Material 
with tongs. We designed and obtained a thlck-
wallcd lead cave in order to do the really high 
level separations. We worked over the top of this 
cave with tongs and attempted to sec what we were 
doing with nirrors overhead. 

responsible for the conception of the process that 
was used for the isolation of plutonittn in the 
Hanford production plant—the Bismuth Phosphate 
Process. Here at Berkeley he's the co-discoverer 
of the elements with the atomic numbers 97 through 
101— berkeliun, californium, einsteinium, fermiun 
and mendelevium. He participated, as I said, in 
the first isolation of microgram quantities of 
berkelium and californium. He has done extensive 
work on fission and most recently he is carrying 
on research at the SuperHILAC on heavy ion reaction 
mechanisms. He was awarded the American Chemical 
Society's Award for Nuclear Applications in Chem­
istry in 1965. And with that, I'd like to ssk 
Stan to come up to the lectern. 

Extensive work was also done to improve ion ex­
change separations. 1 think Ken Street and Gary 
Higgins did a tremendous amount of work on that, 
finally making it possible for us to do the sep­
arations of the individual actinides using cation 
colunns operating at elevated temperatures. Of 
course Ken also had great success in developing 
concentrated HC1 cation colunn separations of the 
lanthanides and the actinides which were absolutely 
essential in our work on berkelium. Ken Hulet 
gave us very valuable help with the separations, 
especially at the time of the discovery experi­
ments. 

In addition a considerable amount of work was 
done in trying t o predict the properties of the 
isotopes we attempted io discover. We worked on 
closed cycles and calculated masses, energies and 
half-lives. We used systematics, alpha half-life 
energy relationships for isotopes of the differ­
ent elements, and even developed some rather 
crude electron cjpture syslematics. In fact, the 
measured half-lives of the isotopes we finally 
discovered were not too far from the predicted 
values. 

So, little by little during that four-year 
period, we were able to develop the tools for do­
ing the final successful experiments. I could 
tell a lot of funny stories—in a few years like 
those when you work with people in a group such 
as ours with the people we had supporting us and 
helping with the experiments, a lot of amusing 
things are bound to happen. As one example, in 
the early days, about 1947, wc attempted an exper­
iment in which Burris Cunningham was working with 
us. Burns later on decided to drop out of the 
work on the new elements because of an extremely 
heavy load of other work. But, to return to the 
story, in those early days we attempted to take 
advantage of :he expected »4 state of berkeliin. 
Ke thought berkelitn would have i +4 state about 
like ceriiri does, and we hoped to carry it in 
this state away from the anericiun target material 
using carriers like zirconium phosphate, bismuth 
phosphate and eerie iodate. Well, actually as 

Reminiscences 
Stanley G Thompson 



it turned out. these separations were too slow 
and too inefficient. In this particular experi­
ment Burris and I harked about 3b hours straight 
doing these cycles and trying to get something out 
we could identify hut without success. We were 
extremely tired —then we went to look outdoors 
and see what the weather was like. It was dark, 
it was cold, it was raining and windy, so 1 went 
to look for my coat and Burris helped me look. 
We searched for a long time and still we couldn't 
find my coat. Finally I happened to take a look 

i'-uirî  -niu disco w.t< ut.inng my 

Well, all o( these things together—and I 
would say it was a great team effort—resulted in 
the final experiments that were successful. Mien wc 
did them, with the help of a good many excellent 
people, it didn't take us more than a few minutes 
to be rather sure that we had climbed the mountain, 
so to speak. Those Jays in fact were very excit­
ing and 1, for one, wouldn't mind having them back 
again. 

Introduction of Albert Ghiorso 
Dr. Seaborg 

Now I'd like to call on Albert Ghiorso after a 
few words of introduction. Al graduated from 
Berkeley with a B.S. in electrical engineering in 
1937. During the following years, he more or less 
contributed his services working for a manufactur­
er of geiger counters in the area, the firm that 
supplied us with some of our geiger counters at 
that time. After I'd gone to the Metallurgical 
Laboratory in the spring of 1942 I got a letter 
from Albert asking whether I would be willing to 
recommend him for some kind of a job in the Navy— 
I don't remember just what it was—but I knew 
enough about Al to realize that probably wasn't 
the place for him. Actually, I didn't know Al 
very well. This is one of those cases where our 
wives took over. My wife Helen, who had worked 
in the Laboratory here, as Ernest Lawrence's 
secretary, was a very good friend of Al's wife, 
Wilma, who was working here in the Laboratory as 
Donald Cooksey's secretary. When the letter came, 
!Jelen told me, "You hire this guy." So I wrote 
a letter back, enclosing a letter of recommendation 

for the Navy, but telling him that I would like 
very much if he would come and work for us. Me 
wasn't easy to convince; he was afraid that all I 
had in mind was for him to continue building 
geiger counters. I assured him that that wasn't 
the case, that 1 had in mind a research position, 
although he still claims that the first six months 
or a year or so he spent a lot of time building 
geiger counters. Anyway, he worked for the four 
years or so that we were at the Metallurgical 
Laboratory, participated, as you know, in the dis­
covery of americium and curium (elements 95 and 9bi 
there, and then returned with a group of us to the 
Radiation Laboratory at Berkeley in the spring of 
1946, where he has been ever since. Al has been 
awarded an honorary Doctor of Science degree from 
Gustavus Adolphus College in 1966; he's a recipi­
ent of the ACS Award for Nuclear Applications in 
Chemistry in 1LJ75; and he is the co-discoverer of 
the transuranium elements with atomic numbers 9S 
through 106. I won't try to name them, I'd prob­
ably get mixed up. Al, would you come forward 

Reminiscences 
Albert Ghiorso 

The trouble with the 25th anniversary is that 
as our colleagues grow up we know that we don't 
really change. You look at one another and year 
by year things are pretty much the same and then 
someone comes up like Rosemary Barrett and shows 
us a picture of what we looked like 25 years ago— 
there was a time warp of some kind, I'm afraid. 

I don't have any particular prepared remarks. 
I wanted to listen to what Glenn and Stan had to 
say and perhaps fill in a few gaps. One of the 
things that's obvious looking at this early work 
is the relative crudity of the equipment that we 
used, v.hich was simply because it hadn't been 
developed yet and we were learning how to use it. 

In the early experiments where Burris partici­
pated, for instance, Burris and Stan would work 
very, very hard with a tremendous number of 
separations, very difficult procedures, and end up 
with small samples. And they would hand it over 
to me and say, here, we're tired, you find out 
what's in it. And usually there would be a few 
alpha counts of something. One in particular, I 
remember, where we had 8-10 counts per minute of 

what looked like curium-242 from an alpha pulse 
analysis but our accuracy wasn't that great, so 
I followed decay on it and sure enough at first we 
were very excited to find that the points indi­
cated a half-life different than that of curium-
242. And we kept on counting it and then...you 
know the answer, of course, it was curiura-242. 

After some months it became obvious that we had 
to have detection of secondary electrons, Auger 
electrons from electron capture, and so I had to 
work on thin-window counters which were a bit un­
stable in those days; we worked on them but we 
were never really sure what we had. I could always 
accuse Stan and Ken of not having a clean sample 
so we had a lot 0? false alarms; then it turned 
out that we had one that really wasn't false, it 
was real. 

And we worked on an Eck and Krebs, which is a 
commercial geiger tube, filled with xenon, to look 
at L x rays. We actually did show the difference 
between 96 and 95 x rays, in other words L x rays 
from the decay of 97 which were curium-character­
istic x rays. We actually showea that these were 



curium x rays in our first paper, which was very 
nice. 

Then we worked on gridded chambers to observe 
alpha particles. Now we knew by this time that 
alpha particles were really the thing to go after, 
and they are still my favorites because an alpha 
particle is so distinctive, it's almost like giv­
ing an atom a name. There aren't too many over­
laps and we are able then, by being very careful, 
to get half-life and energies in relationships one 
to another to pinpoint atoms very carefully. Our 
early work starting in 1946, when a number of us 
came back from Chicago, was pretty much devoted to 
exploiting what you can do with the 184-inch cyclo­
tron. It was working very well, and we would bom­
bard targets of thorium and uranium and make a lot 
of spallation reactions and we came up with a whole 
new series of isotopes, families, and got to be 
pretty good at it. Even though our methods were 
crude, we were able to show the difference from 
one series to another, and it amounted to working 
on perhaps 30 to 40 different alpha-emitting nu­
clides. So we became fairly familiar with a tech­
nique that got to be pretty powerful. 

The name of the game, however, was to do it at 
a very low level with very high sensitivity against 
no background. Well, in those days things were 
somewhat crude so you couldn't do the nice experi­
ments that one can do now where you can look at 
literally one alpha /article that decays perhaps 
in months and be sine that you're not making a 
mistake. At that time we weren't really confident 
all the time, but we worked at it and of course 
the techniques became very valuable. I remember 
the particular day when we say the three alpha 
peaks of the decay which is characteristic of 
berkelium-243—they stood out loud and clear. For 
a while we thoueht we had two different isotopes. 
But these three peaks which we say—an intensity 
of some counts per minute—you could just take a 
look at them and glory that these counts were there. 

Now the instrument that we used was a 48-
channel instrument, 48 whole channels of pulse 
analysis. That was the biggest in the world and 
it was kind of crude, ft was developed originally 
in Chicago by Herman Robinson and some other people 
and we had reproduced an advanced copy here at 
Berkeley. So here we had these 48 channels; each 
one of the channels drove a mechanical register 
directly. There were no scalers, so the counting 
rate was limited, but the counting rates we had 
were never verv high so it was not any great prob­
lem. Here «,- ; • these dial-like instruments, 
arranged in rows on a rack one after the other; at 
first we used to set these by hand. It was quite 
a job to use your fingers and set them all back to 
zero—you got to be pretty skillful. So we got 
pretty tired of that and Herman thought, well, let's 
have a little bit of advanced technology and so he 
had the registers changed slightly and devised cir­
cuitry to set them back mechanically. We just 

drove them at 6f> Hertz till we came to this me­
chanical stop. After we were through with our 
spectra we would press the button and these would 
all go whizzing back—it was quite a spectacle— 
until they stopped at zero. And the power supply 
was up here, great big thyratron power with the 
power supply right in the open, about 440 volts 
pulsating D.C. going into these 48 registers. It 
was a lot of power. 

Well, that worked well, but a few years later 
this got even with roe, I'm afraid. Something 
went wrong as 1 stood on a stool, like this, and I 
was up here and somehow I was holding onto the 
rack and my other hand hit that cap, like this— 
I violated my rule, and everyone else's rule, 
never to use more than one hand in any place where 
you might have a problem—and I was frozen in 
place, and the hell of it was I knew 1 was frozen, 
I couldn't get off. I could see myself being elec­
trocuted. Fortunately Herman had thought ahead. 
Right up here there was an "off button and an "on" 
button. I slumped on this stool, actually I was 
in front here, I slumped and my breast hit the off 
button and I fell to the floor. History would have 
been a little different if that button hadn't been 
there, I assure you, because I was well on my way 
to being electrocuted. I'll never, never forget 
that the rest of my life, because it had a real 
effect. This happened a few years later, just 
about the time we were doing the experiment on 
element 101. 

IA round of applause for Herman.! 

The work was difficult and it was primarily a 
chemical accomplishment. The counting was sort of 
anti-climactic, the real work had to go into sep­
arating these small targets, these small amounts 
of samples from these horrible bombardments. This 
was the time when chemistry really paid off, and 
I think Stan and Ken deserve the plaudits for their 
tremendous accomplishment because it really was a 
chemical achievement at that time. As we proceeded 
to higher elements it became a more and more physi­
cal thing until today we can't even do chemistry. 
That becomes something we hope to do in the later 
stages. 

Well, this reminds me of the fact that this is 
another anniversary. Twenty-five years ago we 
started doing heavy ion work at the 60-inch 
cyclotron. There weren't any heavy ions up to 
that time. I remember going down there once a 
week, working with Bernie Rossi, to develop ion 
sources. We madp bombardments and discovered how-
to make exotic ions as heavy as oxygen—as high 
as we ever got. That led to plans eventually 
where Luis Alvarez proposed a Hilac, which led 
to the SuperHILAC—actually through the omnitron 
to the Supei-HILAC. So to me it's been a rela­
tively short period. It doesn't seem like twenty-
five years and yet obviously it has been, and 
it's been a very rewarding period for me. 



Introduction of Kenneth Slrei 
Dr. Seaborg 

Ken Street holds the unusual distinction of 
being a native Berkeley, California. He was born 
in Berkeley and he got his B.S. in chemistry here 
at the University in 1943, then he went into the 
Marine Corps, came back to the University and did 
his research, his Ph.D. work, here in the Radiation 
laboratory. Actually, he was one of ray students. 
I'm very pro; d to say that he got his Ph.D. under 
me. That doesn't mean I taught him anything. 
When you have a man like Ken Street, he teaches 
you more than you ever teach him. He joined the 
faculty; cf course we recognized that we had a 
good man and we immediately tried to persuade him, 
and succeeded, to become a member of the faculty 
at Berkeley in the Chemistry Department. .And he 

was a member of the faculty until about 1952 or 
so when he began an association with the Livermore 
Laboratory, now the Lawrence Livcrmore Laboratory; 
he served in various capacities there as Chemistry 
Division director, and so forth, on up the line, 
until 1958-59 when he was the Deputy Director of 
the Livermore laboratory. Then he returned to 
Berkeley as a full Professor of Chemi:.try in 1951', 
and at all times while he was at Berkeley he did 
his work in the Radiation Laboratory, intimately 
connected with the Berkeley campus. In 197-1 Ken 
went back to the Lawrence Livermore Laboratory as 
Associate Director for Energy and Resource Program. 
His research interests have been in nuclear ' 
chemistry, molecular spectroscopy and geochemistry. 
Ken.... 

Reminisi ences 
Kenneth S\ 'eet, Jr. 

I must say, a few weeks ago when Glenn called 
me and told me he was planning a little session on 
reminiscences to celebrate the discovery of 
berkelium and californium, I had more in mind a 
few of us gathering around a fire with a beer or 
two, telling a few dirty stories and recounting 
some of the minor felonies we committed in the 
course of getting the job done. I'm confronted 
with microphones and cameras—my instinct of pre­
servation says I should give my name, rank and 
serial number and sit down. Actually, I regard 
myself as being very fortunate to be here and 
to have been a part of this work. I was not a 
member of the Chicago Mafia that came west after 
the war and had been working on these things and 
continued for a long time afterwards. I am sort 
of a transient in the transuranium business—I was 
in it for only a period of about four years and 
have been doing other things since. 

Glenn asked me to say a little bit about the 
development of some of the ion exchange chemistry 
that went into the final solution of the problem 
of getting berkelium and californium out in a form 
in which we could identify them. I started in this 
business as a graduate student when I came to work 
for Glenn in 1946. As with most of us in those 
days, I owe a great debt to Rurris Cunningham, 
too, for pointing me in this direction to solve 
a number of the problems that we had at that 
time. Ke also had a lot of help later on, as 
Stan and Glenn have mentioned. Gary Ifiggins and 
I, Ken Hulct and Stan, all worked very closclv 
together in developing these techniques. 

My first problem when 1 arrived up the Hill 
with Glenn was to find some way of getting a 
reasonable separation of americiu ind curium 
fron the rare earth fission products. I was 
following in the footsteps of some people that 
some of you know, most of you probably—Ralph 
•Janes and Tomwy Morgan, who had been working on 
araericium and curiu» isotopes with Glenn both in 
Chicago and back out here. They had identified 
most of the longer-lived alpha-emitters and my 
task was to carry on this work with the lighter 
isotopes of aracrtcium and curium. These were all 
expected to decay by K-elcctron capture to a 

large extent, and we might very well be much more 
interested in the electromagnetic radiation than 
had previously been the case. So I set about to 
see if we could find some way to separate the 
actinides from the rare earths and I must admit 
that my start on this was mainly a matter of des­
peration. I had to do it ore way or another and 
we would have settled for almost anything. The 
early work was directed at simply finding a way, 
we hoped, to move the actinides enough with re­
spect to the rare earths so that the actinides, 
elements like americium which overlapped 
promethium on the column which was eluted with 
citrate ion—which was the common technique then-
would be moved at least a little bit so that by 
doing two ion exchange runs we could separate the 
actinides from the rare earths. 

I'd like to be able to say we had a very care­
fully laid out plan based on fundamental theory 
and using the latest techniques and extrapola­
tions of well known and established principles 
to do this work. As a matter of fact, I think 
our procedure much more closely paralleled a 
dictum that Earl Hyde has often quoted to me, 
"If you root around under an oak tree long enough, 
you stand a pretty good chance of coming up with 
an acorn." A number of us started rooting pretty 
hard and we didn't go very far looking for things 
to try. Ke used almost anything that was at hand, 
starting with very exotic reagents like nitric, 
phosphoric, sulfuric and hydrochloric acids, 
fortunately things turned out much better than 
we had any reason to expect. Ke very early dis­
covered that not only did HC1, even at concentra­
tions as low as 6 M, displace the actinides with 
respect to the rare earths sufficiently far that 
you could clearly make a separation in two ion 
exchange runs, using both citrate and HC1 as 
eluants, but we also fell into very good fortune 
and when we kept pushing the concentration of MCI 
higher and higher—and as I recall we got ail the 
way up to 13.5 M, and then started pouring in 
alcohol to increase the activity still further—the 
whole actinide group moved up and eluted well 
ahead of lutetiiim so we had a very rapid group 
separation of the actinides from the rare earths. 



I'd like to say that there were a number of 
people who contributed to this and also to the 
wrk that was done later in order to calibrate 
the citrate columns so that we could make the 
final runs in December that resulted in the iden­
tification of californium. 1 think,like my col­
leagues have alluded to previously, all these 
things come after a lot of people have made a lot 
of contributions that finally stack up enough of 
the blocks so that you can put the whole thing 

together. I regard myself as being extremely 
fortunate to have been around, and as Glenn said 
maybe I was waiting for this — I was b o m in 
Berkeley and have been here most of my life. But 
1 was here at the right time and the right place 
and so got to take part in this very exciting 
adventure. 

SEABORG: Ken, you didn't make it very clear 
where you poured that alcohol. 

Introduction of Paul Fields 
Dr. Seaborg 

The next speaker is Paul Fields, Paul is the 
Director of the Chemistry Division at the Argonne 
National Laboratory, which was the successor to 
the Metallurgical Laboratory that you've heard 
mentioned so often today. Actually, Paul also 
worked in my Section at the Metallurgical Lab­
oratory and I've been doing some research and 
actual writing on the history of those early days 
so I can tell Paul that he began to work on 
September 10, 1943, in the Metallurgical Labora­
tory. He worked first on the adsorption method 
of separating and isolating plutonium, and after 
that he worked in what we called the recovery 
group. I don't know whether that means much to 
many of you, but to anybody in those days it is 
very descriptive. We had a group to which every­
body unloaded all of their plutonium wastes when 
they finished their experiments. And then Paul 
and his people were expected to gather these all 
together and concentrate them and somehow give 
us back pure plutonium *o that the plutonium could 
be recycled. You know, in those days the only 
plutonium we had was made by the bombardment of 
hundreds of pounds of uranium with the neutrons 

from the cyclotron and it was very precious; we 
never had as much as a whole milligram at any 
time in our Section, Before V came with us he 
worked with TVA. Alonp about the summer of 1945, 
he, along with a numbt or others, was trans­
ferred to the Mound Laboratory of the Monsanto 
Company in Dayton, Ohio, to work on polonium. 1 
guess this was about as dirty a laboratory as 
Paul has ever worked in. The way they handled 
polonium in those days was very primitive indeed. 
He worked for about a year with the Standard Oil 
Company and then came back home to the Argonne 
National Laboratory. In 1970 he received the 
American Chemical Society Award far Nuclear Appli­
cations in Chemistry. So far this seems to have 
been almost a criterion for being a speaker on 
this program, but that isn't actually the case. 
He has a very distinguished research record doing 
work on the nuclear and chemical properties of 
the actinide elements, on nuclear structure and 
nuclear reactions in general, and in particular 
has worked on the nuclear properties of the ele­
ments that we are honoring today. His paper is 
appropriately entitled "The Nuclear Properties 
of Berkelium and Californium." Paul 

The Nuctear Properties of 
Berkelium and Californium 

Paul R. Fields 

Glenn Seaborg asked me to recal l any reminis­
cences associated with berkelium and californium 
that might come to mind, which I have done. How­
ever, most of these memories are associated with 
the heavier isotopes of these two elements. Since 
previous speakers have covered the discovery - of 
these two elements fa i r ly thoroughly, I will con­
centrate on the nuclear properties of these e le­
ments and some of the history that followed thei r 
discovei / . 

As you heard e a r l i e r , 243gfc w a s t n e f i r s t 
berkelium isotope to be produced and i t was found 
to decay primarily by electron capture with a 
very small alpha decay branch, 0,151, and a total 
ha l f - l i fe of 4,5 hours. Within five to six years 
following the discovery of element 97, the iso­
topes through mass ZSO had been prepared and char­
acterised. The nuclear properties of a l l the 
berkelium isotopes are summarized in Fig. 1. 

244Bk, tike - 4 3 Bk, was prepared by helium 
bombardment of -""An and -^-Wn. The f i r s t pa: 
to clearly identify -**Bk was At Chctham-Stra 
although earlier.work was done by Ken Itulct. 
245, ?T6. ?4? and 2-1% w r c a M ^ ^ b y h c l i l 

and deuteron ion bombardments of americium and 
curium. Examination of Fig. 1 shows that -**'Bk 
decays by alpha pa r t i c l e emission with a half-
l i f e of 1580 years. It i s probably the longest 
ha l f - l i f e isotope of berkelium. There is a pos­
s i b i l i t y that an isomer of ~"Bk may have a 
longer ha l f - l i f e . ^ B k has two isomers, the 
usual one, decaying by &' emission and electron 
capture with a ha l f - l i fe of 23 hours and a 
longer ha l f - l i f e isomer whose mode of decay and 
rate of decay have not been accurately measured. 
The long-lived isomer has been observed by mass 
ppecfrometric analysis of some berkelium samples 
and, by doing successive mass analyses, a lower 
limit to the total ha l f - l i f e has been set at 
greater than $00 years. A lower limit for the 
&• decay ha l f - IKe was set at 10'* vears by noting 
the absence of - 4 8 C f in samples of --^Bk. 
, The most important isotope of berkelium is 
-^Bk. i t s importance stems from the fact that 
i t is readily produced in re la t ive ly large 
amounts by neutron i r radiat ion in a reactor of 
heavy element targets such as plutonium, ameri-
cium and curium. Furthermore, i t s re la t ively 
long t1* decay ha l f - l i fe also makes this a con­
venient isotope for chemical s tudies. 
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Fig. 1. Nuclear properties of the known berkelium isotopes (toEal ha l f - i i f e , 
alpha par t i c le energy in MeY, spontaneous fission ha l f - l i fe and ground 
s ta te nuclear spin). 

As can be seen in Fig. 1, 2 5 0 B k and 2 5 1 Bk are 
also known. -^^Bk has been characterized but the 
resul t s have not been published, hence, the data 
was not included in the t ab le . 

As I said e a r l i e r , 249n.k is produced in high 
flux i r radiat ions of 239PU a s u e \ i a S heavier 
target materials . Figure 2 i l l u s t r a t e s the build­
up path followed in high flux irradiat ions to 
form isotopes of berkelium and californium. The 
neutron build-up process follows a pat tern , 
namely, in the even Z elements, a fa i r ly large 
number of isotopes are formed un t i l a short­
lived beta emitter i s encountered, which decays 
to the next higher odd 2 element. The odd Z 
elements usually undergo one o r , at most, two 
successive neutron captures before a short half-
l i f e beta emitter i s produced which in turn forms 
an even 2 element. This process repeats i t s e l f 
through Pu, Am, On. Bk and Cf. Of course, th is 
process continues unt i l we produce the heavier 
isotopes of feraium at which point, the neutron 
capture process appears tp terminate due to the 
very short ha l f - l i f e of 2 j 3 f i n . However, since 
th is symposium is devoted to berkelium and cal­
ifornium, I have focused my at tent ion on these 
two elements and not beyond. 

