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PREFACE

this volume includes the talks given on January
20, 1975, at a s sium in Berkeley on the occa-
sfon of the celebration of the 25th anniversary of
the discovery of berkelium and californium, Talks
were given at this symposium +; the four people
involved in the discovery of these elements and by
a mumber 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 refiect rather faith-
fully the remarks made on that occasion.

Stanley son and Glenn Sesborg in 1948 when the work on the discovery of
elements 97 and 98 was in progress,
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Albert Ghiorso inserts a sample into the equipment used in the discovery of
berkelium and californium.
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Kenneth Street, 1950.
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The four co-discoverers of berkelium and californium in Glenn Seahora's office,
Lawrence Berkeley Laboratory, January 20, 1975, L-R: Kenneth Street, .Ir.,
Stanley G. Thompson, Glenn T. Seaborg, Albert Ghiorso.
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Introductory Remarks
Dr Seaborg

welcome to the 25th hirthlay celebration of
berkelium and californium. w gratified that so
many people have thought 1t might be interesting
enough to come and be with us today. Actually, |
think jt's geing to be a Iittle bit more than an
exercise in nostalgia; there are going to be some
scientific considerations along with the reminis-

vences so 1 think you'll find it worthwhile.
Actually, January 20, 1975, is an app:opriate date
for the 25th anniversary since the definitive chem-
ical experiments that were performed on the discov-
vry of berkeliun were done on December 19. 1949,
and on californium on Febrnary 2, 1950, so

Jaauary 20, 1975, is a good midpoint for the 25th
anriversar.

Participants in the symposium commemorsting the 25th Anniversary of Elements
97 and 98, in front of the Muclear Chemistry Building, Lawrence Berkeley Laboratory,

January 20, 1975.

First row, L-R: Larmed B. Asprey; Kenmeth Str.:, Jr.; Stanley G. Thompsor;

GIenn T. Seaborg; Paul R. Fields.

Second row: Joseph R. Peterson; John G. Conway; Frank P'. Baranowski:

John L. "randall; Jacob Bigeleisen.

Third rv.: Norman Edelstein; Earl K. Hyde; E. Fonneth Hulet; William T. Carnall,

Teon Levinthal.

Fourth row: Shcrman Fried: Gary Higgins: J. F. Wild; Ronald Lougheed.



Reminiscences on the Discovery
of Berkelium and Catifornium
Glenn T. Seabosg

The discovery experiments were performed up in
old Building 5, which still exists but is much
changed today and hardly recognizable te those of
us who remember its laycut a quarter of a century
ago. The space was cramped, the equipment, by
today's standards, was crude, but I think we never
:_ioyed the scientific guest more than we did those

VS,

Fortunately, we have all of the discoverers with
us today. However, in talking to Stan Thompson, Al
Ghiorso and Ken Street, with the hope of going
through their cld notebooks with them in prepara-
tion for today, I found they have lost them. a1l
of their notebooks, or scraps of paper vith 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?

Actualily, the situation isn’t as bad as I have
depicted it. We have good notes covering our re-
search meetiiags, much better than those we keep
today (when we don't keep any), and the jourmal
publications describing this work are unusually de-
tailed and informztive. 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 jourmey into the past.

1 recail 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. T thought that
this would be a z00d 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 hetter chemical separation methods than
were then available to us. And it seemed clear
that we would use helium ion bombardments of
americium and curium for our production reactions
once these clements became available in sufficient
quantity through production by prolonged neutron
bombardment of plutonium, and we learned how to
handle safely their intense reaiocactivity.

We knew these things but we didn't anticipate
how long it would take to solve these simple prob-
Jems. 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 consured in arranging
and waiting for the production c¢f the quantities

of americium and curium nceded for use as targer
material, developing the required extremely effi-
cient chemical separation methods based on ion
exchange and the required methods for safe handling
of the intensely radivactive target material.

During the fall of 1949 we made a number of bom-
bardments of awericium with helium ions in the
60-inch cyclotron, with emphasis on leoking for
alpha-particle emitting isotopes of element 97, all
with negative results. [t was becoming clear that
we should look for electron capture decay by de-
tecting the accompan;ing converwion 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, 1959, A target containing
7 milligrams of 291Am was bombarded with helium
ions in tne 60-inch cyclorron, 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 heen Jiscovered 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 HCI,
jus* 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 hours. 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 afterncon. 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 that eluted at the peak
corresponding to element