.Actually, the isotope -J-'Mik was not original ly 
produced in reactor i r radia t ions , but was found 
i n i t i a l l y in the debris of the f i r s t thermonuclc.-u 
erplosion thaf was detonated in November 195-. 
The source of this explosion was a large device 
code-named "Mike," and almost a l l the transplu 
tonium isotopes produced eventually in high flux 
reactor i rradiat ions of 239|\| were found in the 
debris from th is t e s t . However, x\v build-up 
followed in thermonuclear explosions proceeds b\-
a different path than in reactors. Figure .> 
i l lus t ra te* the build-tip of elements in Mike 
assuming 238u was the sole target material . Thi* 
black squares represent the isotopes actually 
isolated from the bomb debris . 

There are essential ly tuc reasons why the 
sequence of isotopes formed in thermonuclear 
explosions differ from those formed in reactor 
i r radia t ions . These are: flj The *<ery high flux 
produced in thermonuclear explosions, and i2) the 
very short time of i r radiat ion. In general , the 
time of irradiat ion is so short, much less than 
a microsecond, that the very heavy, beta unstable 
isotopes of uranium that are too short lived to 
be present in icactor irradiations are essen­
t i a l l y infini tely long compared to the time of 
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irradiation in a thermonuclear explosion. Thus, 
these isotopes, through perhaps 2J5U, are formed 
in the thermonuclear explosion and after the 
detonation terminates, the unstable uranium iso­
topes ?•-decay along a given mass chain until a 
long half-life 3" emitter is encountered or a 
beta-stable isotope is formed. An examination 
of !ig. 3 shows that -5(lCf is not produced in 
thermonuclear explosions because ""On is a beta-
stable isotope and terminates the mass 250 chain. 
Similarly, the lightest mass isotope of" fermium 
produced in a thermonuclear explosion is mass 255, 
whereas the 25-1 mass isotope is produced in 
reactors. 

Perhaps a year or tut) prior to the Mike device, 
plans had actually been laid to produce transcu-
rium elements in a high flux reactor. The Mate­
rials Testing Reactor (MTR) was scheduled to start 
operating early in 1952 and in anticipation of 
this start up, approximately 100 small samples 
of plutonium-aluminum alloy were fabricated at 
Argonnc. The samples were formed into small 
rings and were dubbed "napkin rings" because of 
their shape. Early in 1952, approximately 50 
napkin rings had been placed into a special 
facility in the tuTt and had been irradiated for 
about six montits when tlie Mike device was deto­
nated. *.n the winter of 1952 we were too busy 
analyzing the Mike debris to remove any samp1en 
from the reactor. The following year, when some 
of tlte work on the new isotopes in the bomb debris 
eased, samples of irradiated plutoniun were 
removed from the SfTK and processed. In the initial 

and later samples, the isotopes first found in 
the Mike debris and several new ones in elements 
95-100 were characterized in greater detail since 
much larger quantities were produced in the reac­
tor irradiations. The search for new elements 
and new actinide isotopes in thermonuclear 
explosions and in irradiated plutoniura were collab­
orative programs between Argonne National Labor­
atory, University of California Radiation 
Laboratory and Los Alamos Scientific Laboratory. 

In the reactor program, -SOglt and -Sl.Bk w e r e 

also produced. Their nuclear properties are sum­
marized in Fig. 1. The direct production of ^SlRk 
in irradiated plutonium is difficult to observe 
because of its 57 minute half-life. However, it 
is formed by the alpha decay of another product 
generated ip the reactor program, namely - 5 S£s. 
Normally, - 5 SEs is a minor constituent in reactor 
einsteinium and the alpha particle emission rate 
from -«Es i s so intense that it obscures the 
alpha decay of ;"Es. Thus, for a long time the 
alpha decay of -«Es remained unknown. However, 
in one of the later underground thermonuclear 
tests, - 5 SEs was obtained in sufficiently high 
concentration that its alpha decay was observed. 
Once this mode of decay was known, it was rela-
tively simple to isotopically enrich the - 5 5Es 
fvora reactor materials to observe the growth of 

and to determine its nuclear properties. 

Figure I shows that -**̂ Bk is the only isotope 
of element 9? to have a measurable spontaneous 
fission half-life in the ground state. However, 
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Fig. 3. Postulated build-up path leading to formation of elements through 100 
in the Mike thermonuclear explosion. Black squares represent beta 
stable isotopes, dotted arrows--predicated beta decay process, solid 
arrows—known beta decay processes. 

there are isomers of berkelium that do decay pri­
marily or entirely by spontaneous fission. Five 
spontaneous fissioning isomers of berkelium have 
been reported. John Unik and Kevin Wolf prepared 
the two isomers of 2 4 2 B k and one of ,Bk at 
Argonne by helium ion bombardments of 2 4 1 A m and 
2 4"Am, respectively. Figure 4 shows the excita­
tion curve for producing the two isomers 'if 2 4 2 B k 
and Fig. 5 shows the curve for forming the 2 4 4 B k 
isoiier. Although the fissioning isomers of 2 4 2 B k 
have been produced, all attempts to observe the 
ground state of this isotope have failed. Soviet 
scientists prepared 2 4 3 B k and 2 4 5 B k isomers and 
reported their nuclear properties. Some time ago, 
Soviet workers reported the preparation of ^ 4 bCf, 
also listed in the table (Fig. 1), by irradiating 
uranium with carbon ions. This work has not been 
confirmed and there has been some evidence that 
the 80 nsec nuclide may be an isomer of curium. 

The neutron capture properties of berkelium and 
californium isotopes are important for predicting 

their behavior in reactors and for calculating the 
production of higher Z elements in reactors. The 
neutron fission and capture cross sections of the 
berkelium isotopes are summarized later during 
the discussion of the nuclear properties of cali­
fornium. The fast fission cross section of 249fik 
has been measured From 0.2 MeV up to 1.7 MeV. It 
has a threshold at approximately 1.0 MeV and has 
a flat cross section thereafter at about 1.3 barns. 

The initial discovery of californium was cov­
ered earlier, and in this talk I will concentrate 
on the nuclear properties of the known isotopes 
of element 98. Figure 6 summarizes the nuclear 
properties of 2 4 0 C f - " 5 C f . 

Both 2 4 0 C f and 2 4 1 C f were produced by irradi­
ating the light uranium isotopes with carbon ions. 
2 4 2 C f and 2 4 3 C f were formed by helium ion bombard­
ments of 242Qn. « 4 C f through 2 4 8 C f were produced 
by helium ion bombardment of curium isotopes and 
by carbon ion bombardments of uranium. 248cf has 
also been produced during the interaction of very 
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Excitation curves for the formation for 
two excited isomers of 2 < l 2Bk that decay 
by spontaneous fission. 

Fig. 5. Exciration curve for the formation of an 
excited isomer of 2"1'Bk that decays by 
spontaneous fission. 

Nuclide Hal f - l i fe Main a a Branch 
T 1 I 2 < S F I 

9-s. Spin 

2 4 0 C f (ECI 1.06 min. 7.590 -

T 1 I 2 < S F I 

-
2 4 1 c f (ECI 3.78 min 7.335 - - -
2 4 2 C f (ECI 3.4 min 7.385 - - -
2 4 3 C f (EC) 12.5 min 7.17 - - -
2 4 4 C f (EC) 20.4 min 7 . 2 0 ' - -
2 4 5 C f (ECI 43.6 min 7.137 30% - -
2 4 6 C < I . I 35.7 h 6.758 100* - -
2 4 7 C f (EC) 3.15 h 6.301 - 0 . 0 5 % - 712 + [ 6 2 4 ] 

2 4 8 C f (a) 333.5 i 6.262 100* 3.2 x 10" y 0* 

2 4 9 C f (Dl 352 y 5.812 100S 6 .9 x 1 0 1 0 y 9/2 - [ 7 3 4 ] 

2 5 0 C f (a) 13.08 y 6.031 100* 1.7 « i o 4 y 0 + 

2 5 1 C f ml 900 y 5.680 100* - 1/2 • [620] 

2 5 2 C f (a) 2.640 y 6.118 97* 85.5 y 0* 

2 > 3 C f I f " ) 17.82 d 5.979 0 . 3 1 * - 7/2 • [613] 

2 5 4 C f (SFI 60.5 d 5.834 0 . 3 * 60.5 d -
255 
' " C I IP 1 1 .3 -2 .5 h 

Fig. 6. Nuclear properties of the californium isotopes (total half-life, 
alpha particle energy in MeV, spontaneous fission half-lift-, ground 
state nuclear spin). 



high energy protons with uranium targets, undoubt­
edly due to the reaction of secondary carbon ions 
resulting from the initial proton irradiation, 
with the uranium target nuclei. 249rjf is formed 
almost exclusively by the beta decay of -"Blc. 
This isotope is in demand for studying the chemi­
cal properties of californium because of its 
long alpha decay half-life and, more important, 
because of its even longer spontaneous fission 
half-life. 

High flux irradiations of plutunium, americium 
and curium in the*iTR produced 250, 251, 252, 253 
and 25J C f > 1 I o w e v e r i 251, 252, 255 and 254 Cf were 
first isolated from the Mike debris. The build­
up path in the thermonuclear explosion excludes 
2^ ncf, as mentioned earlier. The first samples, 
filter papers of air samples from the test, 
showed the presence of approximately 1.5 fissions 
per min., with 90S of these fissions due to 254cf. 
Even with this small sample, it was possible to 
outline the nuclear properties of 252, 253 and 

Many efforts were made to obtain larger samples 
of californium including collecting more filter 
papers, rain water at various locations, and 
finally about one-half ^ of condensed coral 
that was collected from .. neighboring island. 
None of these attempts yielded a californium sam­
ple equal to the initial 1.5 fissions/min. As 
each larger sample was processed, the additional 
time involved resulted in decay of the califor­
nium isotopes which more than compensated for the 
increase in sample size. Fortunately, all the 
californium isotopes were produced later in larger 
amounts in the MTR program. 

One of the outgrowths of studying the nuclear 
properties of californium isotopes generated in 
the Mike explosion and the MTR program was the 
first observation of the 152 neutron subshell 
which has played a prominent role in the nuclear 
properties ;>f the heavier actinide elements. In 
general, throughout the actinide series of ele-

NEUTRON CROSS SECTIONS FOR TRANSMUTATIONS 
IN HFIR IRRADIATIONS 

ments, once we go beyond the 126 neutron shell, 
there is a good correlation between the decrease 
in the alpha decay energy and the increase in 
mass of a given element. An anomaly, however, was 
observed in the californium isotopes; the alpha 
decay energy of 2 5-Cf was greater than that of 
250cf. When initially observed, this anomaly was 
not understood, but in light of the spontaneous 
fission half-lives behavior and the alpha decay 
of other nuclides, the hypothesis was advanced 
by Al Ghiorso and co-workers that 152 neutrons 
represented a subshell of neutrons. The unified 
model of deformed nuclei provided a frame-work 
that later accounted for the subshell at 152 
neutrons. 

Attempts were made to identify " 5 5Cf in the 
products of thermonuclear tests, but no positive 
results were obtained. 

A self-consistent set of neutron cross sections 
For the californium isotopes, as well as 249 and 
250Bk a r e summarized in Fig. 7. These cross sec­
tions were determined from the yield of califor­
nium isotopes produced in reactor irradiations 
and some independent measurements. The very large 
fission cross sections of the odd mass nuclides 
accounts for the very large destruction of cali­
fornium mass during the production of califor­
nium and heavier elements in Teactor irradiations. 

An examination of the nuclear data in Fig. 6 
clearly shows that spontaneous fission has become 
a prominent mode of decay in the heavy isotopes 
of californium, particularly at 252cf and 2S4cf. 
Since 252cf has been available in relatively large 
amounts, approaching the gram scale, a large body 
of fission research has been outlined using this 
isotope. The main spontaneous fission properties 
of 252cf are given in Fig. 8. Not only have 
these properties made ~5-Cf a valuable source for 
the study of the fission process, but its conven­
ient half-life and high neutron intensity led to 
the development of many practical applications. 
These applications will be described in greater 
detail in other talks. 

FISSION PROPERTIES OF ' 

Fission Cross 
sections Ibarns) 
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Fig. 7. Neutron cross sections for berkelium 
and californium isotopes. 
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2 5 0 B k 13. 22 hi 350 
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" ° C f (13.08 yl 1900 
2 5 J C f (900 yl 2850 
2 5 2 C t 12.646 yl 19.8 
2 S 3 C f 117.81 III 12.6 
2 5 4 C f 160.5 HI 50 

SPONTANEOUS FISSION HALF-LIFE 85.5 * 0.5 YRS. 

« (NEUTRONS PER FISSION) 3.750 * 0.028 

NEUTRONS PER GRAM PER SECOND 2.30 x 1G11 

NEUTRON DOSE RATE 2400 REM/HR, 
(ONE METER FROM ONE GRAM POINT SOURCE) 

2.3f ' 0.05 HEV 

.86 * 0.1X 
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286.5 * 1.2 HEV 

Fig. 8. Spontaneous fission properties of 2 S 2 Cf. 
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An important characteristic of the heavy ele­
ments is the sequence of neutron, proton and 
collective energy level states. The theoretical 
predictions for the single particle energy levels 
by S. iVilsson are shown in figs. 9 (protons) and 
10 (neutrons). The conclusion drawn from Fig. 9 
is that the 97th proton is expected to occupy the 
3/2 - [521] level in its ground state with the 
7/2 + [633] level lying close to it. Ibw does 
this prediction compare with experiment? The 
ground state associated with 97 protons is 
3/2- [521] for 243, 245 and 247Bk. In ^9Bk (152 
neutrons), the ground state has been reported as 
7/2 + [633], with the 3/2 - [521] state lying 
9 keV above ground- Since the grovnd state of 
251J& is apparently not 7/2 +, based on the 
absence of certain characteristic -y-rays, it appears 
that the 97th proton may have reverted back to Ihe 
3/2 - state as the neutron number becomes 154. 

A fairly accurate picture of the energy levels 
above the ground state has been obtained for 
berkelium by studying the alpha decay schemes of 
einsteinium isotopes and through nuclear reaction 
spectroscopy. As a typical example of reaction 
spectroscopy in this region of the actinide ele­
ments, Pig. 11 illustrates the tyjie of raw data 
observed for the reaction -48cm(-1Me,d)249B(c. 
From this initial data, the energy level struc­
ture shown in Fig. 12 is abstracted using theo­
retical techniques to calculate relative intensi­
ties and spacings which are then compared to the 
observed data. The dashed lines in this figure 
represent energy levels seen in decay scheme 
studies but not populated by nuclear reactions. 
Using further theoretical treatment of the energy 
levels shown in Fig. 12, the true singly parti­
cle states are extracted, free of pairing force 
perturbations. The single particle states for 
2 4 9 B k are shown in Fig. 13. 
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Fig. 9. Nilsson diagram for odd proton states. 
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Fig. 10. Nilsson diagram for odd neutron states. 

Figure 14 shows the hand head energies of 
single-proton excited states in odd-proton acti-
nide nuclei. It illustrates the variation of the 
single particle states in the region of berkelium. 

There are two berkelium isotopes, - ^ f U ] l' 
-•>0Bk, that have odd neutron-odd proton ground 
states and whose ground state spins are known, 
The spin of both isotopes is 2-. The spin of 
- 4 6Bk results from the coupling of Che 3/2 - [521] 
proton state with the 7/2 + [624] neutron state 
and the 25ftuk spin results from the coupling of 
the 3/2- proton state with the 1/2 + [620] neutron 
state. All the other odd neutron-odd proton 
herkelium isotopes have doubtful or unconfirmed 
spin assignments. 

Since there appeared to be good agreement 
between the theory and experiment for 249B1C, 
Richard Oiasman deduced the fy/2 - fs/2 splitting 
from the single particle energy of the 1/2 -[521] 
state. It is this splitting that has been postu­
lated to give rise to the shell effect at 
2 » 114. rfe obtained a splitting of 2.0 MeV by 
extrapolating his results at element 97 to ele­
ment 114 and mass 300 using all deformations set 
to zero, i.e., a spherical nucleus. This esti­
mate of stabilization energy for Z = 114 is sim­
ilar to Rost's extrapolation from the data in the 
lead region. The advantage here is the extrap­
olation is over a mass difference that is only 
one-half as large and, therefore, should be more 
reliable. 



The spin assignments of the californium nuclides 
(see Fig. 6) provide information on the neutron 
states in this region of the nuclear chart . 
Of course, all the even neutron states for 
this even atomic number element should be 0+, 
but the spins of the odd mass isotopes provide 
the data for identifying the neutron levels. 

The ground state spin of 247Q£ w a s found to be 
7/2+ from a study of the alpha decay of 25lFm. 
The neutron state responsible for this spin (149 
neutrons] is 7/2 + [624]. In a similar manner, 
2 4 9 C f was assigned a spin of 9/2- frcm a study 
of the alpha decay of "3ftn gnj the beta decay of 
M 9 B k , thus identifying the 151 neutron shell as 
9/2 - [734]. The 1/2+ spin of 251 C f^ obtained 
from the study of the alpha decay of ^^5Fm,is 

associated with the neutron state 1/2 + [620]. 
The 253cf spin of 7/2+ was deduced from the al ';a 
decay of 25/Rnt characterizing the position of 
the 7/2 + [613] neutron state. From these four 
odd mass californium isotopes it was possible to 
ascertain the sequence of neutron levels and 
check their position against the theoretical pre­
dictions of Nilsson as given in Fig. 10. 

Not only have these studies provided informa­
tion on the single particle states, but also on 
the various interactions which affect the energies 
of these states. In addition a great deal of 
information was obtained about the excited col­
lective states in these nuclei, but my allotted 
time has expired, so I will terminate my talk 
and leave this aspect for another occasion. 

(MeV) 

Fig. 11. Experimental data for the 29 MeV 'He bombardment of 2>lBCm. Emitted deuterium ions 
observed at 60° to the helium beam. 
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Introduction of John Crandall 
Dr. Seaborg 

The next speaker will be John L. Crandall. 
Jack Crandall is Director of Mvanced Operation .1 
Planning at the Savannah River Laboratory in 
Aiken, South Carolina, the place where these 
elements have been produced in such quantity. He 
received his professional training at MIT where 
he obtained a B.S. degree in chemical engineering 
in 1942, and he has a Ph.D. in physical chemistry 
which he obtained in 1948 after a tour of duty 
with the U.S. Army. In 1948 he joined the du'Pont 
Company as a research chemist and in 1951, as so 

many of those did it in those days, spent some 
time at the Metallurgical Laboratory preparatory 
to going down to work in the Savannah River 
Laboratory in South Carolina. He has been much 
concerned with the production of these heavy 
elements in quantity and he served as Research 
Manager of the Laboratory's Experimental Physics 
Division in the 1950's, but as I've indicated, 
he is now Director of Advanced Operational 
Planning in the Savannah River Laboratory. Jack 
Crandall will describe the production of berke-
lium and californium in quantity. Jack.... 

doa^7go/Q- ' & 
Production of Berketium and 

Californium 
John L. Crzndall 

Certainly one of the most unexpected technolog­
ical success s tor ies of the twenty-five years 
which have followed the original disawery of 
bcrkclium and californium must be the transfor­
mation of these elements from invisible flyspecks 
at the forefront of a new technology to regular 
i f not quite mundane a r t i c l e s of cornierce. In 
th is transformation, production has r isen from 
the few thousand atom levels described in the 
preceding ta lks to the milligram and then the 
gram leve l s , with kilogram levels for the power 
reactors a poss ib i l i ty which may even change the 
emphasis from al locat ing a rare resource to d i s ­
posal and destruction of an unwanted surplus. 
This development has involved most of the world's 
nuclear s i t e s , and my ta lk will be mainly h is tor­
ical in describing thei r various contributions. 
However, as I emphasize at the end of the t a lk , 
a continuing development can s t i l l be expected. 

Figures 1 and 2 l i s t a l l the known isotopes of 
berkelium and californium which have half l ives 
of more than an hour, that i s those isotopes 
which have been or might be the goals of major 
production programs. These figures also l i s t the 
chief production routes to each isotope. All the 
routes basically involve increasing the atomic 
weight of a natural ly occuring heavy nuclide such 
as -38y by five to fifteen or more mass units 
through bombardment with nuclear p ro jec t i l e s . 
The atomic number is adjusted automatically, and 
sometimes inconveniently, by beta decay. Charged 
pa r t i c l e bombardments are the only route to the 
l igh te r , neutron-deficient isotopes such as 2<*7Bk 
and 246cf, but the less expensive neutron bombard­
ments are normally used for the heavier isotopes -
including 2 4 9 B k and 2 5 2 Cf , the main production 
goals to date. Milking a radioactive parent such 
as 249uk or 254es is a par t icular ly useful inter-

BEMCBL1UH PRODUCTION ROUTES 
riSOTOfES WITH HALF LIFE >1 MQ 

NUCLIDE DESCRIPTION 
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Mi* «.*» EC 
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2 4 * ^ l.»* EC 

"'* lMOf « 
**>* l « h • .EC 
2 4 » * 314 <> • 
2 S ° * J .22 >> • 
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Pig. 1. 



CAUPOMIIM PMOUCTIOH tourts 
tiaorofts WIH HALF LIFE >i no 

NUCLIDE MgCMPTIOM 

ISOTDfE HALF LIFE DECAY 
2 4 6 « J5.7h a 
«'<* 2.5 k EC 
2 4 , C f SSOd • 
2 4»Cf 352 jr a 

2 5 0 C f 1J.0I r a 
H l « tooy a 

2 S 2 C f 2 .6Sr «,SF 

2 S ! C f 1 7 . i d S 

2 S 4 C f 60.5 d SF 

2 S 5 C f 1.5 k S 

PMNCIPAL raopticTiai muni 
CHMBED PARTICLE fACCEUMTBH) 

2 M W ( 1 2 C , 4a) , ***<* («,2») 
2 M U ( M H . pta) . 2 « C ( . . . ) . 2 4 S - * C ( . . a ) -
2 M U ( l 4 N . P 5 » ) . M S - « C ( . . « ) 

Fiwl Path 
Fual Path 
Fual Patk 
Fual P*tk 
Fual Path 
Fuat Path 

Fual Path 
Fig. 2. 

CtCAt PAMOT 

252. 

2 5 0 » . 2 S 4 P . 

S 4 * E . 

mediate step for obtainuig isotopes such as 249cf 
or 2S0Bk in pure form, but must depend on prior 
irradiations to form the intermediates. 

CHARGED PARTICLE PRODUCTION 

I'm going to say relatively little about 
charged particle production of the heavy elements, 
mainly because of woeful ignorance on my part, but 
also because this technique has so far proven more 
useful for research and discovery than production. 
The best candidate isotope of berkelium and cali­
fornium for charged particle production is '4/Bk, 
at a 1380 year half life1 the longest lived 
berkelium isotope, but one not formed by neutron 
reactions, Which instead yield the 314 day ̂ ^Bk.^ 
In turn, the best approach to forming -^Bk seems 
to be to bombard neutron product 244cm with alpha 
particles. Several interactions give the desired 
isotope, including a,p and a.n (with following 
6 decay) reactions on the 244Qn and the appropri­
ate a,pxn or a,xn neutrons on the higher curium 
isotopes.3 However, efficiencies are still very 
low. The main difficulty is the 24.5 MeV coulomb 
barrier to the alpha particles at the charged 
nucleus. Overcoming this barrier requires accel­
erating the alpha particles to 30-50 MeV, and, as 
shown by Fig. 3, reaction cross sections are then 
very low, in millibams, with numerous, side reac­
tions. Even though the desired reactions to 247fik 
are endothermic, with negative Q's around—15 
MeV, the accelerated alpha particles, once they are 
in the nucleus, contribute so much energy that 
fission and a variety of spallation neutron boil-
offs can take place ii: addition to the desired 
reactions. As a result costs are high and yields 
are low. Thus, even though the charged particle 
reactions are well developed and excellent facil­
ities exist at the various cyclotrons, Van de 

Graaffs and Linacs, accelerator production of 247Bk 
is calculated to cost several hundred million 
dollars or more per gram. 

NEUTRON PRODUCTION IN THERM)NUCLEAR EXPLOSIONS 

Neutron buildup of the heavy elements has the 
advantages that no coulomb barriers have to be 
overcome, that copious supplies of neutrons are 
available at comparatively low costs from nuclear 
reactors, nuclear explosions, radio-nuclide sources, 
and accelerators, and that much of the production 
effort can eventually be made a byproduct of power 
reactor operation. Hence costs are much lower than 
for charged particle reactions. However, it is 
only fail to point out that neutron production of 
berkelium and californium requires multiple neutron 
additions with losses at each step, so overall 
yields are not necessarily better than in a single-
step charged particle reaction. 

ACCELERATOR PRODUCTION OF 2 4 ?Bk 
REACTIONS 

24*,.. 
l C C n ) " 7 C£ 2> 2 4 7Bk 

' • W . - 0 2 4 ? C f ^ 2 4 7 B k 

a.n (a.p) 7 ab 

a.&l 17 ab 

o.Sn 5 A 

a,4n 0.S ab 

a, fission >1000 ab 

a, p2n 30 ab 

a, pjn 1 ab 
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The main n e u t r o n r o u t e s for p r o d u c i n g b e r k e l h m 
aiki c a l i f o m i t n a r e i l l u s t r a t e d in T i g . -1. The 
d i f f e r e n t n e u t r o n s o u r c e s d i f f e r by o r d e r s o f 
m a g n i t u d e s in t h e i r n e u t r o n f lux l e v e l s and r e a c ­
t i o n r a t e s . Man-rude n e u t r o n s y n t h e s i s o f h c r k c -
l imn and c a l i f o r n i u m was s t a r t e d by t h e a p p r o p r i -
a t e l v j m o d e s t h igh f lux r e a c t o r r o u t e i n August 
19>2. However, b e f o r c _ r h e y e a r was out t h e " M i W 
t h e m o n u c l c a r e x p l o s i o n ^ p r o v i d e d s y n t h e s i s f l u x e s 
s u r p a s s i n g e v e n t h o s e p o s t u l a t e d f o r supornovac 
and t h e m a s s i v e s t a r s and q u a s a r s . A n a l y s i s a l 
Argonne, Los Alamos, and B e r k e l e y o f t h e ^ ' M I k c " 
d e b r i s D r o n n t l y l ed t o t h e d i s c o v e r v of - ^ B k , 

**a. -'"a. -At, art -5Jcr. 
\umm run xmos to* wMnumntw STWIKSK 

xamtON 
NCUIM* WOITION HUIKM F U I AUCTION TIW tirasuu attar 

HIGH tUH tUCTOK 
STttLEI * nOUSS 
MJCLEJU audita* 

10 -10' 
I-100 

F i g . 4 . 

.After t h e "Mike" sho t t h e t h e r m o n u c l e a r e x p l o ­
s i o n r o u t e c o n t i n u e d t o lie e x p l o i t e d fo r t r a n s -
p l u t o n i u m e l emen t p r o d u c t i o n in a s e r i e s o f u n d e r ­
ground t e s t s per formed by t h e Livermore and Los 
.Alamos L a b o r a t o r i e s . o . " 1 F i g u r e 5 i l l u s t r a t e s 
some o f t h e m i c r o c h e m i s t r y b e i n g performed w i t h 
b u l l d o z e r s and d r i l l i n g r i ° , s t o o b t a i n samples 
from t h e s e t e s t s . S 

In t h e t h e r m o n u c l e a r e x p l o s i o n s e s s e n t i a 1 l y t h e 
e n t i r e r e a c t i o n must t a k e p l a c e in l e s s t h a n 1(H> 
s e c o n d s , by which t u n e t h e d e v i c e blows i t s e l f 
a p a r t . Both t h e o r e t i c a l c o n s i d e r a t i o n s and t h e 
p r o d u c t y i e l d s show t h a t t h e r e i s no t i m e fo r 
b e t a d e c a y of t h e t a r g e t n u c l e u s in t h i s s h o r t a 
t ime p e r i o d , so t h e i n i t i a l r e a c t i o n i s s t r a i g h t 
o u t t h e s i n g l e e l emen t l i n e o f ; n c r e a s i n g a t o m i c 
w e i g h t , w i t h decay o c c u r r i n g o n l y a f t e r t h e e x p l o ­
s i o n . The b e t a decay p r o d u c t s a r e l i s t e d a l o n g 
t h e t o p a x i s o f F i g . 6 , 7 which g i v e s t h e p r o d u c ­

t i o n w r s u s mass n m b e i for two of t h e s l i m s . 
ih i tch w i t h a n e u t r o n CX|H»SUIC of in moles /cm- and 
Cyclamen w i t h l.S m o l e s / e n - . The e x p e r i m e n t a l 
p o i n t s a r e ve ry w. ' l l c a l c u l a t e d for an a v e r a g e 
n e u t r o n m o d e r a t i o n t o a h u i i -i» keV and for c a l c u 
lmted r e a c t i o n c r o s s s e c t i o n s a v e r a g i n g aiwiil one 
b a m . I l iere i s a n o t i c e a b l e nucleol i s p i n p a i r i n g 
e f f e c t f avo r ing p r o d u c t i o n o f n u c l i d e s w i t h even 
n e u t r o n lumbers in t h e o r i g i n a l p r o d u c t i o n c h a i n . 
Higher i i fu t ron e x p o s u r e s favor h i g h e r n e u t r o n 
a d d i t i o n numbers and h i g h e r m o l e c u l a r w e i g h t s , 
w i t h , t o a f i r s t a p p r o x i m a t i o n , t h e d i s t r i b u t i o n 
of n e u t r o n a d d i t i o n s fo l lowing a P o i s s o n d i s t r i ­
b u t i o n around t h e most l i k e l y n e u t r o n a d d i t i o n nion-
b e . ' . In s t u d y i n g p o s s i b l e c a l i f o r n i u m produc t ton 
by t h i s r o u t e , t h e d e v e l o p e r s c a l c u l a t e d th. i t a 
p r o d u c t i o n rcjjjme cou ld he deve loped t o pr.kltice 
about l i ' . g a f - > C f p e r shot from alxnit a V. con­
v e r s i o n o f a -->S(; t a r g e t . l ) However, even thouglt 
t h e t h e r m o n u c l e a r t e c h n i q u e s a r e wel l d e v e l o p e d , 
t h e r e c o v e r y t echn ique? for s e p a r a t i n g t h e 
d e s i r e d p r o d u c t s from t i e underground n u c l e a r 
d e b r i s need much ir <rc w t r k , mid t h e r e i s p r e s e n t l y 
no such e f f o r t in p r o g r e s s . 

XhlTTHDX PRODUCTION IN PUCIORS 

Thus w h i l e ; h e "Mike" t he rmonuc l ea r shut SIK -
c e s s f u l l y u p s t a g e d t h e i . i i t i a l r e a c t o r e f f o r t s t o 
produce b e r k e l i u m and c a l i f o r n i u m by n e u t r o n 
a d d i t i o n , t h e r e a c t o r s have in fact r a t h e r c o r 
n e r e d t h e b u s i n e s s s i n e : t h a t t i m e . The by-now 
f a m i l i a r n u c l i d e p a t h U>- t h e r e a c t o r i r r a d i a t i o n s 
i s shown in F i g . " . With t h e f o r t u n a t e ( i n te rms 
o f f i s s i o n l o s s e s ) p a r t i a l e x c e p t i o n s o f - ^ P i i and 
- 4 9 R k , t h e i r r a d i a t i o n s fo l low t h e b e t a s t a b i l i t y 
p a t h in t h e o f t e n m u l t i y e a r r e a c t o r e x p o s u r e s . 
The a d d i t i o n s o c c u r e a s i l y except for o y r t i a l 
ho ldups due t o low c r o s s s e c t i o n s a t - ^ C m and 
-•' sCra. However, c o m p e t i t i o n from f i s s i q n r e a c t i o n s , 
p a r t i c u l a r l y a t « 9 P u , ^ I p ^ - 4 5 ^ . 4 ^ 2 « c f i 

and --*lrjf consume most ol ' t h e re." t i o n i n t e r m e d i ­
a t e s . As shown by t h e s l i d e , someth ing l i k e 1S00 
n e u t r o n s and s l i g h t l y under a thousand atoms o f 
-38u t a r g e t a r e r e q u i r e d t o produce one atom o f 
252cf in a t y p i c a l r e a c t o r i r r a d i a t i o n of t h i s 
h e a v i e s t n a t u r a l l y " c c u r i n ^ n u c l i d e . F i g u r e ^ 

F i g . 5 . Recovery o p e r a t i o n s f o r t r a n s p l u t n n i u m e l e m e n t s p roduced i n underground 
n u c l e a r e x p l o s i o n s . 
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incidentally is one which I have used frequently, 
the only trouble being that each time I use it I 
have to redo it because the cross sections have 
changed again. This time is no exception, although 
the cha-iges were generally small. As the result 
of cooperative work at Argonne, Los Alamos, Oak 
Ridge and Savannah River, the first full multi-
group cross section set for this nuclide path has 
just become available; it will be presented by 
Sa-.-uinah River at the Conference on [fciclear Cross 
Sections and Technology in Washington next March. 

The possibility of reactor production of high 
atomic number actinides was realized even before 
the onset of reactor operations, so a major inter-
laboratory program was undertaken to accomplish it 
as soon as the achievement of irradiation fluxes 
in excess of 10* 4 n/cm2-sec in the Materials 
Testing Reactor (MTR) at Arcc, Idaho, offered rea­
sonable conversion rates.4 The rather unusual 
irradiation specimens, aptly called napkin rings, 
are illustrated in Fig. 8. 9 About 100 of them were 
fabricated at thw* Argonne National Laboratory from 
Plutonium-aluminum alloys prepared at Los Alamos. 

The plutonium alloys were fully clad with aluminum 
and the rivets inserted in the corners to act as 
spacers for cooling water flow. Samples of these 
irradiation specimens were widely distributed ro 
Los Alamos, Berkeley, Knolls, Chalk River, and 
Harwell as well as being processed at Argonne. 
In the seven-year program from 1952-1959 the OTR 
produced about 30 wg of 2 5 2 C f as well as smaller 
amounts of 2 4 % k and the other californium iso­
topes. This material proved of sufficient inter­
est that larger-scale production programs were 
then undertaken at Savannah River and Oak Ridge. 

Figure 9 shows all the major transplutonium pro­
grams undertaken to date including the individual 
thermonuclear shots and the earlier MTR programs. 
The large scale production got underway in June 
1959 with plulonium irradiations in the production 
lattices of the Savannah River reactors. Two sep­
arate campaigns were run, Transplutonium-I and 
Transplutonium-II, which between them produced 
930 g 2 4 2 P u , 300 g 2 4 3 A m , and 330 g -^Qn. 1^ At 
that time, it was thought that the actual produc-
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tion of berkelium, californium and the other higher 
.ictinides from these intermediates would i»e carried 
out almost exclusively at Oak Ridge in the new 
High Mux Isotope Reactor, or HRR, then under 
design, and in fact the Transplutonium campaign 
nuclides did eventually provide the startup targets 
for the HFIR. However, before that s tar tup took 
place, the Trmsplut^niim program received a major 
boost from an independent SRP program to produce 
about 3 kg of - 1 J Qn for use in developing isotopic 
heat sources.IO-l.i yhi$ program was performed in 
two steps. The f i rs t s tep, Curium 1, carried out 
in 1964, burned most of the fission heat from a 
Plutonium ir radiat ion l a t t i c e , and the second step, 
Curium I I , carr ied out in 1965-19.">7, used a high 
flux l a t t i c e to transmute part of the reconstituted 
plutonium targets to -^Gn and other higher a c t i -
nides. Between the two Curium campaigns a High 

;lux Demonstration Lattice ^ run as a p i lo t for 
luriurn I I , i rradiated about 525 g of 242pu j n 

luxes up to 5.4 * 10 l5 n / an - - s ec . About 1 mg of 
berkelium avid 11.8 mg of californium were obtained 
from these 'empaigns. 

Meanwhile, the I3-1R star ted up in September 
1966 and has continued to operate ever since that 
time as the mainstay of the AEC's research pro­
duction of actinidc-s. I will return to the Ifl-TR 
operation in more de ta i l in a few minutes. 

The Savannah River transplutonium programs were 
resumed in 1969 with a large-scale program to make 
- 5 2 C f available to industry. This program used 
the residues of the Curium II operations in a new 
high-flux l a t t i c e , Californium I , to pi;duce about 
2 grams of 252cf in iG months of opera t ion . 1 3 

This mater ia l , plus that produced in HFIR by r e i r -
radiating Cf-I t a rge t s , presently consti tutes the 

uur ld 's primary supply of californium. At the 
conclusion of Cl-I the targets were transferred 
to low flux positions ii. the regular Savannah 
River l a t t i ces where just enough new californium 
is Riade to balance decay; tlic targets have been 
removed for reprocess ing.^ the demand required. 
Approximately 0. ~S a of -•'-(If has been recovered 
to date from this material . 

The Californium-I campaign 
a new ;)lutonhsn-buming canpa 
duce replacement -"'-lit, - 4^\in 
siderably lower co?ts than in 
campaigns. The savings rcsui 
i rradiat ions at com|iarative!y 
time periods rather than in a 
paign. The products serve as 
ac t 'n ide stockpile as well as 
for berkelium and californium 

wa.s paralleled by 
en intended to pro­

band --^On at con-
thc liirium-I and 11 

t from performing the 
low fluxes over long 
crash high flux cam-
a general purpose 
potential target.-, 
production. 

Figure in is a drawing of a Savannah River 
reactor.*" Even though these reactors , designed 
back in 1952, are rapidly approaching great grand 
daddy status they have proved almost ideal for the 
transplutonium programs just because of their rel­
ative lack of modern specialization. Rasically 
each reactor is simply a tank of heavy water about 
18.5 feet in diameter with a 16 foot water depth. 
It is provided with heavy shielding, with an 
unusally flexible control system of some 427 sep­
arate control and safety rods, and with a power­
ful l),0 coolant flow. Lattice positions aie 
large~and well spaced from each other and can 
accommodate a variety of assembly types. This 
seemingly unsophisticated and imspecialized design 
puts very few constraints against the design of 
very sophisticated and very specialised l a t t i c e s 
to perform specific transplutonium production 
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Fig. 10 Savannah River Reactor 

tasks. An example is the high flux demonstration 
lattice illustrated in Fig. I I 1 4 which still 
holds the reactor flux record of 6.1 * 1 0 1 S 

n/oi2-sec. In this lattice only the very center 
of the reactor tank is loaded with fuel and tar­
gets, and all the cooling flow is concentrated 
into this area so as to allow heat removal rates 
as high as 2.66 * 1G 6 Bu/hr-ft 2. Under these 
conditions fuel life is verv short, orl / * few 
days, but the reactor is provided with a rapid 
J wading and unloading system which can change over 
the lattice in one day c r less. 

The HFIR reactor, illustrated in Fig. 12 makes 
an interesting contrast to the Savannah River 
reactors. Also a very ; iccessful design, it is 
intended not as a large general purpose reactor, 
but as a very small, sii.gle purpose irradiator 
specialized to the very particular task of trans-
plutonium isotope production and research, Fluxes 
of up to 5 x 1 0 " n/an -sec are achieved with a 
power of about 100 megawatts and a fuel loading of 
about 9.4 kg of highly enriched uranium, which 

lasts for about 23 days of operation. The target 
area is about 5 inches in diameter and the capacity 
is about 300 grams of target isotopes. 

CIEMICAL SEPARATIONS 

HFIR's sister facility, the Tran' iranium Proces­
sing Plant or TRU, illustrated in rig. 13, 1 7 lias 
perhaps been of even more importance than HFIR to 
the berkelium and californium programs, since it 
has been used not only to recover the HFIR produc­
tion, but also the production to date from the 
Savannah River Cf-I lattice. Ojiantities of these 
materials recovered through 1974 are listed in 
Fig. 14.If, They amount to about 218 mg Z i , 9Bk and 
2017 mg Z 5 2 C f as well as the other actinides 
through 257^, About half a gram of californium 
is now being produced each year, together with a 
tenth that quantity if berkelium. 

Separations technology has been improving 
steadily throughout the transplutonium campaigns, 
and a large number of different processes have 
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AND C f RECOVERIES IN THE TRANSURANIUM PROCESSING PUNT 

YEAR "V -
1966 0.03 0.1 
1967 1.0 S.3 
1968 1.4 7.0 

1969 3.2 22 
1970 14.3 117 
1971 SO. 5 403 
1972 47.4 476 
1973 62.0 516 
1974 31.0 401 

been used at various times ;it Oak Ridge aid 
Savannah River as well as for the more specialized 
recovery programs at Argonnc, Berkeley, l.ivcrmore, 
Los Alamos, and other s i t e s . Figure 15 i l lus t ra tes 
one of the la tes t flot* sheets, that for the com­
pleted, but as >wT unused Multipurpose Processing 
Faci l i ty (MPPF)'at Savannah River. Like TKU th is 
i s a manipulator f ac i l i t y , and is tucked into 
unused space behind the 5.5 foot thick concrete 
walls of one of the SRP process canyons. Lapacity 
is large, up to 260 mg of -5-Cf at each manipula­
tor fac i l i ty at any one time. The separations are 
built around cation ion exchange chromatography 
with very finely divided resins to provide high 
separations factors . Pressurized columns are 
required for reasonable flow r a t e s . - " 

Fig. H . 
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If the original targets contain much plutonium, 
the first step is to remove this plutonium plus 
the nonlanthanide fission products by conventional 
solvent extraction. Then, after feed adjustment 
to the desired concentration and acidity (and the 
addition of NaN02 to help complex ruthenium), the 
feed solution is loaded onto DOKEX 50W-X8 resin 
saturated with a Zn^ + barrier ion, and elution is 
begun with 0.05 M DTPA buffered to pH 6 with 
NH4OH* In the presence of the DTTA chelating agent 
the resin has less affinity for zinc than for the 
actinides and more affinity for Nlty* so the dis­
placement development gives self-sharpening bands. 
Finsteinium and fermium, californium and berkelium 
come off in that order in the Zn band, and there 
is good separation between this band and the fol­
lowing On/Am, lanthanide, and NH^ + bands. With 
some recycle it is possible to obtain separate 
Es/Rn/Cf and Bk fractions at this time. 

Final purification of the separate californium 
and berkelium fractions proceeds by essentially 
duplicate elution chromatography processes. First 
the DTPA is removed by conventional ion exchange, 
sorbing the transplutonium elements on the column, 
washing through -die EFTPA, and eluting the sorbed 
ions with 5 M ftJQs- Next the actinides are sep­
arated from the zinc barrier ion introduced in the 
displacement chromatography step and from similar 
cationic in$>urities by carrier precipitation with 
lanthan>."n hydroxide, which is followed by 
redissolution in 3 molar nitric acid. Then the 
solution is loaded onto the NU+ form of DOWEX 
50W-X8* and cluted with 0.4 molar a-hydroxyiso-

butyrate, varying the pH stepwise from 3.4 to 5.0 
to vary the effective concentration of this com­
pleting agent. The complexed actinides are bound 
to the column more tightly than the Nfy* ion and 
are only slowly displaced by it. Four actinide 
fractions are obtained, Fm/Es, Cf, Bk and On/Am, 
in that order. Finishing of the individual acti­
nide fractions is accomplished by extracting them 
onto a resin column and then calcining the resin. 
In the case of californium, californium oxysulfate, 
Cf202SO. is obtained by calcining at 8CC?C and 
californium oxide, CfiCk, bv calcining at 
1250CC.21 

One of the particular features of the MPPF is 
the M3SES computer control system for the ion 
exchange operations, where M0SF.S is nn ;cron>m for 
Monitoring On-Line System for Elemental Sepcwz-
tions.22 It is illustrated in Fig. 16. Basically 
the NOSES system works by using gamma and neutron 
monitoring of shielded, completely contained loops 
from the process streams to determine the concen­
trations of the actinides of interest. These 
inputs are then fed to a PDP-9*- computer for the 
actual process control. Three detector systems 
are used, BF3 counters to measure neutrons from 
the spontaneous fissions of 2 5 2 ^ 250£f( 3 ^ 
24 4Qn, a sodium iodide scintillation detector • 
monitor the 1.27 MeV gamma ray from "*£u and 
1 ° ^ , and a lithium-drifted germanium detector 
to give specific responses to the gamma photopeaks 
for 2 4 4 Q n , 2 4 3 A m , l 5*Eu, 1 6 0 T b , and 1 4 4 C e . Two 
or more detectors detect all isotopes of interest 
except for 2 4 3 A n to which only the Ge (Li) detec-

MOSES ION-EXCHANGE ON-LINE CONTROL SYSTEM 
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tor responds. The usefulness of the system has 
been well demonstrated in the SRP curium programs, 
which included the separation of about 10 mg of 
californium. 

FUTURE PRODUCTION 

Changi g the perspective now from the existing 
production programs for berkelium and californium 
to possible future production programs, the pri­
mary change is in the production starting point. 
The original programs had quite literally to 
start at square one with 238rj. As we saw earlier, 
this involved multiple processing steps and the 
investment of hundreds or thousands of neutrons 
and target atoms for each atom of berkelium or 
califc Tuun produced. Fbwever, as shown by 
Fig. 17, in making approximately 2 grams of - 5 2Cf 
available to date we have in fact also done most 
of the work towards producing an additional 50 
grams or so of berkelium and californium by pro­
ducing a high grade stockpile of curium inter­
mediates. Expressing the irradiations in terms 
of gram atomic weights of neutrons required, we 
see the existing stockpile has already absorbed 
238 moles of neutrons and only about 7 more are 
required to turn it into about 50 grams of cali­
fornium. Further, these high-grade targets are 
backed up by about 10 kg of americium and curium 
(unseparated) from a still continuing SRP 
irradiation program. 

Over the still longer range the berkelium and 
californium will come from byproduct production 
in power reactor fuel cycles. Some years ago I 
surveyed this possibility in a paper grandiosely 

entitled Tot.s JJ" .V;'n.'-: ;>. ;' .:. :•>.:'.> .*' ".;.'-';' w ! *•:. 
It turns out 1 was much too modest in my estimates. 

IS, the AliC predicts the powe 
10*" megawatt days of 

As shown by Fig. 
reactors to generate about _ 
heat between now and the year 200U,—* and, even 
without breeder reactors, at least 0.5 gram of 
plutonium will be produced for each megawatt day. 
The total amount of plutonium produced between nou 
and the year 2000 is thus predicted to be 5(ino 
metric tons or more. It is assumed that eventu­
ally all of this plutonium will serve as rcactur 
fuel, much of it by burnup in the same fuel ele­
ment in which it is formed, the rest by chemical 
recovery and recycle into other reactors. Ibw-
ever, as we saw earlier in I-ig- ~, about "% of 
this plutonium will in the process transmut to 
americiura and curium. Again part of this trans-
plutonium residue will be burned as it is pro­
duced and part recovered, and again it is assumed 
that, in order to avoid possible escape of this 
very long lived activity into the biosphere, it 
will be necessary to recycle the recovered 
material for neutron burnup. Thus power reactor 
operation between nov: and the year 2000 carries an 
eventual commitment to burn up some 360 metric 
tons of americium and curium. From Fig. 7, we 
find this process will produce 5 tons—not 
pounds—of berkelium and californium. While it 
is unlikely that more than a tiny fraction of 
this production can or should be recovered—after 
all the basic purpose of tiie program is to burn 
out the actinides— its existence means that" 
berkelium and californium deliveries can be set 
entirely by demand and not capacity restrictions. 
These demands, particularly for -5-uf, will be 
discussed in the next talk'. 
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Introduction ol Frank Baranoivski 
Dr. Seaborg 

I want to remind you that the reason these 
large amounts of americium and curium and cal i -
fomiun and so forth have been produced during the 
*60's, and which have been so useful in our 
research program and probably will continue to be 
useful, i s because one of the isotopes, c a l i ­
fornium- 252, has pract ical applicat ions. The 
production of these research quant i t ies is sort 
of a spin-off of t ha t . Mow we're going to hear 
from the man from the AEC in Washington who has 
been responsible at that end for th i s large 
production program. Frank Baranowski and I sort 
of worked hand-in-glove during my ten years in 
Washington. I t d idn ' t do the program any harm 
that the Chairman of the Atomic Energy Commission 
was interested in transuranium elements during 
the time t h i s buildup occurred. Frank, as I 've 
indicated, has been with the Headquarters s taff 
of the Atomic Energy Commission and he served as 
Director of the Division of Production essent ia l ly 
a l l of the time I was in Washington, so we 
worked together in th i s program. Frank left 

Washington ;i J:iy or so ago when his emplover was 
the Atomic lincrgy Commission and he's going to 
return when his s;une employer is the lincrgv 
Research and Development Administration, 1'.RIIA. 
The AiiC went out of business vesterdnv ;ind liRIU 
came into business yesterday and this is the first 
working day. Frank received a h.S. in chemical 
engineering form New York University and an 
M.S. degree from the University of Tennessee. 
He has been associated with the nuclear program 
essent ia l ly from the beginning, lie was assigned 
to the Manhattan lingineer District in dak Ridge 
in 1945, and after the War he joined the operation 
in Oak Ridge, came to Washington in 1951 where he 
has served in the Division of Production in various 
capaci t ies , worked his way up the line finally 
unti l he became Associate Director and then, since 
about 1961, the Director of the Division of 
Production. We are very fortunate to have him 
here todav to give us a status report on c a l i ­
fornium- 2 52. Frank. . , . 

Status Report on 2 5 2 C f 
F.P. Baranowski 

I t i s a pleasuie for me to be here today among 
so many of the pioneers in the field of transuran­
ium isotopes. 

I have the honor of reading the following 
statement on behalf of Dr. Robert C. Seamans, the 
Administrator of the Energy Research and Develop­
ment Administration, which is going into operation 
today: 

"Congratulations on the 25th birthday 
of berkeliun and californium! I am 
par t icu lar ly pleased that current appli­
cations for californium-252 range from 
cancer radiotherapy to many nuclear and 
nonnuclear industr ial uses. Seeing the 
progress which has been made up to 
th i s time should be of immense pride 
to those who gave b i r th to th i s element 
some 25 years ago. 

"The valuable national sc ien t i f ic 
resources represented by our laboratories 
and univers i t ies are being called upon 
again t o a s s i s t t h i s country, but now 
in the broader mission of ERDA. I hope 
to meet with representatives of the 
laboratories on a periodic basis to 
discuss ERDA programs including the 
necessary basic research work to solve 
our energy problems. 

"Once again, congratulations and 
my best wishes for continued success." 

I can ' t help but reflect upon the coincidence 
of th i s meeting recognizing the anniversary of the 
discovery of new elements with the beginning of 
a new energy emphasis within the united States 
and the formation of a new Energy Research and 
Development Administration. Atomic Energy ushered 

into the world a new primary energy source in 
which many here have made a last ing contribution. 
This new source of energy has brought with i t new 
avenues of research which have led to discoveries 
which are of significant benefit to a l l of mankind. 

In looking back to 25 years ago, I recall that 
I was in the midst of a major expansion of 
enrichment and plutonium production for the defense 
effor t . Even at a time of great s t ress on weapons 
there was a nucleus of sc ien t i s t s engaged in and 
promoting a strong basic research program. We 
in the production system are grateful to the 
foresight of these early researchers. If they 
had not prevailed, what would we be doing with the 
time we now spend in explaining and just i fying to 
OMB, Congress and others , the reasons why we 
should keep on searching for new benefits of -$-Cf. 
The job of se l l ing has been not too d i f f i cu l t ; 
most of AEC work is behind us. We are le t t ing 
the isotope se l l i t se l f , the potential continues 
to be impressive. I might add that the two Chair­
men that have succeeded Dr. Seaborg at the AEC 
have continued to support the 252cf program 
in i t i a t ed under the stewardship of Dr. Seaborg. 

My f i r s t exposure to transplutonium elements 
was in the explanation of a National Transpluto-
nium Program by Dr. Abe Friedman, then with the 
Division of Research. I was impressed since I 
expected a National Program to be big. After 
being briefed, I wondered why so much effort 
on inserting 18 assemblies containing 12 kg 
of plutonium in a Savannah River reactor; 
and i r radiat ing them for years. What patient 
people! Of course I was only the Branch Chief 
of the Division of Production's Chemical Repro­
cessing Branch at the time the progra'' was approved 
by the Commission and my effort was concentrated 
on processing ton quantit ies for weapons and 
la ter nuclear power. On a percentage basis the 



transplutonium expansion was greater, however. 
1 would wager a bet that it was much easier to 
obtain approval of an ent i re reactor on -S-cf in 
the la ter 196Q's than the dedication of an ejtirenclv 
small fraction of capacity in the late 50's and 
early 60's to the production of transplutonium's 
isotopes. \eed J explain to those here why1? 

The production of -^-Cf at the production s i tes 
was bu i l t on the base of a program ini t ia ted by 
the Division of Research with AEC laboratories 
leading to the construction of the IIF1R/TRU 
fac i l i t i es at Oak Ridge. I might also add thai 
it was the Space Program's need for curium-J44 
that real ly provided a major s tar t to larger pro­
duction of transuranium isotopes. Curium-244 was 
one of the heat source isotopes to have a large 
scale production ef for t . As a result of th is 
effort the supply of californium was increased 
and attention was focused on possible applications 
for 2S2cf. 

The technical .idvances made by du Pont in the 
high flux operation of heavy water reactors at 
Savanna)) River here a key facior in the accelerated 
effort for developing a new, market-oriented 
-^-Cf program. The stockpile of intermediates 
from the curium product ion campaign, a high grade 
of feed for production of -->-Cf, was one of the 
encouraging factor? that led du Pont, the Savannah 
Kiver Operations office, and the Division of Pro­
duction to strongly recommend that a greatly 
expanded program for developing uses for --*-Cf t : 
undertaken hy AfiC. 

The list of possible applications for neutron 
sources is impressive and has always best been 
represented by Jack Crandall 's 252cf Tree (Fig. 1). 
The oroblem of determining which branches of the 
tree to explcre with such a limited supply of 
-5-Cf and, 1 might add, money, called for a dif­
ferent approach from previous isotope application 
development programs, Ke were fortunate because 
applications studies at AEC labs had already been 

2 8 2 C f USE TREE 

ACTMK ntONCTIOM t 

Fig. 1. 



initiated with ORNL/TPC 2 5 2 C f and had shed some 
light on potential applications (Fig. 2). 

Perhaps the most significant potential appli­
cation, cancer radiotherapy, was being studied 
under funding by Biology and Medicine by 
Dr. Harold Atkins at Brookhaven; Argonne National 
Laboratory was performing studies on neutron 
radiography with 252cf performed by Drs. Barton 
and Burger; Los .Alamos Scientific Laboratory was 
doing safeguards studies under Dr. Bob Keepin; 
and Savannah River Laboratory was working with 
the U.S. Geological Survey on mineral exploration 
studies. As you can see, the undertaking of a 
"-cf market program, as for other new endeavors, 
was being built upon the contributions of others 
going back many years, all of whom were dedicated 
and extremely competent. 

To determine industry's interest and the true 
market potential for 25 2Cf, however, we needed to 
get industry involved with performing development 
and evaluation work. The main question was: 

How should we bring together a sufficient 
number of the appropri;te investigators 
and the limited supply of californium for 
the best coverage of the total potential 
market and with their own funds? 

The answer which we proposed was to embark on 
a unique loan program whereby AEC provided encap­
sulated.. "2cf sources to selected industrial, . 
educational, and nedical participants who funded 
and performed applications studies and evaluations 
with 2 5 2 C f . I might add we had no indication if 
there would be any favorable responses to our offer. 

The Division of Production was given responsi­
bility for the program. Selection of participants 
in the loan program was performed with assistance 
of many AEC divisions such as Research, Isotopes 
Development, Biology and Medicine, Nuclear Educa­
tion and Training, Reactor Development, and Raw 
Materials. The program was administered by 
Savannah River Operations Office and SRL-du Pont 
staff. This approach proved to be an efficient 
means in the early stages of the program of 
utilizing limited quantities of 2 5 2 C f . 

The 2J>2Cf loan program was announced by 
Dr. Seaborg at a " 2 C f Symposium in New York on 
October 22, 1968. As shown in Figs. 3-6,over the 
course of the loan program 32 industrial loans 
and 14 medical loans were made. At the height of 
this loan program in 1971 and 1972 it is estimated 

that private institutions were contributing 
approximately SS-S10 million annually in terms of 
funds and facilities for ~^Cf evaluation work 
as compared to AEC annual investment for encapsu­
lated - 5 2Cf of approximately $2 million. \onc of 
the AEC funding was spent on industrial applica­
tions studies. Industry paid its own way. This 
level of funding exceeded the total annual budget 
of the AEC on isotope application development. 

Quarterly reports on the studies were provided 
to the AEC for publication in - 5-Cf Progress 
Reports designed to spread new information on 
25-Cf applications as quickly as possible. By 
loaning sources the AEC could recycle used sources. 
Medical sources, decayed to such levels that they 
were no longer suitable for applications studies, 
were made available to universities and the IAEA 
to familiarize other potential market customers 
with the unique properties of 2 5 2 C f . Over 50 
U.S. universities are currently using these sources 
and we have a large supply still to give away. 

Concurrent with the loan program, a high flax 
reactor campaign was initiated at Savannah River 
to increase the limited supply of -5-cf. This 
campaign eventually produced 2.4 grams of -52ct". 
The increased availability of -^-Cf made it 
possible to offer 2 5 2 C f for sale at S10/ug. This 
should come to about $4.5 billion per pound. This 
price reflects the neutron allocation cost attrib­
uted to the production of 2 5 2 C f . The AEC sold 
the material in an unencapsulated oxide form with 
industry providing encapsulation services. To 
assist industry the AEC has developed and offers 
for sale unencapsulated 2^ 2Cf in q solid, palladium 
cermet wire form in a variety of ^ 5-Cf concentra­
tions. To date, approximately 60 mg of -^Cf 
have been sold. 

In order to briqg non-nuclear and small com­
panies into the 2^-Cf program, the AEC established 
in 1972 2 5 2 C f Demonstration Centers in Baton 
Rouge at 1.SU and in San Diego at facilities oper­
ated by Intelcom Rad Tech, Inc. Each Center was 
provided with 100 mg of encapsulated 2^-Cf sources 
in return for providing facilities and equipment 
free of charge to Center users. Center users 
can either take the sources from the Center or 
utijize Center facilities. Assistance from the 
Center operator is available at approved rates. 
We have been very pleased with the success of 
these Centers. 

The Demonstration Centers have bei 
cessful at promoting interest in 2"i 

very suc-
Cf with 54 
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contracts at San Di *go and 17 at LSU- Many 
industrial applications were initiated and devel­
oped at the Centers. 

But first, before I pet to industrial appli­
cations, I'd like to report on current develop­
ments in the cancer radiotherapy studies with 
-5-Cf. Last week in Denver, the -^Cf Radiation 
Therapy Oncology Croup of the National Cancer 
Institute met to discuss a protocol fo»- proceeding, 
after five years of studies on patients for whom 
conventional radiotherapy treatment had proved 
ineffective, to clinical, curative tests on 
cancerous tumors with -5-Cf. This protocol is 
expected to become operative in the near future. 
Five domestic hospitals are expected to begin 
clinical trials during CY 1975 and another three 
foreign hospitals should begin clinical trials 
during the next two years. I'd like to stress 
that in order to assure a prompt, yet safe and 
ethical evaluation of -^Cf's radiotherapy 
application, these medical evaluations have been 
coordinated by subgroups of the National Cancer 
Institute and, from their inception, administered 
by the AEC's Division of Biology and Medicine. 
Obviously, we are very pleased that the initial 
phase of the radiotherapy program has been success­
ful. Ke are told, however, that it could take 
another 3 to 5 years of clinical tests for, some 
tumors before the final î erdict is in on - 5-Cf s 
medical potential. If successful, this application 
alone, with its tremendous potential in terms of 
benefits to mankind, would make all our combined 
efforts on 25-Cf worthwhile. 

Unlike the medical application, 2 5 2 C f is already 
in use in industry with significant, additional 
252cf systems under development. The nuclear 
industry, quite naturally, was the first to uti­
lize 2 S 2 C f on a routine basis with 252cf currently 
being used as a reactor startup source, in 
safeguards for nuclear materials assay systems, 
in uranium exploration, and in the fuel industry 
in fuel rod quality control analyzers. In 
addition, organizations which had previously used 
nuclear technology were also early users of 
californium. For instance, Kodak has purchased 
a subcritical multiplier developed by Rad Tech 
for the analysis of fluorine in plastics. The 
unit has a multiplication factor of 25 and oper­
ates at a k^ff of 0.99. Licensing of the unit is 
currently in the final stages and the unit can 
be operated by unlicensed technicians. 

At the present time we are witnessing the 
introduction of californium systems into areas 
not previously utilizing nuclear techniques. To 
broaden the benefits, this is the market we are 
interested in penetrating. I would like to briefly 
describe two of the most interesting of these 
systems. 

The first system is one we have particularly 
high hopes for because of its significant benefits 
in combating terrorism. It is a high speed "2cf 
letter bomb detector. This instrument uses a 
complex interrogation system which includes a 
californium-252 source. Mail is handled at the 
rate of 10 pieces per second with an interro­
gation time of approximately 40 milliseconds. It 
is conceived that these letter bomb detectors will 

operate as stand-alone instruments in private and 
government offices that are threatened with letter 
hoinhs, and also from the leading edge of a fully 
automated mail sorting and handling system of the 
future. The operation of the completed system 
was demonstrated in San Dieqo on January 9, 1975, 
and the system is currently installed and operating 
in a government installation. 

The second system involves the use of -^-Cf 
neutron radiography for aircraft maintenance 
inspection. Until now, the only reliable tech­
nique to detect aircraft corrosion has been visual 
inspection after partial or complete disassembly, 
particularly when the corrosion is at the inter­
face of two structural members. During the past 
few years, however, the feasibility of using 
portable neutron radiography systems for the 
inspection of Qight line aircraft in maintenance 
environments has been demonstrated. Such 
evaluations have clearly demonstrated to the 
militanp and commercial aircraft operators the 
cost and manhour savings resulting from neutron 
radiography. As an example, neutron radiography 
can perform the inspection of certain critical 
areas in the wing tank of a commercial aircraft in 
20 hours compared to the 225 hours (W days) it 
takes at the present time. The loss of revenue 
from grounding a large jet liner for 10 deys is 
significant. 

A program has just been completed in which a 
technique for the detection of adhesive defects 
in helicopter rotor blades has b e m demonstrated. 
This can save the government considerable amounts 
of money. There are rotor blades from one specific 
type of helicopter valued at $20 million in 
storage at this time because there is no satis­
factory technique to assess the quality of the 
blades at this time. 

In addition to these two systems, another 
system for the detection of narcotics in sealed 
metal containers is currently being developed. 
The system could be particularly useful in the 
screening of automobiles. Initial tests have been 
very successful^and this is another important 
application of - 5 2Cf which may be implemented in 
the future. The instrument was able to locate a 
number of different narcotics hidden in an auto­
mobile. 

The increased value of equipment and immeasur­
able potential value of lives represented by the 
above systems are an indication of the important 
contribution californium is expected to play 
towards greater public safety in the future. 

1 think it is important that the discovery of 
californium here 25 years ago has made the jump 
from a pure research isotope to a valuable tool 
in industry and, hopefully, medicine. The work 
by theoreticians and researchers here has provided 
real benefits, in addition it's also important to 
realize that according to market experts we are 
still in the early stages of marketing "2rjft |;e 

can expect to see continued applications devel­
opment and industrial acceptance in future years 
as the demand for new and sophisticated systems 
continues to grow and a broader segment of the 
industrial community assesses its benefits. 



Introduction of Joseph Peterson 
Dr. Seaborg 

As you know, i t [the afternoon program] wil l 
be devoted ent i re ly to the chemistry of these 
elements. Joseph R. Peterson wil l be the f i r s t 
speaker. I havs known Joe Peterson for 32 years. 
I think you real ize the significance of that 
remark—Joe is 52 years old. The f i r s t time i met 
Joe was in Chicago when his family moved there 
early in 1943. His father, Merlin Peterson, who 
had jus t joined the Metallurgical Laboratory, was 
a friend of mine who did h i i graduate work here 
at Berkeley in chemistry ;.t about the same time 
as I did, give or take a year or two--maybe he 
was a year or two before me. Here was Joe, about 
this high--or maybe that high--in a playpen, and 
according to Mrs. Seaborg, one of the cutest l i t t l e 
fellows that you'd ever want to see—i would 
say he hasn ' t changed a b i t . In the meantime, 

somehow Joe has become Associate Professor of 
Chemistry at the University of Tennessee in 
Knoxville, with connections to the Oak Ridge 
National Laboratory. He received his A.B. degree 
in chemistry from Swarthmore College in 1964 and 
his Ph.D. in chemistry here at the University of 
California, working in the Radiation Laboratory 
with Burris Cunningham, in 1967, more or less 
30 years after h is father received his Ph.D. 
degree here. He joined the faculty of the Univer­
s i ty of Tennessee immediately after receiving his 
Ph.P. and has been working on the systematic 
and basic chemistry of transuranium elements, 
and par t icular ly one of the elements relevant to 
us today, berkelium, during much of that time. 
I t ' s appropriate that his discussion today should 
be on the "Synthesis and Properties of Berkelium 
Metal and Compounds." J o e . . . . 

Synthesis and Properties of /~\ 
BerKeli^Meta, ^Compounds ( ^ ^ ^ _ tf gQ J ^ 

In harmony with th i s morning's reminiscences, 
I would l ike to share with you a personal 
anniversary commemoration. As part of my Ph.D. 
qualifying examination on December 13, 1965, I 
successfully defended a proposal for my disser ta­
tion work on the preparation and properties of 
berkelium (Bk) and some of i t s compounds. One 
year l a t e r I celebrated that occasion by writing 
a poem and presenting i t t o my research d i rec tor , 
the late Professor Burris B. Cunningham. Attuned 
to the slang expression of that time, i t was 
ent i t led "Reflections of a Graduate Student or 
Would You Believe - A Year Ago." 

A year ago, a year to the day, 
I stood before five profs who heard me say, 
"To determine the properties of BK I wi l l 
study i t s absorption spectroscopy and s t i l l 
the x-ray crystallography of several compounds 
wil l t e l l us in solid s t a t e how i t a-bounds." 

Since then I have, as I promised that day, 
made very great s t r ides along the way; 
the absorption spectrum i s now known t o us , 
and over five compounds I 've made such a fuss 
that there i s x-ray data coming out of my ears, 
but I 've hopes of publishing in less than two 

years 
since that day, one long year ago, 
which gave such a boost to my ego, 
and brought me from a posi t ion, 

s t r i c t l y second-rate 
to a struggling, persevering Ph.D. candidate! 

Thus, a systematic study of the chemistry of 
berkelium was launched and is s t i l l afloat today. 
The last part of that proposal dealt with the 
poss ib i l i ty of preparing berkelium metal on the 
submicrogram sca le , in accord with the limited 
avai labi l i ty of 249Bk. Fortunately, I completed 
my degree without having to tackle that d i f f icul t 
problem. There was at that time some reluctance 
to turn over the world's supply of 2 4 9 B k (^30 ug) 
to a graduate student for such high-risk, pos­
sible- loss experimentation. 

I t was in August 1968 that the f i r s t attempts 
to prepare Bk in the elemental s t a t e were made in 
Cunningham's laboratory on the f i r s t floor of th is 
building. I had returned from Tennessee to par­
t i c ipa te in some collaborative experiments on 
einsteinium (Es)„ and while here , about 140 ug 
of 249I& were received. After some discussion 
Cunningham agreed to l e t h is Ph.D. student Dennis 
Fujita and me use about 1/3 of th i s material for 
our metal-making work. Prior to our receiving his 
approval, however, we demonstrated that we had a* 
hand suitable microtechniques by the successful 
preparation of terbium (Tb) metal (the lanthanide 
analog of berkelium) on the %fj pg scale . Our 
microtechniques were not real ly new, but repre­
sented a significant scaling down of the tech­
niques used qui te successfully in the Cunningham 
group for the preparation of lanact metals on the 
milligram and submilligram scale in 
combination with the so-called "single ion-exchange 
resin bead technique" developed by Cunningham and 
Kallmann. 

Metallic berkelium was to be produced by the 
thermal reduction of BkF3 by barium (Ba) metal 
vapor. Individual ion-exchange resin beads, 
chosen to contain about 10 ug of berkelium, were 
loaded with Bk^* and calcined in a i r to form Bk02, 
which was then treated with an HF/H2 gas mixture 
at ^600°C to yield spherical BkF* samples. Each 
BkF3 sample was suspended above the reductant 
metal in a tantalum (Ta) crucible by containment 
in a sp i ra l made from 1 mil diameter tungsten 
(W) wire. 

Three attempts were made that August (one each 
on the 18th, 19th, and 20th) with a lower tem­
perature of reduction being used in each succes­
sive attempt, since the experimental resul t s 
indicated that berkeliur. metal was being lost 
through vo la t i l i za t ion . Capitalizing on the 
valuable experience I gained in these i n i t i a l 
attempts at Berkeley, my f i r s t Ph.D. student at 
the University of Tennessee (UT), James Fahey, 
along with the late Russell Eaybarz of the Oak 



Ridge National Laboratory (ORNL), and I success­
fully prepared the f i r s t bulk sample of berkelium 
metal on New Year's Eve day 1968. Our experi­
mental procedure was almost identical to that 
we had employed at Berkeley with the notable 
exception of using lithium (Li) metal as the 
reductant to allow for s t i l l lower tenperatures 
of t r i f luo r ide reduction. In Fig. 1 is seen the 
crucible system: the rather massive tantalum 
crucible and top; encapsulated lithium metal; and 
tantaluM fo i l "chair" to support the tungsten wire 
sp i ra l which contained the BkFj sample. The 
procedure was to drop the tube containing the 
lithium into the crucible bottom, load the spi ra l 
with a BkF3 sample (as shown in the photomicro­
graph, Fig. 2), then place the "chair" in the 
crucible , put the top on, and assemble the reduc­
t ion system in the vacuum line as indicated 
schematically in the next s l ide (Fig. 3) . Follow­
ing evacuation the reduction was carried out in 
accord with a predetermined heating cycle. 

The lack of inert-atmosphere gloved-box faci l ­
i t i e s at the time meant that following cooling 
of the system we had to open the vacuum line 
and immediately submerge the crucible in dry 
heptane or dodecane to prevent oxidation of the 
product metal by a i r . The berkelium metal was 
recovered from the wire spiral often ay just 
pulling the spiral out s t r a igh t , while s t i l l 
under the organic solvent. A photomicrograph of 
the f i r s t berkelium metal sample i s shown in 
Fig. 4. This sample, which weighed ^1.7 ug 
and exhibited a face-centered cubic (fee) s t ruc­
tu re , was la ter shipped to this laboratory (LBL) 
for the f i r s t magnetic suscept ibi l i ty measure­
ments of berkelium metal, carried out by Dennis 
Fujita in Cunningham's laboratory. I'm sure 
Dr. Norman Edelstein wi l l comment further on t h i s 
work during his remarks la ter th is afternoon. 

During the course of these early studies of 
elemental berkelium we noted that a considerable 
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Berkelium Metal Reduction Crucible and Metal Spiral. 

Fig. 1. Crucible system used for production of first samples of Bk metal. 



Fig, 2. Photomicrograph of BkF3 sample in spiral. 

fraction of the berkelium was lost, probably 
through volatilization of the metal, as well as 
essentially all of the daughter californium (Cf). 
The yields of berkelium metal varied between about 
202. and 60S depending upon the time and tempera­
ture of the reduction cycle. In Fig. 5 are listed 
some of the other results obtained during our 
studies of some twenty separate samples of berke-
liuro metal. Two crystallographic modifications 
were observed, a low-temperature, double hexagonal 
closest packed (dhep) form and a high-temperature, 
face-centered cubic [fee) form. The average 
lattice parameters are given here, along with the 
calculated densities and metallic radii. The 
result of a crude melting point determination was 
found to be consistent with the conditions used 
in the preparation of berkeliun, metal. Finally 
we note the volatility of berkelium metal 
relative to that of its nearest neighbors in the 
actinide series. In addition, Jim Fahey investi­

gated briefly berkelium hydride and the possible 
existence of BkO. 

In early 1B72 I was awarded a North Atlantic 
Treaty Organization Research Grant in collab­
oration with Professor J. Fuger of the University 
of Liege (Belgian) in support of a proposal to 
measure the heat of solution of berkelium meta. . 
which leads to a determination of the heat of 
formation of the Bk 3* aquo ion. This proposal 
was in hamony with the greater amounts of ^^"B < 
becoming available and my continuing interest i i 
the further elucidation of the important physic al­
chemical properties of berkelium. The plan was 
to prepare metal sanples between about 300-500 ig 
in^size at ORNL and to ship them rapidly to 
Liege where Fuger has in operation a solution 
iricrocalorimeter suited to making these measure 
ments. 



Berkeliun Metal Reduction System . 

Fig. 3. Schema' Lc diagram of reduction system. 

I t was obviou--. from our ea r l i e r work that a 
new preparative technique was necessary to 
minimize loss of berkelium metal through i t s 
r e la t ive ly high / o l a t i l i t y at the temperatures 
necessary for i* production via t r i f luor ide 
reduction. Jam Stevenson, a university of 
Tennessee gradu e stixlent, and I explored a num­
ber of possibili ies for new preparative tech 
niques with a pr t i cu la r emphasis on a system 
capable of a t ta ining thermal equilibrium rapidly. 
We se t t l ed on the low tota l heat capacity system 
shown schematically in Fig. 6. To minimize the 
mass of the system, and thus allow for rapid 
attainment of thermal equilibrium, we used a 
small tantalum crucible, 1 cm in overall height 
and 4 nm in outside diameter with a wall thickness 
of 'ZQA mm, and a resistance-heated coi l of 15 mil 
diameter tantalum wire coated thinly with a high-
temperature ceramic glue. The tungsten rods are 
for support and e lec t r i ca l connections. The 
50/50 standard taper j o in t , about two inches in 
diameter, can be used to set the scale. The 
t r i f luor idc samples were suspended in a tungsten 

wire spiral hunt; from the crucible top which was 
supplied with an effusion hole for the escape o\~ 
excess Li metal vapor. Shown here is the setup 
for bead scale work used by Jim Stevenson in his 
Ph.D. disser ta t ion work on --^Gn metal. Handling 
of the a i r -sens i t ive reductant and product metals 
was made easier by placing the ent i re reduction 
apparatus inside an inert atmosphere- enclusure. 

Single ion-exchange resin bead techniques were 
not applicable to our intended berkelium work on 
the \/2 mg *"alc, so we resorted to wet chemistry 
methods for rhc preparation of the 8kl':5, as out­
lined in Fig. 7. Dr. R. G. Ilaire of CRNL was 
largely responsible for this part of the project , 
a, well as for the purification of the '̂'-'Bk 
solutions. The BkI-3 was precipitated from aqueous 
soiution with I IP in individual M/2 mi*, batches, 
centrifuged into the bottom of a hand-made Kl-I.-F 
form, and dried in a i r . Then the solid BkFj 
chunks were t ransferret to platinum (Ft] boats 
and treated with anhydrous HF gas at 600°C to 
ensure removal of oxygen from the samples. These 
HF-dried samples were individually reduced to 
metal by Li in accord with equation (3) in the 
crucible system I've described (Fig " j . 

Now, in a short series of sl ides [Figs. S-I3), 
I want to share with you the t h r i l l of producing 
a sample of elemental berkelium. (Fig. 8) UPre 
are the chinks of BkFj in a Pt boat (mm scale m 
background). (Fig. 9) Inside the inert atmos­
phere enclosure they are placed in the Pt "V'-scoop" 
and then loaded into the 2 mil diameter tungsten 
wire spiral suspended from the 4 mm diameter 
tantalum crucible top. Now toss some lithium 
metal into the bottom of the crucible and put 
on the crucible top. (Fig. 10) Give a sigh cf 
r e l i e f that i t ' s a l l together and ready to go. 
(Fig. 11) Now put on the vacuum envelope and 
evacuate. (Fig. 12) Turn on the power; the 
system wil l be up to temperature in about 21) sec, 
and you can see the excess lithium metal condensing 
on the walls of the IVrex envelope. Lower the 
power for annealing of the metal sample, then 
turn off the power. Hither cool the sample in 
vacuum or admit helium to quench i t . Remove the 
envelope, open the crucible system, and (Fig. 15) 
admire the nice bunk of berkelium metal adhering 
t o , but not surrounding, the tungsten wire. Re­
cover the sample by straightening the spiral and 
encapsulate i t in quarti for shipment to Liege. 

In a l l ten samples were- taken to l.icge, five 
in June 1973 and five in March 1974. A summary 
of the heat of solution results obtained in the 
June 1973 campaign is shown in the next sl ide 
(Fip. 14). Our final number, after the two 
campaigns, is about -13H kcal/molc, or as we arc 
reporting i t , -576 +. -S kJ/molc. 

Let me now spend a few minutes summarizing the 
s i tuat ion with regard to the compounds of element 
97. I'm limiting my coverage to those berkelium 
compounds which have been studied by x-ray 
diffraction methods. The f irst of these was 
Bk02, prepared by Cunningham and Kallmann in 
\'o"ember 1962 via the single bead technique using 
only 4 ng 2 49|Jk. Based on four lines observed 
in the x-ray powder diffraction pat tern, they 
confirmed the expected fee structure and reported 
a l a t t i c e parameter of 5..i3f!)A. 



Fig. 4. Photomicrograph of f i r s t bulk sample of Bk metal. 

The next sl ide U :ip. IS") summarizes the prep­
aration of the five coinpounds "over which I made 
such a fuss" in my disser ta t ion work. This worA 
was a l l done on the 200 ng scale, with often the 
same Bk sample being used for the successive 
preparation of three or four different compounds. 
All five compounds were chax-acterized by thei r 
crystal s tructure and l a t t i c e parameters. Our 
discover)' of dimorphism in BkFj was a l i t t l e added 
bonus. 

In the las t s l ide (Fig- 16) I 've l i s ted the 
presently known compounds of Bk which have been 
studied via diffraction nethods. I wil l defer 
discussion concerning the nethods of preparation 

of these compounds to Dr. Larry Asprey, who wil l 
describe them for the analogous compounds of 
californium. In addition to the dioxide, the 
BkflV) s ta te has been further characterized by 
Asprey, Penneman, Keenan, Ryan, and co-workers 
at the Los Alamos Scientific L^watory (LASL) 
through the tetraf luoride T . double fluoride, 
and by Morss, Cunningham, and Fuger here at 
Berkeley through the double chloride. 

The Bk CHI) s t a t e has been studied via the 
sesquioxide (as already mentioned), the t r iha l ides 
and oxyhalides [most of them prepared by Fried, 
Cohen, Siegel and co-workers at the Argonne 
National Laboratory [ANL]),the sesquisulfide (also 



by the Areonnc croup), the trichloride hexahydratc 
[by Burns and myself at Oak Ridge), the triple 
chloride (by Morss, Cunningham, and Fuger at 
Berkeley1, the tricyclopentadienide and monochloro-
dicyclopentadienide diner (by Laubcreau and Bums 
at OR.VL",, and the nitride, hydride, and possibly 
the monoxide Cby my students Fahey and Stevenson 
working at ORNL). In addition to these twenty 
or so confounds, I know of unpublished work on 
Bk:0:SOj and Bk202S by Haire and co-workers at 
ORXL, and on 3k(0H)3 by Haire and also by K.O. 
Milligan of Baylor University. 

And so, lierkcliinn, as we think of and 
review your status today, 25 years 
after birth, 

Vie find of info mat ion on your metallic 
state and compounds, there is no 
dearth, 

And we conclude Glenn Seaborg was right, 
when he placed you in a position 
of pride, 

As the very first member of the second 
half of the series of act in ides. 

?oa"c ? 6ao°c 
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Fig. 5. Some properties of Bk metal. 
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Fig. 7. Preparative chemistry for Bk metal 
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Fig. 8. BkFs samples In Pt boat. 



-46-

c J 
* * f f e <rt*-n£$ 

' , * ? 

Fig. 9. BkF3 sample in tungsten wire spiral. 
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Fig. 10. Assembled crucible in heating coil. 



Fig. 11. Assembled reduction system. 
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Fig. 12. Reduction system during heating cycle. 



Fig. 13. Ek metal adhering to spiral. 



•p EOTH-im tmu. i! 

Fig. 14. Summary of heat of solution data 
(June 1973) for Bk metal. 
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Pig. 15. Preparation of five Bk compounds. 
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Pig. 16. Compounds of Bk. 



Introduction of Lamed Asjirey 
Dr. Seaborg 

The nt.xt speaker i s Larned B. Asprey, who is 
an Associate Group Leader in the Nuclear Chemistry 
Division at the Los Alamos Scientif ic Laboratory. 
He received his B.S. degree from Iowa State College 
as i t was then known, in Aires, Iowa, in 19-10, 
then went into the Army and joined us in February 
1944 at the Metallurgical Laboratory. That's an 
interest ing story. I don't know whether Larry 
knows th is or no t , but one Saturday afternoon 
shortly before that time I was given a stack of 
descriptive material on people in what they call 
the S.E.D.--I think I remember i t correct ly , 
Special Engineer Detai l , or something like that . 
I was told that these fellows had some technical 
background or training in chemistry and I could 
choose, I 've forgotten what number, eight or 
ten or something l ike tha t , to join our group at 
the Metallurgical Laboratory. 1 remember vividly 
going through th i s large stack and looking as I 
went along: Don Stewart, sure he looks good; 
Larry Asprey, he looks good; and so forth. I t 

was a small proportion out of the t o t a l , I assure 
you, and I don't know what c r i t e r i a I used hut 
I've become convinced that I must have used good 
c r i t e r i a ; of course, I Have no way nf coiiipari.ng 
with those 1 kept in the stack. Hut I thought 
you might be interested, if you haven't heard 
th is story before, that thus is a man's fate Jete 
milled. I mean, from then on Larry was destined 
to spend the rest of his l i fe in actinide chem­
is t ry . At the end of the Kar, he was among .he 
grnup that came back to Berkeley. He worked 
under Burris Cunningham here in the Radiation 
Laboratory and received his Ph.D. in I'.i.JD. lhen 
he went immediately to los Alamos ;uul has been 
on the staff of the Los Alamos Scientific Labor­
atory ever since He's worked on main- aspects 
of the chemistry of the actinide elements, has 
had a distinguished career, and his report today, 
symmetrically related to that of Joe Peterson's , 
is ent i t led "Synthesis and Properties of Califor­
nium Metal and Compounds." Larry 

Synthesis and Properties of 
Californium Metal and 

Compounds 
L.B. Asprey (with R.G. Haire} 

Today, I am going to talk about the synthesis 
of various compounds of californium and then very 
br ief ly a b i t about thei r s t ructure and propert ies . 
I am del iberately omitting descriptions of the 
t racer work helping establ ish the possible 
valencies of californium and of the many solution 
studies that have been carried out. I was very 
surprised to find out jus t how much work has been 
done in the 25 years since the element's discover)' 
and in the re la t ive ly few years since i t has 
been available in macro amounts. Granted that 
to many, 1 ug or so does not seem very macro but 
t o us here today, I feel macro is the correct 
term. I have t r ied to give a l l of the workers 
proper acknowledgment. If I have omitted anyone, 
i t is not a personal ac t . 

The f i r s t compounds I shall discuss will lie those 
containing tetravalent californium. The f i r s t 
real evidence for Cf(TV) was provided by the 
synthesis of the te t raf luor ide fFig. 1). A resin 
bead containing a few ug of californium was 
treated with fluorine gas by successive additions 
of very small amounts of fluorine at 4D0°C. This 
procedure resulted in the formation of a small, 
crumbly bead, yellowish in color. The bead was 
gently transferred to a capil lar) ' for X-ray 
examination which unequivocally showed i t to be 
the monoclinic CfI-4, isostructural with a l l of 
the tetravalent actinides from thorium on. 

These curves (Fig. 2) shew the relationship 
of californium to the other 5f elements. This 
computation was made by Pro*, ^achariasen recently. 
The curving near berkelium and californium may be 
due to radiation damage or to indexing of the 
complicated monoclinic powder pat tern. 
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The next and only other compound of Cf(H') to 
be made was the dioxide CfO^ (Fig. 3). High pressure 
or atomic oxygen was necessary to form the dioxide, 
reminiscent of the terbium system. As you can 
see, it is dimorphic* converting probably due to 
radiat ion, on standing for a few months. During 
the work, a number of mixed oxides H f i \ ! here 
made where x > 1.5 but ^ ',:. 

During the studies I am discussing von h i l l 
see again and again the name-, of two verv prol i f ic 
workers. IVc have lost both Prof. H. ft, Cunningham 
and Dr. II. !>. Bayhar: in the last few years anil 
I know wc miss thei r inspiration and sk i l l s .. 
very great deal. 
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The trivalent state of californium is the 
stable state with respect to oxidation or 
reduction and one finds a number of compounds 
that have been synthesized and characterized. 
The trifluoride (Fig. 4) has been prepared in the 
two forms expected by radius considerations. The 
synthesis uses the sesquioxide and HF; the 
form obtained depends upon the temperature of the 
reaction. 

An oxyfluoride (Fig. 5) was prepared acciden­
tally by the obviously impossible reaction of H^O 
on the sesquioxide. The investigators took ad­
vantage of the mishap and showed the structure 
to be of the fluorite type with a,-, = 5.561 A. 

CfCl3 was obtained by treating Cf203 (from 
ignition of a resin bead) with anhydrous HC1 
(Fig. 6) at 520°C. A slight overheating caused 
the formation of a single crystal. X rays show 
the formation of two structures, both an 
orthorhombic and a hexagonal UCI3 type structure. 

By using moist HC1, it proved possible (Fig. ~) 
to prepare the oxychloride, CfOCl. This proves 
to be tetragonal of the PbFCl type. 

Both CfBr3 and CfOBr (Fig. S) have been made by 
analogous reactions using HBr. CfBr3 has the 
BkBr3 type of structure. Later work shows that 
both the AICI5 (high temperature) and the FeCl3 
type (low temperature) are formed. Both x ray 
studies employed single crystals. CfOBr is of the 
PbFCl structural type. 

To finish off the halides of trivalent 
californium (Fig. 9) both the triiodide and the 
oxyiodide were prepared in a method analogous 
to those used fc-r the bromides and chlorides. 
Cfl3 has a hexagonal, Bil 3 structure type while 
the oxybromide has the tetragonal PbFCl form. 
The next paper will discuss its iodide systems. 

The so-called A, B and C forms of the sesqui­
oxide are known along with some information on 
transition temperatures. The high temperature 
hexagonal A form (Fig- 10) is unstable and hard 
to obtain the monoclinic B form (Fig. 11) is stable 
and easily made at 1200° or higher. It has been 
found impossible to convert the R to the C form 
(Fig. 12). However, the low temperature C form 
can be made by keeping the temperature in the 700° 
region during treatment of the oxyhalide with 
steam or 03. 

Cf^-t iDTT-IO'iHD'OIC) ' " - - * - ' - ' - CFFT (Tf i i r iSAL) 

Cf f - - t m r m M O ^ E i : , Y c * TTPE 

\ 0 3 9 t 0.001 A, c" = 4.393 t 0.013 A 

OF-j - TRIGONAL., L A F I TYPE 

A . = 6.%Z • 0.005 A, c „ = 7.101 * 0.002 A 

J. R. DETER5C% AND B- 2 CUHNIHGKAH 
„ , >*OHE. HUCL. CHEW. 3.0, 1775 (I960) 

J , R, PETERSOH AND J . H. BURNS 

J . IHOBG. 'JUCL. CHER. 3U, 2955 (1968) 

6. I. CyswiNGiiAH At© P, E H R U C H 

IE»L - 2Wi2e, P. 259 (197D) 

J . ti. STEVENSON AND J . R. PETERSON 

J . I I IORS. I U C L . CHEM. 35, 3'i31 (197: ! 

C f ^ (RESIN) + HCL(AN) - 2 2 _ J Q ^ J (6ijj= . s t m s C-IVSTAL) 

font* POINT = 9*5*C 

STRUCTURE: ORTHORHCTBlCi A° = 3.359 ±0.002 UXRg. (to. 8 

Cm-, u-k B" » 11.748 ?0.CG7 ^ " * 

c* - 8.561 ±0.004 

HEXAGONAL A° = 7.379 • 0.001 COORD, fto. 9 

P63/H c" - 4.090010.005 ^ - 3 ™ * 

J. L. GREEN Mo B. B. CUWIHGHW 

INORG, NUCL. OfM. LETTERS X 3<J3 (1967) 

J. H. ftsus, J. \i. PETERSCN, AND R. D. BAYBARZ 

J. INQRG. Nua. ten. 2 , 1171 (197?) 

Fig. 6. 

Fig. 4. 
CFGCL 

CF^OJ • H 20 <G> - ^ — CFOF (ACCIDEMTAL) 

STRUCTURE - FLUORITE TYPE, FM3KJ A" = 5.561 * 0.00^ A 

CFCLJ (OR CF2O3) * IICL ( M o i i i ) = CFOCL 

STRUCTURE: TETRACO'IAL, PBFTL r r r t 

A* - 3.95?. ± 0.002, c ' » 6.6K? * 0.00^ 

J . R. PETERSON AND J . H. BURNS 

J . IHQRG. NUCL. CHEM. 3 1 , 2955 il%S) 
J . C. COPEl.A'1? AND B 
J . luClftG. NUCL. LttEK 3 i , 733 (1969) 

Fig. 5. Fig. 7. 
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CFCOD, < 16(c) ar, 0*5 

SmjcnnEj ALCLJ TYPE - HIGH TEFPERATU* Pom 

prKja.lN.-c, ^ » 7.211 ft 

% -12.13 A 

c „ - 6 . 3 2 5 A 

» -111795" 

F E C L J TYPE - LOT TEMPERATURE. POP* 

RHDMSOCDRAL. ^ " 7.i>S A - ONE CRYSTAL 

. H. B w e , J . R. PETERSON WC S. N. STEVEKSW 
, I * « . (fcCL. & « . - IN PRESS. 

Cr 20j 

( A , H IGH TEMPERATURE FORM) 

CF (RESIN) + 0 2 g ^ i r t F2°3 

STRUCTURE - HEXAGONAL; A. = 3.72 T 0.01 A, r = 5.9f i 

R. D. BATBARZ 
J. INORG. NUCL. CKEM. i£, 4119 (1973) 

Fig. 10. 

Fig. 8a. 

(B, MEDIUM TEMPERATURE FORM) 

CFBS3 • ty> 1 6 - S B ; CpOBs 

STRUCTURE: TEGWOHAL, PBFCL TYPE 

« „ - 3.95A, C J J - 8 . 1 2 . 5 

S. FRIED, D. COHEN. S. SIEGEL N O B. TAMI 

IKXG. to.. CHEB. LETTERS 5. 195 U968) 

Fig. 8b. 

CF (RESIT.) * 0 2 (AI») i ^ ^ - C F 2 0 3 

STRUCTURE - MONOCLIHIC S M 2 0 3 TYPE 
A„ - 11.197 i 0.007 i. B„ - 3.G0E t 0.003 A 

• 0,005 A, • 100.23 * 0.09-

J. L. GREEN AND B. B. CUNNINGHAM 
INORG. BUCL. •:««.. LETTERS 3. 313 (J967) 

R. 9. BAYBAR; 
J. INORG. HuCL. CHEB. 3i, 1119 (1973) 

Cfl, Fig. 11. 

CF(0HI 3 • HI 5 H _ CFl 3 

STRUCTURE • HEXAGONAL, Bilj TYPE 

» 0 - 7.5S A, c 0 • 20.S A 

CFOI 

C F I 3 * HI-H20 ^ t . CFOI 

STRUCTURE - TETRAGONAL, PBFCL TYPE 

A„ • 3.97 A, c 0 • 9.11 A 

S. FRIED, 3. COHEN, S. SIEGEL AND B. TANI 
INORG. KOCL. CHEFI. UTTERS a, 195 (1968) 

(C, LOW TEMPERATURE FORM) 

CrIF (OR CFOCL) * li 0 (G) CF20J. 

CFOCL * 0 2 (G) 2 S - CF 20J 
STRUCTURE: B.C.C. A_ = 10.333 i 0.020 

.1. C. COPELAND /• m 9. 3. CUNNINGHAM 
J. INORG. HOC-. CHE* 11, 7': ;19C9) 

R. D. BAYBARE, 1. (I. HAIRE AND .1. A. FAHET 
J. INORG. Una.. CHEM. 31, 557 (1972) 

R. D. BAYBARZ 
J. INORG. fc. CHEB. 15, 1119 (1973) 

Fig. 9. 

Fig. 12-
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.A lone metal-organic compound has been prepared 
(Tig. 13) and characterized. It is orthorhombic 
with the Pban structure. 

Other trivalent californium compounds are the 
oxysulfate and the oxysulfide (Fig. 14). The 
oxysulfate arises from the low temperature ignition 
of Cf(III) on a resin bead, the sulfur coming from 
the resin. The oxysulfate reduces to the 
oxysulfide upon H? or vacuum treatment. 

Preliminary data on CfH? and CfN have been 
obtained by Haire. 

The first real solid state evidence for 
divalent californium came with the preparation 
of the dibromide containing Cf(II). Prof. 
Cunningham and co-workers had tried very hard to 
prepare CfCl? by an analogous reaction but 
could not prepare it (Fig. 15). However, with 
the bromide, the reduction with H2 does go and 
the existence of californium salts in three 
valence states is a fact. In the following paper, 
the preparation of the Cfl2 will be discussed 
and I'll say no more of it now. 

The only other available valence state of 
californium is zerovaient, the metal. A large 
effort to find the structure or structures of 
the metal has been going on for some years with 
a number of differing results. The results are 
summarized in Fig. 16. Two sets of workers used 
the more usual method of reduction of CfF3 by 
lithium while the other two sets took advantage 
of the metal's very high vapor pressure to carry 
out the reduction of the sesquioxide with lanthanum 
metal. 

At Berkeley, Cunningham and Parsons found an 
fee structural form with a Q = 5.41 A. At Los 
Alamos, initially working alone, I found the same 
on a 10 ug scale. At Oak Ridge, Baybarz and Haire 
found the same, but only when their product was 
reheated. They feel this is the monoxide. Using 
electron diffraction, they found two forms, one 

O 3 O 

C F C L 3 * BE < C 5 H S : 2 ^ ( C 5 * * 5 J 3 C F 

STRUCTURE - ORIHORHOMBIC, PSCM 

A D = 14.10 A, B 0 = 17.50 A. c 0 = 9.69 A 

P. G. LABEREAJ A-;D 1, ' ! . 3UR:IS 

IllORfa. ' ; jL( . . CribH. '.LTTER^ 3, I ' '91 H 9 7 . 1 

an fee structural iorm with a Q = 5.745 expected 
for a low valent metal, and another hexagonal 
form which is the correct sine for the highei 
valent form. 1 will discuss these results more in 
a few minutes. Haire and I ;it l.'oL then started 
with a 100 ug scale volatilisation and found two 
forms. A dhep form found has a metallic radius 
approximately equal to the 5.74 A of Baybarz and 
Haire, the low valent form. Unfortunately, Prof. 
Zachariasen has told me that it is not metal as 
the intensities are wrong and 1 don't really doubt 
the man I consider the greatest authority on 
powder patterns in the world. However, he agrees 
that the dhep form is indeed calilornium metal in 
the upper valent form. During this time Joe 
Peterson and his group had been preparing metal 
by the lithium reduction route. He tells me that 
he has found three forms—an fee type which is the 
right siz.e to be lower valent, another fee type oi 
the size to be a higher valent form, and then a 
dhep t>*pe very nearly the same as the one Haire 
and 1 made. Of course, I believe that one! The 
question is if there are indeed two valence forms 
of californium metal. As is usual in small-scale 
preparations, the question of purity arises. Prof. 
Zachariasen has pointed out that the presence of 
S, N and 0 could be very misleading. The formation 
of an fee cubic form could be attributed to the 
presence of CfS which has the proper size. The 
hexagonal form of Baybarz and Haire can be matched 
in size by a solid solution of the nitride and 
the oxynitride sulfide Since resins containing 
S were used in the puri "ation, the presence of 
small amounts is difficult to ignore. Peterson 
has, in a very convincing manner, managed to 
convert all three of his phases one to the other. 
I'm sure that time and scaling up will eventually 
yield the correct answers. 

SEABORG: I should have said that this paper 
is co-authored by R.G. Haire. I might adr" that 
I just got a letter from Dick Haire today saying 
that he would have liked to have been here but the 
shortage of travel funds at Oax Ridge pre­
vented him from doing so. 

: F 2 C 2 S D » I 

C F 2 0 2 £ 

CF(JI|)-<RESir<) + AIR l ' - ^ H - \ - C F ^ ' A , 

C F ^ S O ^ " - ~ H ; r - - - C F 2 0 2 S 

CF^OJSOJJ - 0RTH0RHDN3IC; Aq = '(.J87 t C O X A, 

b0 = 4.072 t 0.002 A, AND C Q = 13.00° •_ •j.UOb A 

T.FJOJS - TRIGONAL; AQ = 3.344 * 0.002 A, 

c 0 = 6.656 • 0.004 A 

R. 0, SfiVBARZ, T. fl F t t H Ev AND P. f. HAIRE 
J . iNOfre. NUCL. CHEM. j j j , 2023 (1974) 

Fig. 13. Fig. 14. 
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Introduction of Kenneih Hulet 
Dr. Seaborg 

The next speaker i s E. Kenneth Hulet. Ken 
Hulet is a Group I wider on Heavy Elements in the 
Nuclear and Radiochemistry Section at the Lawrence 
Livermorc Laboratory. He obtained his B.S, in 
chemistry at Stanford University in 1949 and 
came over to Berkeley and did his graduate work 
here in the Nuclear Chemistry Division of the 
Radiation Laboratory. Actually, he nominally 
received his Ph.D. under me, but again I think 
i t ' s one of those cases where I wasn't able to 
hurt him any and he worked pret ty much independ­

ently and with Stan Thompson in his Ph.D. program. 
He then joined the staff at the Livermore Labor­
atory, has been working in a wide range of areas 
s ince, much of his work in actinide chemistry. 
Most recently he played a key role in the synthesis 
and identif ication of the la tes t transuranium 
element, tho element with atomic number 106. 
His report today is on the preparation of ca l i ­
fornium di- iodide, which is a paper that i s being 
presented in collaboration with his colleagues 
at Livermore, J . F. Wild, R. W. Lougheed and 
W. N. Hayes. Ken 

Beginning with the discovery of divalent M 
in 1967,1 many chemists have displayed an excep­
tional in teres t in the lowei oxidation s ta tes of 
the act in ides . Divalency in Md apparently is not 
a property singular to th is act inide element but 
f i t s a broader pat tern of increasing s t a b i l i t y 
of the 5f-electron structure upon approaching the 
end of tEe sc t in ide se r i e s . Evidence d i rec t ly 
supporting th i s conclusion is the observation of 
s tab le ** in aqueous solution ,~ the preparation 
of CfBr 2 , 3 and the cocrvstal l izat ion of Cf,4,5 
. % 4 . 5 and Fm° dichlorides with SmCl2 from HC1-
etnanolic solutions following reduction from the 
t r iva len t s t a t e by Mg. Indirect observations 
include polarographic reductions of Cf and Rn 7» 8 

in aqueous and ace ton i t r i l e solution,9 amalgamation 
reduction studies of Cf, Es, ¥m, and Md,1" arji 
the d is t r ibut ion of Cf and Es between molten 
s a l t s and liquid Bi.*- Californium, being similar 
to Sm5* with a reduction potent ia l of ^-1 .5 V, i s 
more d i f f icu l t to reduce from the t r iva lent s t a t e 
than i s Es. This trend of ecsier reductions with 
increasing atomic number continues unt i l the 
5f_ shel l i s f i l l ed at Lr, where only the t r iva lent 
s t a t e of t h i s element i s observed. 

To determine the s t a b i l i t y and properties of 
divalent act inide compounds, we have performed 
many experiments to prepare anhydrous halides of 
divalent Cf and Es. Our studies have been con­
centrated on the reduction of t r iva len t Cf by 
the treatment of the anhydrous t r i iod ide with 
H2 at high temperatures. The iodides were 
selected from among the halides because the free-
energy change between the d i - and t r iva len t com­
pounds was expected to be the least for the 
iodides. Our f i r s t successful preparation of 
Cfl2 was reported e a r l i e r , 1 2 but in addition to 
the expected hexagonal crysta l s t ruc ture , we 
also obtained an unknown structure which was 
interpreted as belonging to nonstoichiometric 
Cf iodides. Further research and the discovery 
of a new Dyl2 crystal s t r u c t u r e 1 3 revealed that 
Cfl2 was being prepared with two structures 
(dimorphism), and thus, our ea r l i e r assignment of 
the unknown crystal s tructure to intermediate 

Preparation of Californium Di-iodide 
J.F. Wild, E.K. Huiet, 

fl.1V. Lougheed, and W.N. Hayes s-A 

U>nJF-,7g6|/a--''7' 
iodide compounds was incorrect. Today's report 
concerns the preparation and identif ication of 
the hexagonal and rhombohedral forms of Cfl?. 

We have prepared Cf l 2 by a ser ies of chemical 
reactions carried out within a 500-um-diam quarts 
capillary - . The final products were sealed within 
this capi l lary for x-ray diffraction analysis of 
their crysta l s t ruc ture . Beginning with ^20 pg 

0 f 249cf in i-25 pi of HC1, we precipitated and 
f i l tered C f ^ ^ O ^ s in the quartz capi l lary . 
After carefully washing and drying the prec ip i ta te , 
we converted the oxalate to Cf203 by heating to 
900°C in a i r . The sesquioxide was reacted at 
500°C with gaseous CCI4 to produce lime-green 
CfCl3 and then with Hl(g) to form the red-orange 
Cfl3. The Cflj was normally sublimed after i t s 
synthesis in order to purify i t from CfOI and 
unreacted CfCl3- The reduction of Cfl^ to dark-
violet Cfl2 takes place at ^S70°C m an 
atmosphere of ultra-pure hydrogen. At s l igh t ly 
higher temperatures, Cfl2 melts and begins to 
react with the S i0 2 walls of the capil lary which 
produces increasing amounts of CfOI. The v io le t 
Cfl? i s extremely reactive and i t has proven very 
d i f f i cu l t t o prepare samples that are free of CfOI 
because of the reaction with s i l i c a . 

We have identified two crysta l structures from 
x-ray diffraction pat terns . The most prevalent, 
a rhombohedral s t ruc ture , i s unusual in that i t 
has not been identified in the well known lanthanide 
diiodides^and was only recently determined for 
Dyl2 by Ba'rnighausen. Our observed and calculated 
crystal-plane spacings and l ine in tens i t ies are 
shown in Table 1. The calculated d-spacings and 
in tens i t ies are based on the CdCl2 prototype 
structure in which the angles and cel l dimensions 
were s l ight ly adjusted for the best f i t to Cf l 2 . 

Upon heating rhombohedral Cfl2 to 600°C in a 
high-temperature x-ray camera, a small amount of 
CfOI is made and a phase change occurs. The new 
phase has been identified as hexagonal Cfl? 
(Cdl2 type) which is isostructural with Tmi2 and 
Ybl2- This phase remained stable upon cooling 
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Table 1. Crystal-plane spacings (d) measured for 
the rhombohedral form of Cfl2 compared with the 
calculated d-spacings and intensities. The 
calculated values are based on the Cdt2 structure 
(Laue group -3m) with A=B=C= 7.38 A and 0-6*^36°. 
Fourteen additional lines observed at wider angles 
of 8 are not listed. 

Observed 
A and Intensities 

Calculated 
A and Intensities 

6.930 (303 6.894 (S3) 
3.874 (50) 3.880 (42) 
3.14S (100) 3.138 (100) 
2.858 (30) 2.857 (18) 
2.387 (IS) 2.366 (10) 
2.274 (80) 2.281 (37) 
2.161 (60) 2.164 (46) 
1.960 (10) 1.966 ( 5) 
1.841 (20) 1.845 (17) 
1.782 (<10) 1.782 ( 4) 
1.735 (IS) 1.724 ( 5) 
1.691 (IS) 1.698 C 3) 
1.653 (<10) 1.642 ( 3) 
1.621 (10) 1.619 ( 5) 
1.568 (<10) 1.569 ( 9) 
1.485 (10) 1.485 ( 5) 
1.433 (15) 1.434 (IS) 
1.400 (<10) 1.404 ( 3) 
1.380 (<10) 1.375 (12) 
1.330 (<10) 1.333 ( 2) 
1.312 ( <S) 1.317 M) 
1.290 (<10) 1.293 (10) 

and was found to be unchanged weeks after the 
initial transformation. In addition, the 
hexagonal form was prepared by partial reductions 
of Cfl3 followed by slow cooling of the products 
in the capillary. In Table 2 we show the crystal-
plane spacings and line intensities determined for 
such a mixture of hexagonal Cfl2 and Cflj. How­
ever, a weak 3.14 A line, indicating the presence 
of rhombohedral 01% was also observed. Indeed, 
this line, the most predominant from the rhom­
bohedral structure, has been found in all prep­
arations of CH21 in sublimed Cfl3, and in 
samples of Cfl 3 heated in vacuum to greater than 
SSCTC. Also samples of red-orange Cfl3, upon 

heating, became violet, the color of the diiodide. 
These observations imply a decomposition of Cfl3 
to Cflj which means that the triiodide is only 
narrrwly more stable than the diiodide. Of 
course, in our experiments I2 is being removed by 
pumping and an equilibrium does not exist between 
Cfl 3 and Cfl 2. 

Our conclusions from these experiments are 
that the divalent state of californium is stable 
for weeks under vacuum and can be attained by 
either hydrogen reduction or thermal decomposition 
of the trivalent iodide and that the diiodide is 
dimorphic, exhibiting both rhombohedral and 
hexagonal crystal structures. 



Table 2. X-ray diffraction data obtained from a mixture 
of hexagonal Cfl2 and Cfl3. These data are compared 
with those calculated from a Cdl? hexagonal structure 
and with lines observed in pure Cfl3 samples. Approxi­
mately 10 measured d-spacings match the calculated Ct"l2 
diffraction lines. 

Measured 
A and Intensities 

Calculated Cfl2 
A and Intensities 

Observed Cfl3 
A and Intensities 

6.921 (MS) 7.00 (49) 6.937 (<10) 
6.233 ( M) 6.210 (<10) 
5.S29 ( M) 5.529 (<10) 
3.424 ( S) 3.405 (100) 
3.318 r.'s) 3.314 (100) 
3.137 t W) 
2.558 ( S) 2.604 (60) 2.553 (6U) 
2.258 (MS) 2.250 (35) 
2.1S3 ( M) 2.178 (60) 
2.150 ( '«) 2.142 (15) 
2.081 (IV) 

2.002 (22) 
2.076 (20) 

1.S71 ( M) 1.974 (20) 
1.888 ( W) 1.878 (17) 
1.814 (VI*) 1.816 (20) 
1.736 (V1V) 

1.703 (16) 
1.736 (<10) 

1.430 IVW) 1.441 (13) 1.457 (<10) 
1.373 (VW> 1.382 (13) 
1.356 (\1V)? 1.358 (14) 1.358 (<10) 
1.302 ( »0? 1.300 ( 5) 1.303 (<10) 
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Introduction of William Carnall 
Dr. Seaborg 

The next speaker will be William T. Camall . 
lie i s a member of the Heavy Elements Group at the 
Argonne National Laboratory. He joined the 
Argonne National Laboratory in 1954. He received 
his bachelor 's degree in chemistry at Colorado 
State University in 1950 and did his Ph.D. thesis 
work at the University of Wisconsin. I have 
managed to find some connection with each of the 
speakers today. Carnall did his Ph.D. work with 
John Willard; John Willard was one of the main­
stays of our Chemistry Section at the Metallur­
gical Laboratory. He played a key role there; 
served as Associate Section Chief--actually did 
most of the work; i s one of the few people .'-o 
was working in the nuclear and radiochemisiry 
fields even before the war. Bill Carnall completed 
his Ph.D. work at the University of Wisconsin 
with John Willard in 1953. At Argonne his 
interests have been in chemistry and spectroscopy 
of the actinide elements. He's giving his paper 
jo in t ly with Sherman Fried, with whom I did have 
a connection at the Metallurgical Laboratory. 
Sherman star ted work on October 16, 1943. I 

rcmemher the day well--hou could you forget i t ' 
No, my memory i sn ' t a l l that clear hut I do 
recall that c i ther then or almost itrmcJiatelv, 
he began to work on plutonium met;il production, 
and I can remember those exciting f i rs t d.ns 
when they came up with density measurements on 
plutonium. They came out way too low. We were 
expecting that i t should be about Ifl or 19 and 
they came up with about 13. Bearing in mind the 
relationship of the c r i t i ca l mass of the device, 
as we called i t in those days, to the density, 
it was calculated that we would therefore need 
two Hanfords instead of one in order to produce 
the required amount of plutonium. That was 
pretty bad news indeed! But they came out--anJ 
Herman Robinson, who is present here today, 
helped on th i s too--thcy came out with a bet ter 
value in a few months so we could go back to one 
llanford, which is a l l real ly that we had t ine to 
build. Carnall and Fried have collaborated in 
the report todav on "Spectroscopic Properties 
of Bk^ and Cf3 + , " and the paper will 
by Bill Carnall. 

Spectroscopic Properties of B k 3 * and C f 3 + f is~\ f\ - J " ~ ^ZiC' A J f *"*} 
W. T. Carnall (vjith S. Fried) *»- - ^ ' W / ^ O / / ^ / ' 

I t was Burris Cunningham and co-workers 1 who , 
at an American Chemical Society meeting in 1958 , 
f i r s t pointed out the special significance of 
Bk 3 + and Cf3* to actinide spectroscopy. The 
limits they could place on the in tens i t ies of 
absorption bands in the solution spectra of 
Bk 3 + and Cf 3 + were consistent with the return to 
a more lanthanide-like intensi ty pattern in the 
second ha l l of the actinide se r ies . This made 
i t c lear that i t would be important in the future 
to study in de ta i l the spectroscopy of these two 
elements. The prospect of the return to a more 
lanthanide-like character becoming c lear ly 
established in Bk 3 +and Cf 3 + suggested that an 
understanding of the i r energy-level s tructures 
could provide the key to predicting the spectro­
scopic properties of a l l of the heavier t r iva len t 
act inides . The very short hal f - l ives associated 
with the heaviest members of the ser ies essent ia l ly 
preclude any extensive experimental spectroscopic 
investigation of them. 

In 1962-63 the f i r s t spectroscopic observations 
in the solid s t a t e were reported. Using 1 pg 
quant i t ies of the elements, the groups at Berkeley 
and Livermore succeeded in observing a number of 
lines in both the absorption and fluorescence 
spectra of Bk 3 + :LaCl 3 2 and C f 3 + : L a C ] 3 . 3 Three 
years la ter in 1966, Green and Cunningham^ were 
able to grow a small single crystal of "-^cfClj , 
and extend the region of observation into the near 
infrared. 

As the heavy element production program of the 
AEC began to yield milligram quant i t ies of Bk and 
Cf, we at Aigonne undertook the f i r s t extensive 

low temperature spectroscopic studies of the 
pure hal ides , BkCl3

 s and CfCl 5 . & Solid s ta te 
spectroscopy continues to be a very productive 
and exciting area for investigation. The defin­
i t i ve single crystal work with B k 3 + : U C 1 S and 
Cf 3 +:LaCl3 is only now in the active planning 
stage. The experiments will be conducted in a 
joint effort involving groups at I.BL and A\L. 
Such cooperative efforts have frequently been 
undertaken. In the context of the present subject 
Ovir i n i t i a l jo in t experiments grew out of a set 
of unique circumstances that led, in 1965-66, to 
the f i r s t measurements of the solution absorption 
spectrum of Cf 3 + using macroscopic quanti t ies 
of the element. 

F i rs t Solution Spectra with Macro Quantities of 
Bk~anTrr 

We at ANL were sending a spectrophotometer 
back to a factory in California for optical 
modifications in the fal l of 1965. The group 
at LBL had separated 167 ug of californium, 
mainly '5-Cf, a n ( j w a s q U i t e amenable to a joint 
spectroscopic experiment if some means of making 
the measurement could be found. With the indi­
cated quantity of ^-Cf, a l l operations were of" 
course res t r ic ted to a cave. Consequently, the 
"Hot Lab" group' at ANL developed a set of remote 
controls for our spectrophotometer, we designed 
some micro spectrophotometer ce l l s that could be 
loaded and handled with manipulators, and we 
arranged to ship our spectrophotometer to the 
factor)' via Berkeley. It was duly placed inside 
a cave and spectra were recorded in September 
1965. 



By the end of the war, more ^52cf had been 
separated and purified, so the now optically 
modified instrument was shipped back to ANL via 
Berkeley. Figure 1 is an example of spectra we 
recorded using 592 ug of Cf 3* in a 2 cm * 2 ran 
diameter capillary cell of approximately 2S0 ul 
volume. The coincidence in date with this 
symposium is apparent. The spectrum was recorded 
January 20, 1966 (pm). 

The type of capillar)- cell used is shown in 
Fig. 2. There are of course a number of problems 
associated with such an experiment not the least 
of which is the decomposition of the solvent by 
the intense radiation. In deference to the 
location, we noted in our published results8 that 
the samples had the bubbling characteristics of 
fine California champagne. The increasing 
background shown at >9500 A in Fig. 1 was caused 
by bubbles accumulating and finally blocking 
light from passing through the cell. The remedy 
was to carefully remove the cell from the 
spectrophotometer, shake it to dislodge the bubbles, 
replace it in the spectrophotometer and quickly 
run another segment of the spectrum. With a good 
portion of the world's supply of californium 
involved at the time, you can be certain the 
operation began with extreme caution. T wish 
we had recorded the progress of the experiments 
on film because it would certainly have been 

hilarious to compare the initial caution, with the 
increasing sense of urgency as the experiments 
progressed. With confidence gained, the cell 
was removed from the spectrophotometer, then 
within one minute vigorously shaken, rapidly 
replaced, and a new scan begun. One can judge 
the effort involved by the fact that individual 
scans never exceeded two minutes before the cell 
was again blocked. The operation would have been 
impossible without the patience and full cooper­
ation of all involved, particularly the cave crew 
and the radiation monitoring group. Figure 3 
shows the excellent agreement between the results 
reported in our 1966 publication and data taken 
more recently at ANL using milligram quantities 
of ^ c f • 

The cooperative effort with californium was 
so successful that as multimicrogram quantities 
of berkelium became available we resolved to 
again perform n joint experiment. This time it 
took place at Livermore in the summer of 1966 
using the same microcell techniques. Of course 
since 249fik was involved, no elaborate shielding 
was necessary. With 45 ug of 2^'Bk, enhancing the 
weaker bands using elaborate time-averaging tech­
niques followed by computer processing, we 
obtained the first solution spectrum of Bk 3 +, ^ 
Fig. 4. These results were also in good agreement 
with spectra recorded later at ANL using several 
milligrams of berkelium. 

Fig. 1. Fig. 2. 
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We were able to oxidize Bk3 to Bk4* in that 
f i r s t experiment, but a l l of the bands were 
superimposed on a strong u l t rav io le t absorption. 
Later at ANL we repeated th i s work with larger 
quant i t ies of berkelium and showed that even in 
the v is ib le region the Bk''+ band occurred at the 
same energy as a prominent band in Bk 3 + , Fig. 5. 
In d i lu te H2SO4 we could readily oxidize berkeliun 
to Bk 4 + , then reduce i t to Bk5* with SO2 without 
t ransferr ing the sample. This clearly delineated 
the regions of absorption as contrasted to the 
rather s ignif icant background, 1 0 
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Fig. 5. 

Theoretical Treatment of the Energy Level Structures 

For some of us, interest in actinide spectro­
scopy has centered around the development of a 
theoretical model which can be used as a basis for 
computing the entire energy level scheme for 
each actinide ion. Relationships between ionic 
structure and absorption spectra are also worthy 
of exploration. There is a wealth of information 
contained in the solution absorption spectra 
itself, but to exploit this, one needs a firm 
base upon which to build, and this requires 
crystalline samples where the spectroscopic states 
can be characterized using such experimental 
techniques as polarization and Zeeman effect. 

Theoretical inteipretation is a developing 
princess. Our first work was of course v-ith the 
ligJii actinides. Since the spectra we observe 
in the 3+ actinides are for the most part charac­
teristic of transitions within the 5 F1"-con fig­
uration, we can expect that the parameters of any 
model which describes these interactions should 
vary rather u iformly across the series. Paul 
Fields, Brian Wybourne and I made our first 
predictions of t.ie energy level structure of 
B k 3 + and Cf> in 1964, ii so it has been of partic­
ular interest to us to determine how and why these 
predictions have had to be modified as experimen­
tal data became available. 

Before briefly outlining the theory, it is 
useful to emphasize what it is that we observe 
and what we are attempting to calculate. The 
region of the absorption spectrin of Bk 3* included 
in Fig. 6 shows the resolution of several LSJ-
states into crystal-field components at the tem­
perature of liquid helium. Experimentally, the 
spectnm was obtained in transmission through a 
thin film of BkClT. We assume that the crystal-
field splitting or any J-level can be treated 
as a perturbation of the free-ion structure. Thus 
the theoretical model is primarily concerned with 
accurately reproducing the free-ion structure 
which in this case is experimentally defined by 
the centers of gravity of the components identi­
fied with each J-state. Since the transitions 
are all within the 5P-configuration, which is 
well shielded from the environment, we further 
argue that to a good approximation the energies 
of the free-ion states in BkCl 3 or CfCl? are 
not much different from those that would be 
observed in a low pressure gas of the ions. In 
fact there should be a strong correlation between 
the structure of the Cf 3 +(5f9) configuration and 
that of the configuration S f ^ s 2 in Bkl. 

The principal interactions included in the 
free-ion Hamiltonian are outlined in Fig. 7. We 
can summarize by pointing out that the energy 
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level scheme calculated based solely on the 
interactions that are primarily responsible for 
the structure of the P-configuration, Hg and HgQ> 
is in poor agreement with the experimental results. 
This is true regardless of whether one uses 
Hartree-Fock methods to calculate F^ and r,^ or a 
pncedure that treats these terms as parameters 
to be defined by a least squares fit to the experi­
mental data. The perturbing effects of config­
uration interaction must be explicitly included 
in the model in order to obtain a good correlation 
with experiment. This is done by the inclusion 
of effective operators that represent important 
classes of configuration interaction such as those 
indicated in Fig. 7.12 

A model that included the effects of the two-
body interactions, Hfji(2)» proved useful in 
correlating the experimental results obtained 
for the light actinides. Extrapolated to Cf3 +, 
it predicted that the observed free-ion structure 
would be consistent with that indicated in Fig. 8 
for values of F2 in the range 260-280 em" 1.6 
.Notice that a number of states rather isolated in 
energy were to be expected. Results such as 
those shown in Fig. 9 for the lowest energy 
J = 11/2 and 9/2 states in CfClj appeared to 
correlate quite well with the extrapolated energy 
scheme. A small adjustment in the parameters of 
the model based on the actual observed free-ion 
energies in BkCl3 and CfCl3 confirmed a developing 
regular behavior in the heavy actinides which, 
although the data were incomplete, appeared to 
account for the principal features observed in 
the absorption spectrum of the next heavier 
actinide, Es^*.!*5 

At this point there was still considerable 
room for improvement in the correlation between 
calculated and observed free-ion levels. One 
means of accomplishing this was to expand the 
theoretical model. H. M. Crosswhite, Hannah 

The total energy of a system consisting ot a point nucleus surrounded 
by N electrons can be represented by the Hamiltonian? 

H - H 0 • H £ 4 H S Q + H C | • H C ( . 

K Q (Involves the kinetic energy ol the electrons and their interaction 
with the nucleus) 

H £ (Electrostatic term) Eg • V ( S ^ Ik even) 

H S Q (Spin-orbit interaction! E.Q - A g 0 < 

H- . (Configuration interaction) 

• H C | ( 2 ) - nUL + 1) + PG(G2) + yC(R ?) 

• H

C j | 3 | (Three-particle oieratars) 

• H - _ 0 (Spin-other orbit interaction) 

• H _ g (Spin-spin interaction! 

• H-j (Electrostatically correlated spin-orbit interaction) 

H „ F (Crystal-Held interaction) 

Fig. 7. 

Crosswhite and I have recently been attempting 
to do this, and it has become increasingly appar­
ent that with the inclusion of the three-body 
effective operators in Judd's formulation, 
together with several smaller magnetic and 
electrostatic interactions,^ we now have a mode] 
that is sufficiently detailed for present purposes. 
As we have been able to determine the parameters 
of the model, it has been found that they assume 
values characteristic for the whole actinide or 
lanthanide series. 

Crystal Field Interactions 

Until the experimental work on single crystals 
of the actinides is much more complete, we can 
use the theory to predict, but we can also note 
the correlations that are apparent from data that 
have been reported. Figure 10 shows the splitting 
of the ground state in isoelectronic lanthanides 
and actinides for the ions doped into single 
crystal UCI3. The identical ordering of the 
levels in terms of the crystal-field quantum 
numbers fv>) is obvious as far as experiment has 
gone. All the heavier actinide trichlorides 
through ESCI3 exhibit the same UCl3-type structure 
that is characteristic of LaC^. It is now appar­
ent that the correlation in ground state level 
ordering carries over into the heavier members 
of both series. In our investigation of the low 
temperature spectrum of BkCl3, it became obvious 
that the absence of transitions to excited . 1 = 0 
and J = 1 states whose approximate e-trgies 
could be established from the calculation consti­
tuted good evidence for a u = 0 ground level 
consistent with the case of Tb^+iLaClj. Similarly 
in CfCl3 we could infer the existence of a 
u = 3/2 ground state consistent with that of 
Dy3+:LaCl3, All of the components of several 
excited J-states appeared to have been observed 
at 4°K. This would not be expected if values of 
u = 1/2 or 5/2 were associated with an isolated 
ground state in CfClj. 



IVorking with U^.'LaClj we recently carried out 
the first complete crystal-field calculation for 
an actinido ion, simultaneously diagona;izing the 
matrices of the expanded free-ion model with the 
crystal-field.14 The results confirm that the 
crystal-field in compounds of the 3+ act in ides can 
he treated as a perturbation, over a wide range 
of energies as long as the centers of gravity of 
the levels are accurately reproduced. With the 
cooperation of \'. Edelstein at LBL, this t>pe of 
calculation is being expanded to heavier actinides. 
In preliminary calculations, we find excellent 
correlation with experiment for Sp^>*:laC}~ and 
Pu'+:LaCl3. Within the last few weeks we have 
used the crystal-field parameters obtained in a 
preliminary' fit of data for Pu 3 +:LaC]5 together 
with an expanded free-ion parameterization for 
CfCl3 to perforin a preliminary crystal-field 
calculation for CfCl^.^ Some of the features of 
the Cf3 + spectrum that were difficult to under­
stand appear to have their origin in low-lying 
double levels in the ground state. At this point 
we can predict that Cf3+:LaCl3 should have extreme­
ly interesting magnetic properties with two 
crystal field components, p = 5/2 and 5/2 lying 
very near the zero of energy. We look forward 
with considerable anticipation to the projected 
cooperative studies of Bk^rLaC^ and Cf 3 +:LaCl 5. 

Crystal Spectra-structure Correlations 

As our experimental studies of Bk and Cf 
halides have expanded, new insights into spectra-
crystal structure relationships have become 
apparent. For example, the spectra of CfCl 5, 
CfBr 3, and Cflj at ̂ 4°K are shown in Fig. 11. 
Withm the indicated energy range we expect 
transitions to excited J = 11/2 and 9/2 states. 
The appearance of bands in CfBr3 near 7000 cm"* 
is significant. It suggests that in all prob­
ability there are also higher energy bands in 
CfClj than we have observed. The relative in­
tensity of the ̂ 6500 cm - 1 band in CfBr3, and both 
the energy and intensity of the only group observed 
for Cfl3 in this range provide the basis for 
additional interpretation of the spectra. 

Some of the crystal structure types charac­
teristic of certain actinide and lanthanide 
halides are summarized in Fig. 12. That we 
would see different splittings of the same J-levels 
(Fig. II) is expected since three different struc­
ture types are involved. However the intensity 
relationships are of particular importance. 

Intensity Relationships 

Tlie intensity associated with certain transitions 
in the 3+ actinides and lanthanides is strongly 
dependent upon the host The term hypersensi­
tivity has been used in connection with this 
phenomenon.!5 ivhat is meant may be illustrated 
by comparing the room temperature spectra of the 
same ion in two different hosts, one where the 
enhanced intensity is observed and the other where 
the "usual" intensity pattern prevails. Through­
out the spectrum, all the band intensities will 
be comparable on a molar absorptivity basis 
except for one or two transitions where in the 
host inducing hypersensitivity the corresponding 
band may show a 5-10 fold increased intensity. 



< 3rw 
N d 3 t U3+ 

2 * E 2? E 
3 451 
5 439 

3 — = 2 4 » 
S 244 3 244 

t 207 

3 . ' 2 3 
1 = ^ 1 1 5 

5 0 5 0 

m^i 
E r 3 + 

2,1 E 
F m 3 t 

2,1 E 

1 229 
1 • 181 
3 141 
5 r - ^ l l 3 
1 — 97 

3 64 
3 " 3 8 
5 0 5 0 

E is energy in cm"1 

GROUND STATE STRUCTURE 
for Trivalent Lonthanides and Actinides 

in Hexagonal ( U C I 3 Type) Lattices 

P m 3 t 

* E 
Np 3' 

fTi.) 
Ho 3 + E s 3 t 

M E * E 

3 - 212 
2 203 
1 155 
2 154 
0 118 
3+ 104 
2 = 9 0 
1 66 6 44 
1 = 'g 

3 - 212 
2 203 
1 155 
2 154 
0 118 
3+ 104 
2 = 9 0 
1 66 6 44 
1 = 'g 1 0 

n s / 2 ) 
S m 3 + 

2 , E 
P u 3 + 

^ E 

ITH„ 
Dy" 

2,, E 
Cf5' 

2/" 

f $ ( 'F 0 ) f ' (%) 
E u 3 + Am 3 + 

* E 
G d 3 t Cm 3 t 

2 * E 

0 0 0 

f 8(%) 

TV1 

Fig. 10. 

7200 6S0O 

Fig. 11. 



1.05 
1.00 

0.95 
0.90 
0.85 

TRIVALENT 
LANTHANIDE IONS 

IONIC RADII T R ( V A L E N T 

• - — ^ «^—- ACTINIDE 
> ^ ^'^Z' IONS 

TRICHLORIDES 

145 

135 

125 

115 

175 

(65 

J55 

145 

; MONOCLINIC, 
/AJCI3 TYPE 

TRIBROMIDES 
ORTHOHHOMBIC . 

PuBr3 TYPE 

RHOMBOHEDRAL 
FeCI3 TYPE * 

TRIIODIDES 

Th U Pu Cm Cf Fm No 
Ac I Pa | Np I Am I Bfc I Es I Md I Lr 
-t——i—A—P-4—<— 1 M — — M — 1 — 
La I Pr I Pm I Eu I Tb I Ho i Tm I Lu 

Ce Nd Sm Gd Dy Er Yb 

Fig. 12. 

The t rans i t ions that may exhibit hypersensitivity 
have been identified in calculations based on 
the Judd-Ofelt intensi ty t h e o r y . 3 6 ' 1 7 

for present purposes, suffice to say that the 
transi t ion to the f i r s t J = 11/2 s ta te in Cf3* i s 
predicted to exhibit hypersensitivity in an 
appropriate host whereas that to the f i r s t J = 9/2 
s ta te wil l not . Such pronounced intensity as i s 
observed in CfBr3 near 6550 o r 1 suggests that the 
crystal s tructure involved consti tutes a hyper­
sensi t ive host. The only band observed in t h i s 
range in Cfl3 i s also consistent with a hyper­
sensi t ive host . There i s therefore an indication 
that the J = 11/2 l ies generally lower than that 
of J = 9/2. 

We f i r s t noticed that the Bil3~structure can 
induce hypersensitive t rans i t ions when we were 
investigating the spectra of the Am3+ h a l i d e s . 3 8 

At that time i t was s t i l l thought that the ortho-
rhombic PuBr3-type structure extended through Ami 3. 
Comparison of intensity patterns in Pulj and A111I3 
suggested th i s was not the case. As we were com­
pleting our spectral s tudies , Asprey, Keenan, and 
Krusel" published the resul ts of an investigation 
of the x-ray powder patterns of the Am and On 
halides. They pointed out that indeed there i s 
a structural change at Ami3 with the s tabi l iza t ion 

of the b-coordinate hexagonal s t ructure , in con­
t ras t to ea r l i e r reports . The spectroscopic 
resul ts with Cf13 are consistent with the same 
s t ruc ture . The spectroscopic resul ts on BkBr^ 
show no evidence of hypersensitive t rans i t ions , 
nor do any of the other l ighter actinide t r ib ro -
mides. ,\ change i s obvious in CfBrz. Burns and 
Peterson- 0 have ascribed the monoclinic AICI3 
structure to CfBrs noting that dimorphism may 
be involved. We have now shown experimentally 
that hypersensitive t ransi t ions are also observed 
in the heavy lanthanide t r i c h l o r i d e s . - 1 

Calculation of Transition Probabi l i t ies 

The Judd-Ofelt theory has already been mentioned 
in connection with the prediction of hypersensitive 
t rans i t ions . It was derived as a basis for quan­
t i t a t i v e calculation of the in tens i t ies of bands 
observed in f-electron spectra. The e l ec t r i c 
dipole osc i l l a tor strength of an absorption band 
can be expressed as shown in Fig. 13. Juid showed 
that the parameters of the theory could be eval­
uated from the solution spectra of lanthanide ions. 
We at ANL confirmed the val id i ty of the theory, 
pei forming the required calculations and experi­
mental work for the whole lanthanide s e r i e s . 2 2 

Early attempts to extend the theor> to the actinides 
were not very successful because we had a poor 
understanding of the energy level schemes. With 
considerable progress made in energy level correla­
t ions , we have returned to the intensi ty s tudies . 
The resul ts for C£$* (aqua) shown in Fig. 14 con­
firm the val id i ty of the method. However such re­
su l t s also indicate an important area for devel­
opment in actinide spectroscopy. 

BAND INTENSITY CALCULATIONS 

Exper imenta l 

P - 4 . 3 * 10 ' / r . i o l d a 

where t j ( o f is the molar aOsorpt iv i ty at a 

g iven energy o lem 1 

Theore t i ca l 
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those d iagonal I n S and I. and q is the 

re f r ac t i ve index ol Ihe medium. 

Judd-Ole l t Theory 
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IX) 
and t he reduced mat r ix e lements ol U 
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e igenvec to rs . 

Fig. 13. 
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We are in the process of extending such cal­
culations to solid compounds of the actinides. 
The parameters, T^, are evaluated from absorption 
•easureaents, but they are constants of the system. 
Thus they can be used to predict the most intense 
transitions in fluorescence. Indeed a large field 
of laser technology is being developed around the 
Judd-Ofelt theory as an important part of a general 
•ethod for predicting and evaluating the efficiency 
of laser transitions in different hosts. Irapor-
tait contributions to this area have been made in 
lanthanide systems by groups at LLL, particularly 
W. F. Krupke, M. Weber and their co-workers. The 
work with actinides is just beginning. 

Other Valence States 
In closing, it is appropriate to point out 

that we are only beginning to study and interpret 
the spectra of valence states of actinide ions 
other than the 3+. The spectrum of B k 4 + (aquo) 

has already been noted. From Fig. IS, taken from 
Brewer's work, 2 3 it can be predicted that intense 
broad bands characteristic of f -+• d transitions 
should arise in the spectrum of Cf2 + near 20,000 
cm-1. Our experimental study of a sample of 
CfBr 3 after treatment with H2 at ̂ 600°C, Fig. 16, reveals the presence of strong bands at the 
predicted energy. 2 4 This suggests that C f 2 + will 
be a particularly good system in which to study 
the weaker f + f transitions, since a wj.de spectral 
range is available. 

In spectroscopic terms, this paper has dealt 
with the 3rd, 4th, and 5th spectra of some of the 
heavy actinides. The prospects for future inter­
esting and rewarding investigations are substan­
tial. One of the results of our detailed study 
of trivalent ion energy level schemes should be 
new insights into the interpretation of the much 
more complex atomir spectra, a subject which is 
to be discussed by my colleague John Conway in 
the next paper. 

http://wj.de
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Introduction 
Dr. 

As Bill has indicated, the next speaker is 
John Ccnway. John is the Group Leader in the 
Optical Spectroscopy Group here at the Lawrence 
Berkeley Laboratory. John is the only person in 
the Nuclear Chemistry Division here at Berkeley 
who has a 30-year service pin. This is remarkable 
because .He Nuclear Chemistry Division has only 
been in existence about 29 years. The reason 

of Johr Conway 
Seaborg 

that John accomplished this is because he worked 
in this field in another laboratory operated by 
the University of California, the Los Alamos 
Laboratory, so he gets credit for that even though 
he started here in 1947. So John has been with 
as since 1947. He received the 3.S. degree from 
the university of Pittsburgh in 1944. Today he 
will describe the "Spectroscopic Properties of 
Cf(IJ and Cf(II) and Bk(I) and Bk(II)." John.... 

Spectroscopic Properties of 
Cfftl and Cffl l) and of 

Bk(l) and BMNI 
John C. Conway 

The f i r s t observation of the spectrum of 
berkelium was reported by Gutmacher, Hulet and 
Lougheed in 1965. 1 In the case of californium 
t h i s was actual ly a couple of years e a r l i e r by 
myself, Hulet and Morrow in 1962. 2 The methods 
used were basical ly the copper spark metnod 
(as i t ' s known in the business)--an analytical 
method whereby the material i s deposited on the 
surface of the electrode and sparked. While 
you may say t he r e ' s not a great occasion for 
analyt ical needs for th i s sor t of th ing, i t did 
turn out that a few years l a t e r George Shalimoff 
here at LBL was called upon to analyze a couple 
of cave-run samples, and californium does show 
up in these samples. So the observations are of 
an analyt ical use in at leas t one case. But by 
and large , the bulk of the work on these elements 
i s done with electrodeless lamps where SO micro­
grams of material i s sealed in a quartz tube, 
1 inch * 4 ran in diameter. I t ' s usually put in 
as the iodide. 

The s ta tus of the work so far i s that the 
spectra of both berkelium and californium have 
been observed from 2,400 angstroms in the u l t ra ­
v io le t to 2.5 microns in the infrared under very 
high resolution conditions. We have cooperated, 
as Bi l l Camall has indicated, with other labora­
t o r i e s . The bulk of the work has been with Earl 
Worden at Livermore, although we have gone back 
to Argonne and used t h e i r large c i r c l e and photo­
graphed the spectra. And las t year I took seve:al 
lamps of these elements t o France and used a very 
high resolution Fourier transform at the i r 
Laboratoirt Aime" Cotton. 

The s i tuat ion for berkelium i s in the early 
stages. We have about 4,000 l ines measured and 
a complete set of p la tes from the Argonne Labora­
tory that have not even been s tar ted with. Earl 
Worden has measured the californium plates and 
we have on the order of 25,000 lines accurately 
Measured t o within 0.001-0.002 of an angstrom. 

While the work was being done in preparing the 
wave length l i s t of californium, most of the 
berkelium l ines were then analyzed. We tackled 
that problem since i t was a l i t t l e easier as there 
were fewer l ines . In Fig. 1 are some examples of 
what berkelium lines look l ike on our p la tes . 
These are typical patterns and for any of you 
who might not know, th is i s called the flag 
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Fig. 1. Four examples of berkelium lines 
exhibiting hyperfine structure. 



pattern. There are eight strong and fourteen 
weak components of it, and this par t icu lar l ine 
(3,929 A) wil l show up l a t e r . From th i s you can 
completely resolve the hyperfine s t ruc ture . While 
the plate is s t i l l wet, and as you hold i t up in 
the darkroom, you can count the number of com­
ponents and can confirm the nuclear spin. So not 
only can you decide that you have a proper expo­
sure, you can also t e l l that the nuclear spin has 
been determined. However, t h i s usually has been 
reported years in advance nf th i s sort of wort, 
because i t has come from nuclear decay models--
but th i s i s another independent determination.3 

Figure 2, the left-hand tracing, i s a densito­
meter trace of that l ine . This i s 5.48 wave 
numbers wide, or angstrom-wise t h i s converts to 
a couple angstroms wide. On a p la te taken at 
the Argonne, th i s can be spread out over almost 
an inch so that you've got the patter^ pretty well 
laid out before you. On the top of the figure are 
shown berkeli'-ii-II l ines and the i r t r ans i t ions , 
in one case from the ground s ta te to an excited 
level , and then on the other from a 1,487 level 
to the same excited level. 

Figure 3 is a tracing taken on the Fourier 
transform in Orsay, and this completely resolves 
the hyperfine structure of californium. Now 
th is i s a real effort and i t does confirm the 
9/2 spin as has been reported. To indicate how 
diff icul t i t i s , there are only two l ines that 
show structure of th i s sort in the whole observ­
able spectrum. Most of them wil l shew one or 
two and then blend off, but with a ccnpletely 
resolved pattern of th is sort i t ' s going to be 
possible, when i t >s r^ipletely analyzed, to 
know not only the spin but also the nuclear 
moment and the quadrupole moment. However, right 
now a l l we know is the wave length of th is l i ne . 
But with the effort t h a t ' s going to be put *nto 
t h i s , we wi l l know the r e s t . 

What we do knoi. in the case of berkelium is 
something l ike 63 odd levels and 38 even levels 
of berkelium-1, and these are characterized 
among a number of configurations. This i s shown 
in Fig. 4. The figure is divided into odd and 
even configurations and while there are relat ively 
few l ines , we do know quite a number of config­
urat ions. We know the ground s t a t e , which i s an 
important piece of information. I t ' s the 
5f»7s2 configuration; and the other configuration 
that people make a big deal over i s the f°ds--this 
wi l l come up a l i t t l e l a t e r . The other configura­
tions are important and we know several levels 
of them, but they are by no means complete. The 
next one which wil? pop up again i s the 5fV7s8s. 
This i s another key configuration. 

Even though we have many lines for californium, 
we haven't spent much effort on i t . In Fig. 5 I 
show a similar juot for californium, again the 
ground s t a t e , which is known to he f lOs 2 . We 
have good Zeeman effect to confirm the ground 
s t a t e . We know the f l 0 7s8s ; we also know the 
fftis* configuration. I t ' s possible to es tabl ish 
these configurations by a number of means. Usually 
you try to use isotope sh i f t , but we haven't been 

Fig. 2. Densitometer tracing of two c lass i f ied 
Bkll l i nes , 3711 and 3929 L 

4901.50 4902.00 4902.50 4903.00 
cm 

Fig. 3. Fourier transform tracing of a Cf 
line at 4902.21S cm" 1. 

able to do isotopic work on californium. By 
grouping levels having the same width of hyperfine 
structure, you can identify the configuration. 

On the next two figures are plotted the low 
berkelium levels. I'll try to present it in two 
different ways. In Fig. 6 the round dots are the 
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Fig. 4. Plot of the odd and even par i ty 
configurations of Bkl. The lowest 
energy is the lowest level of a 
given configuration. 

berkelium-I l eve l s , and in the tierkelium-II 
spectrum you are merely taking off one of the 
s-electrons and you have remaining a free s-elec-
tron. What th i s does is s p l i t the level into two. 
As you see, many levels are now s p l i t into two. 
Levels haven't been found for the upper two, but 
from the way the pattern is going, i t ' s going 
to be very easy when we have a sufficient nunber 
of l ines , par t icu lar ly the weak l ines , to find 
the res t of the mult iplet . The two multiplets 
should follow a regular pattern into the Jow J 
region-

Figure 7 shows a different way of preparing the 
same information. The level and then the sp l i t t i ng 
are shown here, the levels in berkelium-1 on the 
lef t and berkel:'im ion on the r igh t . The two 
levels blend and raLx rather poorly, but we do 
know the J ' s and we have some g value information. 
The upper two, which we haven't been able to find 
in the spectra in the ion, wil l cer ta inly vield 
to th is treatment. 

These two elements f i t into the actinide ser ies 
very well. They are shown to be good, regular 
elements. I 've nlotted in Fig. 8 the r e ­
configuration as zero. ] mentioned ea r l i e r the 
frt'Ms- configuration; i t goes up and down in a 
sawtooth manner. When i t fa l l s below zero the 

Fig. 5. A plot similar to Fig. 4 for Cfl. 

ground s t a t e i s f 1 1"^-. In the early part of the 
ser ies you see that is the ground s t a t e . Also, 
in curium the f 7 ds- is s tabi l ized by 1,214 waif 
numbers and then i t takes off; from then on you 
I.,we a very good rare earth type. In fact , in 
the case of the rare ear ths , a l l of these are 
even much lower; in a sense you can say with these 
par t icular configurations th i s l a t t e r half of the 
actinides are bet ter rare earths than the rare 
earths are. 

QUHSTION: Are lanthanides the same way, John? 

LanthaniL?s do the same thing, only the f?d^ 
in gadolinium is shifted down. The f R s - is at 
13,000 above the f ' d s - . And in the case of te r ­
bium, compared to berkelium, the f 8 d s ? instead 
1,000 or less in terbium. So yes, it does the 
same thing, only i t ' s displaced downward. 

The f^sp configuration goes along regularly 
and the two points of berkelium and californium 
f i t in very well . We also have a value for 
einsteinium. And the extrapolation to the next 
elenent should be very K°od. I keep needling our 
friends working on elements like thorium and 
uranium because they Jack this kind of informa­
tion even though these elements have been known 
for a very long time. 
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Fig. 6. A plot of the Bkl and Bkll levels. 
The levels with the dots are Bkl, 
with zero for the ground state of 
Bkl. The Bkll levels as split 
above and below the Bkl levels. 

Fig. 7. A different way of plotting the 
same data as in Fig. 6 for Bkl 
and Bkll. The levels are grouped 
by 6 H and the Bkll levels split 
to form 'H and SH. And the 6F 
levels of Bkl split to form the 
7F SF of BkH. 

Figure 9 shows a similar plot for the fn7s8s 
configuration. Here we have considerable informa­
tion on the heavier elements, but between plu­
tonium and radium there are no data. You can see 
you have part of a Rydberg series, you have the 
f^s2 and the fn7s8s; you're lacking one more point, 
the ^7595, but you can make an assumption, and this 
is what Jade Sugar did.4 He was able to make an 
assumption as to the quantum defect, and from this 
he's established an ionization potential, and 
he's quoting something like ±0.02 e.v. of error. 
The berkelium value he gives is 6.23 e.v., and 
the californium is 6.30 e.v. for ionization poten­
tial. The other information--we are able to get 
moments and 1 have given you the value for the 
spin--we confirmed for berkelium by just counting 
the eight components to give a nuclear spin value 
of 7/2. We have analyzed lines and get a value 
for the u, nuclear moment, of 5.1 nm and a quad-
rupole moment of 4.7 bams. All we have been 
able to confirm so far for californium is the 
9/2 value for the spin. 

In the last few weeks I have been doing some 
calculations and I have spin-orbit values for the 
fn configuration. The values run around 2,900 
cm~* for berkelium and 5,100 cm"* for californium. 
This is rather large and this means the splitting 
is departing from Russell-Saunders or L.S. coupling. 

Well, I'm afraid there remains more than 25 
years of work ahead of us because we do have 
thousands of lines and a whole set of plates to 
measure, but we have a feeling that a significant 
amount of progress has been made in the last 
10-12 years jn the analysis of spectra, and when 
the work on berkelium and californium achieves 
the status of curium or plutonium, where more than 
half of the lines are analyzed, you'll be able to 
know several more configurations. As far as 
chemists and metallurgists and solid state physi­
cists are concerned, the basic information as to 
the ground state and some of the excited states 
has been analyzed. So in a sense you could 
almost stop here and say that these particular 
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Fig. --. A plot of three configurations in 
the act in ide s e r i e s . The f^s* i s 
set to zero. The lowest known level 
of each configuration is plot ted. 

Fig. 9. The difference between the lowest 
level of fns"* and J^sSs is plot ted 
for the act inides . 

needs, a t least in these three d isc ip l ines , have 
been met. But other needs are ar is ing so we have 
even- intention of continuing on a l i t t l e further. 

I wi l l make only one more comment. There was 
something in the newspaper--I think i t was the 
Oakland Tribune--the other day about th is meeting. 
And i t said something with re la t ion to the super-
novae since in the f i r s t paper on the specti-a «f 
californium I made a remark on t h i s subj rt. I 
think I ' l l bring i t up again. Vears ago i t was 
thought that the supemovae were powered by 
californiuni-254, so when we ran the spectrum of 
californiun-252 we took the t ines we had and t r ied 
to Doppler-shift them every possible way to make 
them agree with the one piece of work that had 
been published on the supernovae. There was no 
way in which we could correlate the opt ical 
spectra a t tha t time with those of the supernovae. 
Now no one's surprised about t h i s , but the history 
was that the astronomers and the astrophysics 
people went back to find another source of energy 
for the i r supernovae. I t ' s possible that we could 
do th i s exercise again some day with the more 
refined l ines but I think we need to get a l i t t l e 
be t te r spectra of supernovae before we're able to 
confirm our californium information. 

QUESTION: 
nova? 

What is the best fuel for the supor-

CONWAY: It is iron-59 which has a half l i fe 
of 45 days. 

SEABORG: Couldn't californium power i t , c a l i -
fornium-254 with i t s 60-day half l i f e , you know 
that original 60-day decay, without being the main 
source of* the emission lines? You might have many 
other elements in there and just have them a l l 
excited by the spontaneous fission of the ca l i ­
fornium, and californium wouldn't have to give 
the main emission l ines . I don't believe neces­
sar i ly that th i s i s the source of power for the 
supernovae, but 1 just wonder if your tes t is 
val id . 

CON1VAY: Well, I don't think the test is a l to­
gether that good, e i ther . The problem started out 
that the half l i f e was measured of the supernovae 
and of the californium and they agreed. So 
everybody went back to the laboratory and started 
to check and they did a second experiment, which 
was a bad thing to do because then the half l i fe 
started to depart. Then someone started to postu­
la te that iron-59 was giving them some energy. 
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Introduction oi Norman Edelstein 
Dr. Seaborg 

The last speaker today is Norman Edelstein, 
who is the Group Leader of Lanthanide and Acti-
nidc- Chemistry in the Lawrence Berkeley Laboratory's 
Nuclear Chemistry Division. Actually, I should 
say that Soman helped me put t h i s symposium 
together, so if i t ' s been successful and enjoy­
able in any way he should share the credit for i t . 
J can' t say that I was associated with Norman 
during my Metallurgical Laboratory days, but he 
was a resident of Chicago at that time. He was 
six years old when we began our work there and 
ten years old when we l e f t , so who's to say that 
he wasn't wandering around the streets of the 
south end of Chicago in those days or that we 

didn ' t run into him in the Loop, or something like 
that . He graduated from the University of I l l ino i s 
at Urbana in 19£7 and did his Ph.D. work here in 
the Department of Chemistry where he got his 
degree in 19bJ. Then he joined the staff of the 
I,awrence Berkeley Laboratory, or the Radiation 
laboratory as i t was then called, in 1964. He 
has worked with Burris Cunningham since that time 
and unti l Burris ' untimely death, and has estab­
lished himself in the field of magnetic measure­
ments on the actinide elements as one of the 
leading author i t ies . He wil l describe today the 
"Magnetic Properties of Berkelium and Californium 
and Their Compounds." Norman 

Magnetic Properties of Berkelium 
and Californium and Their Compounds 

Norman Bdefstein 

The f i r s t magnetic measurements on Bk and Cf 
fcerc reported by Purris Cunningham in an a r t i c l e 
en t i t led "Bcrkclium and Californium" published in 
the Journal of Chemical Education in 1959. The 
experiments were performed in collaboration with 
Stan Thompson, Llad Phil l ips and Ray Gat t i . 

The object of the experiments was to confirm 
the actinide hypothesis under which the t r ipos-
i t ive ion of Bk-i+ would have the configuration 
radon c. te- plus 5f& and CP* would have the radon 
core plus 5 P . In order to check th i s hypothesis 
the free ion magnetic moments of Bk^+ and Cf$* 
were measured and compared with the theoret ical 
ui lues. 

The BkJ* and Cf 3 + were available at the time 
in amounts on the order of 1 ug. To provide a 
convenient way for handling the ions the Bk and 
Cf were .ibsorbed respectively on a single small 
bead of cation oxcharge res in , which was then 
examined in a magnetic f ie ld. The bead also 
acted as a diamagnetic diluent for the paramag­
netic materials . 

A modification of the Faraday method was chosen 
as the way to proceed. In t h i s method the para­
magnetic sample is subjected to the force of an 
inhomogeneous magnetic f ield, 

• " « " $ 

where F is the force (dynes) 
m is the mass of the sample grams 
Xg is the gram susceptibility 
if" is the strength of the magnetic field 
T- is the field gradient 

A diagram which will help explain the prin­
ciples of the method is shown on the first slide 
(Fig. 1). A thin flexible silica fiber is sus­
pended from a support. The sample bucket and 
sample hang at the end of the fiber. If 
HldH/dx) = 0 the only forces on the fiber arc 
due to gravity and the fiber is stationary and 
hangs vertically. IF UUHl/dx) is greater than 
zero then there is a force exerted in the direction 
of the field gradient (horizontal in practice) 
and the sample moves a distance d. 

The sum of the moments of the forces at the 
fiber suspension point must equal zero at 
equilibrium so 

F : Lcose = F,d + F_ d/2 

d = deflection in the magnetic field 
F? = ("taook + "samp.con. + "bead * %amp.' S 
F5 = [nifiber) g 
g = acceleration due to the force of gravity 

The forces F2 and F3 can be calculated, J is 
measured so Fi can be evaluated. From Fj the 
susceptibility of the sample can be measured. 

In practice the apparatus is calibrated with 
a substance of known susceptibility, the empty 
sample buckets and beads are measured for their 
diamagnetism, and corrections are made for these 
effects. For the amount of material available 
in the late 1950's Cunningham.estimated a dis­
placement as small as 5 * J0" J mm would have to 
be detected. He used a microscope of moderate 
magnification fitted with a filar micrometer for 
this measurement. The apparatus is shown on the 
next slide (Fig. 2). 
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Fig. 1. 

The data obtained for Cf^ + are shown on the 
next slide (Fig. 3). The amount of C f 3 + used was 
56 nanograms. The temperature range covered was 
from room temperature to liquid nitrogen tem­
peratures. Note that data are also given for 
G d 5 + which was used for calibration purposes. 

The deflections were linear when plotted 
against the reciprocal temperature. This means 
that in the measured temperature range C{$+ fol­
lowed the Curie-Weiss law. The next slide 
(Table 1) gives the empirical form of the Curie-
Weiss law. 

Here we see that x is equal to a constant C 
divided by T + A. C is the Curie constant, T the 
absolute temperature and & is a factor which takes 
into account the deviation of (1/x) from 0 at 
T = 0°K. For well behaves substances A is usually 
close to 0° K; f r large A it is indicative of 
interactions berween paramagnetic ions. 

If we assume that we are measuring the ground 
term which is well separated from higher lying 
levels, and the crystal field splittings are 
small compared with the temperature of the 
measurements, then we may calculate iieff, the 
magnetic moment of the level. Empirically 
U eff = 2.828 ST. . We can compare this measured 
value with that found theoretically 

u e f f (calc) = g B / JfJ+1) 

Here g is free ion l̂ nde" g value of the ground 
state and J is the value of the total angular 
momentum of this state. The table gives values 
of the ground states for various oxidation states 
of Cf and Bk, the g column has been corrected for 
the effects of intermediate coupling. Note that 
for each element the effective magnetic moment is 

Mognef : 
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quartz Dewor flask -
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windows 
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graded seal joint 
\p/rm TOp-quortz bottom 1 

magnet pole face . 
tinopw) to provide 

Htaoi fold) 
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View through microscope 
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Fig. 2. Magnetic susceptibility apparatus. 
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indicative of the oxidation s ta te of the element; 
except that.we cannot d i f ferent ia te between 
Cf2* and Cf^+. The data as reported by Cunningham 
are shown on the next wo sl ides (Table 2 and 
Fig. 41. Here he has plotted u e f f experimental 
for Cf 3 + and Bk3* along with the values calculated 
for various assumptions. The conclusion reached 
was "the magnetic data clearly indicate that the 
electronic configurations of Ski* and C t ^ very 
probably are 5f° and 5f^ respectively." 

I t should be mentioned that these measurcnents 
were performed on 56 ng of Cf, *̂ 65$ of which was 
2 S 2 Cf . The =imount of Bk used was 230 ng of 
isotope 249BK. 

The next reported measurements of Bk-^ and 
Cf3 +

t again on ion exchange beads, were given by 
Dennis Fujita who worked on th i s p.-oblem while 
he was a graduate student of Burris Cunningham's. 
He again used a similar apparatus to the one I 
described ea r l i e r . He used quartz sample con­
tainers as shown on the next s l ide (Fig. - /• His 
s i l i c a fiber had a hook attached at the end to 
which the cylindrical sample buckets, also with 
hooks, were attached. A not insignif icar t part 
of the graduate student training was learning to 
make these buckets. For use with the actinide 
metals these buckets are loaded in an inert 
atmosphere and sealed with Apiezon K wax to pre­
vent a i r oxidation. Dennis Fuj i ta ' s experimental 
resul ts for Bk̂ + are shown on the next s l ide 
(Fig. 6) . Here we have ( l / x c ) vs T and the data 
appear to be linear on th is type of plot . So 
again we see Curie-Weiss behavior with the resul ts 
summarized on the next s l ide (Table 3). Two 
samples were reported of 0.5 and 1 ng with effec­
t ive moments of ^9.4 BM which agrees very well 
with the calculated moment of 9.40 BM. the next 

'rfs 

u e £ f ( c a l c ) = g u B /J(J+1) 

Ground State (L-S coupling) p f l f, (Bohr magnetonsl 

Bk'* Sf 

Bk3* 5f( 

Bk" sr' 
Cf2* Sf 

Cf3* 5f9 

Cf4* 5f8 

"IS/2 

"VZ 

1.28 10.22 

1.4S 9.40 

1.93 7.66 

1.20 10.18 

1.28 10.22 

1.45 0.40 



(Cunningham 1959) 

Sample Mass , ' i

e f f ( E M ) 

0.23 ug 8.7*0.9 77°K - 298°K 

2 4 9 , 2 5 2 c f

3 0.056 Mg 9.2+0.9 77°K 

Moqnalic monvtnli ol Hit 
tromilion s«ri#» 

• Thtwy l-l<"*"«iietfon» 
o AclmidM, faptnmintol 
0 Thtory Am**uung m 58 
• Tlnoty Pu*si»in9 • SB 
ATh«ory,tpinonlr d 

rranwlion ttrrit 
a Thiorj.tpm anli for 

f fremiti on u r n i 

Numbir of *ub*h»ll tkclroni 

Fig. 4. 

HG50i4 [<m 
je Beo<iillSO„ d̂ orn) 

•otei *ith BhlHI « Cf [Oil 

• r 
— BwHlium mtlal 

I I l l c c , i 6«g) 

Fig. 5. 
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s l ide (Table 4) summarizes the resul t s for 
249cf3+ an ion exchange beads. Three samples were 
run which exhibited Curie-Weiss behavior in the 
measured temperature range but The measured 
effective moments are about 10S lower than the 
calculated effective moments. The reason for th is 
discrepancy is not known. 

Dennis Fuj i ta also made some measurements on 
-*^Bk metal which was synthesized by J , R, Peter­
son at OR.NL. 

The heavier act inide metals are very inter­
est ing because they exhibit localized magnetic 
behavior. That i s , the magnetic suscept ibi l i ty 
to a large degree may be explained by assuming 
the metal contains actinide ions which have a 
localized 5f shell which causes the raaior part 
of the measured suscept ib i l i ty . Kith th is model 
we would expect the effective magnetic moment 
of Bk metal to be the same as a Bk^* or perhaps 
a Bk 4 + ion. 

By contrast the early actinides (through Pu) 
exhibit temperature independent magnetism which 
may be explained by invoking the extended nature 
of the 5f orb i ta l s for these elements, which 
resul ts in strong interatomic interact ions. At 
Z * 9S Am metal has been reported to show local­
ized behavior. The actual s i tuat ion is complicated 
because the actinide metals are polymoiphic. I t 
was hoped that magnetic suscept ib i l i ty measure­
ments on pure metallic phases would identify 
the oxidation s ta te of a par t icular phase of the 
metal which could be correlated with the ionic 
rad i i obtained fron X-ray crystallography. 

Dennis Fuj i ta ' s resul ts for one par t icular 
sample of Bk metal are shown on the next s l ide 
(Fig. 7). This metal sample DK'F III was predomi­
nantly dhcp. The mass was 5,63 ng and i t followed 
the Curie law in the temperature range trom 
50°K-298°K. At 35° K there appears to be an an t i -
ferromagnetic t ransi t ion. The next s l ide (~ j l e 5) 
col lects a l l the data on the magnetic properties 
of Bk metal. These samples were a l l measured by 
Fujita but the results on the three sarnies are 
quite different . There are varying amounts of 
249cf impurity in each sample and they are a l l 
different phases. These factors are l ikely to 
be the main causes of the ^ r ep roduc ib i l i t i e s . 

This past summer Dennis Fujita returned to our 
laboratory and performed magnetic measurements of 
249cf metal. These experiments were done in 
collaboration with Dr. J . R. Peterson and his 
group at ORNL who provided the Cf metal samples. 
Some of the actual data are shown on the next 
sl ide (Fig. 8), Here we have the reciprocal 
deflections vs temperature for each magnetic field 
measurement. The (1/x) vs T curve extracted from 
t h i s data is shown on the next s l ide (Fig. 9 ) . 
We see that in the temperature range covered the 
sample follows the Curie-h'eiss law with a small 
value for the constant A. The tabulated data for 
the two samples measured are shown in the next 
s l ide (Table 6) . Both samples were the expanded 
fee phase and agree within 5-6£. There i s some 
question about the assay of LI-54 which comes 
only from a gamma analysis . Unfortunately for 
the Cf case we cannot t e l l the difference between 
the diposit ive and the t r ipos i t ive metal from 
suscept ibi l i ty measurements. 

_There has been one further measurement on 
Bk-5*. David Karraker has measured the magnetic 
suscept ibi l i ty of 0.624 mg Bk^+ diluted in a host 
of ^200 mg Cs^NaLuClf,. The resul ts a^e shown on 
the next s l ide (Fig,. 10). Here we see the 
suscept ibi l i ty of Bk J + is independent of tempera­
ture from 10-40°K. Now the assumption we have 
been using previously has broken down, the 
r rys ta l field levels of Bk^+ in t h i s host are not 
smaller than kT; in fact we are at the other 
extreme, the crysta l field sp l i t t i ng is large 
with respect to kT and only one crystal field 
level i s populated. The next ^lide (Fig. I l l 
shows the energy levels for Bk^+ in octahedral 
symmetry. The ordering of the levels depends on 
two crystal field parameters B4 and B^; for 
reasonable values the ground s ta te will be a 
singlet Fj with a t r i p l e t ^ next highest. The 
?l can be coupled to the I4 s ta te ! • the Truman 
interact ion. In fact i t i s this nx .nanism which 
is the cause of the large TIP at low t&»peratures. 
The next s l ide (Table 7) gives the equation for 
*TIP ^ o r t n * s c a s e - By evaluating the matrix 
element between the ij s ta te and the I4 s ta te 
Karraker evaluated the energy s p l i t t i n g between 
these two s ta tes and found i t to be 85 cm"'. 

Dr. Karraker and I have collaborated on the 
measurement of - 4 9Cf- v f in the host CsA'aLuCl6. 
We had a polycrystall ine sample containing 0.7 mg 
of Cf in MOO mg or host. The electron para­
magnetic resonance signal is shown o.-> the next 
s l ide (Fig. 121. he see a 10 line spectrum 
which confirms the nuclear spin as 9/2. The 
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Table 3. Bk 3* on ion exchange beads (9°K - .^OS'K) 

Sample Mass u fflB.M.) A("K) 

Bk3* DKP III 0.546 ug 9.It. 9.1 
(9"K - 298°K) 

DKF rv 1.012 ug 9.35 12.8 

u , , ( ca lc ) Bk3* = 9.40 BM 

Table 4. Cf3* on ion exchange beads (77° \ - :cs K) 

Sample Mas- P e f f l B M.J 4 f K) 

Cf DK? I 0.3J2 ug 9.15 9.9 
(77°K - 298' K) 

DKF II 0.806 ug 9.07 2.2 

DKF I I I 1.190 lig 9.23 4.7 

U e f f ( c a l c ) Cf3* 10.22 

Cf2* 10.18 

• f X I O 3 ("K" 1! 

SAMPLE DERKELIUM METW. m 

Fig. 7. 



Table S. Bk Metal Samples 

Mass (ug) 4 - q a C f u e f f (B.M.) Af K) T r . no 

II Predom. fee 

I I I Predom, dhep 

V-I Poor quali ty 
fIras ,t<equa.l 
amounts 
show on prep, 
fee, dhqp; 
af ter measurements, 
amorphous 

5.629 16.0 

1.725 1.7 

8.52 

8.83 

72.7 S0-298 

33.0 100-298 

ferro at 140° K 
due to impurities? 

35° K anti ferro. 

10° - 100° K 
deviation from 
Curie-Weiss 
behaviour 

u e f f ( c a l c ) B r = 10,22 

Bk 3 + » 9.40 
m,4+ _ - , -

1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Coliforniiim-249 metal / 
lsample#LI-48 A) / 

A H = 2.79 KOe-^ . r 
H=3.50KOe " y 

§ 
H = 4.09 KOe/^V / 

X 

£ 3 /VY 7 " •> / \ ^ 
5 / „ / \ J* 
° / / J' r / //s£ 

rX/j&\^ 
/jbS&/^'^*\ H = «.56 KOe 

/Sj^&r ^H=4.8SK0e 

1 i i i 1 i l l 

I—I—I—I—I—I—I—I—I—I—T" 
Californium-249 metal 
<sorople#l_J-48-A) 

3 0 0 

Fig. 8. 

IOO 200 
Temperature (*KI 

Fig. 9. 
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Table 6. 2 4 9 C f Metal 

Sample Phase Mass(vgJ UeffCBM) kCY.) T 

LI-48 

LI-54 

fee 

fee 

8.85 9.84 

6.12* 9.32 

-3.24 

3.09 

28°K - 298°K 

22°K - 298°K 

Calculation U e f f (Cf ) = 10.22 EM 

" e f f ^ * ' = 1 0 - 1 8 m 

b-
1 1 ' 1 — 

1 1 1 I 

1 1 i 

n Cs2NoLuClg 

' 1 

20 30 40 50 
Temperature (°K) 

Fig. 10. Magnetic suscept ib i l i ty of Bk 3 + in 
Cs2NaLuCl below 70°K, The cor­
rect ion for Cf 3 + impurity i s 
negl igible . Below 40°K the tem­
perature-independent paramagnetic 
suscept ib i l i ty i s 192 000 x 13" 6 

enu/ioole. 

•600 

•400 

'200 

-100 

-600 

Cote [cm-1] (cm"') ^ e S j 
A 2420 1490 0.6,6 
8 3015 204 

H 

& 

Pig. 11. 

Table 7. B k ^ in Cs 2NaLuCl 6 

235 

0.624 mg V in 1-200 mg Cs2Ni!LuCl6 

X T I p - 192000 x io"° emu/mole T » 10°K- 40° 

Calculation 
2 2 / 

"TIP - CV/»<0 < V \ \ \ *ZSJ V 7^4,1 
AE. , « 85 cm"1 2 15* 

Fig. 12. 



measured g value which we obtain from the value 
of the magnetic field at the center of the spec­
trum and the frequency of the microwave oscillator 
serves to identify the ground crystal field state. 
The next slide (Fig. 13) shows the energy level 
diagram for a J = 15/2 state in an octahedral 
crystal field. The abscissa is a function of the 
ratio of the crystal field parameters, B4 and 
Bfc, designated by the letter x. For this case 
x is negative so we are only concerned with the 
lower left quadrant. We see the ground state 
can only be a I5 or r 7 doublet. By identifying 
which state is the ground state we can set a 
on the value of x which in turn will set a limit 
on the ratio of tho two crystal field parameters 
B5 and B4. The next slide (Table 8) gives the 
experimental results. We measured a g value 
6.273 which agrees very well with the calculated 
value for g r = 6.395. From the measured hyper-
fine coupling constant we obtained a value of the 
nuclear dipole moment of 249r;f 

|uf = .28 ± .06 nuclear magnetons. 

There is one further compound of Bk for which 
both magnetic resonance and magnetic suscepti­
bility data are available. In this case Bk^* 
WAS coprecipitated with Th(0H)4 and heatsd to 
form Bk 4 + diluted in Th0 2. David Karraker 

measured the susceptibility of this sample as 
shown on the next slide (Fig. 14). Here we see 
two regions where there are linear dependences 
of (1/x) vs. T. This he interpreted as having 
one crystal field state populated at low tem­
peratures. 

Marvin .Abraham has measured the g value of 
Bk 4 + diluted in a single crystal of Tht^. The 
epr spectrum is shown on the next slide (Fig. 15). 
The results for this system are shc-m on the last 
slide (Table 9). The magnetic susceptibility 
data may be fit to an equation which considers 
two states, the lowest r6 and the next highest 
Tg. Dr. Karraker has evaluated his data and finds 
the g value for the ground state is 5.04 and the 
energy of the next highest state is approximately 
^80 cm"l. This measured g value is in fair agree­
ment with the much more accurate value found by 
eP r» S = 4.488. The epr data also set a limit 
on the energy of the Tg state as >50 cm" 1 which 
is consistent with Karraker1s measurements. 

This concludes the sunmary of the magnetic 
measurements on Bk and Cf. These measurements 
are extremely difficult to make and in bulk sample 
measurements the principal difficulty besides the 
limited availability of the material is obtaining 
well defined pure samples, especially for Bk. 

*Cf in Cs-NaLuCl-

300 — 1 1 — r —1 
L r ( 3 l i 

200 

— r —1 

-
100 " ~ TyS -

* 0 * 0 ^ ^ V J 'rial1 

too - ^ « v J^1 
^ ^ V J 'rial1 

^; 
200 ^ \ ^ 

' J . -

_ _ I . _ J _ „ j — i . 

.-
300 ' J . -

_ _ I . _ J _ „ j — i . 
-1.0 -0.6 -0.2 0 0.2 

£ 
Fig. 13. 

0.6 1.0 

I 9/2 

Ul 6.273 ± 0.010 

A 
g^ ( f i a U S S ) 25.7 t C.7 

|A| (cnf'xlO 3) 7.S2 ± 0.2 

Calculated: 

s j = 1 - 2 7 9 

g r = -5Sj = 
0 

-6 39S 

«r 7 - s -66 ' s , . 7 248 
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Th02 " W 
i-e-9459GHi 
r -<5K 

1500 
gauss 

fig. 14. 
Fig. 15. EPR spectrum of ThOi: " 3 B k » + at 

-1.5X. The nuclear spin is equal 
to 7/2 and the spectrum is isotropic 
for all crystal orientations at 
this frequency. 

Table 9. Bk in ThO, 

X = 1 A * B exp(-&'/m • CT(l-expC-A'/kT) 
T 1 + 2 exp l-AVW; 

1 A' ^ 80 cm 

A •= 2.39*0.06 

B = 2.22 

C « 0.104 

g r = 5.04 (Magnetic suscentibility) 
J6 

g- « 4.488*0.004 (epr) 
'6 


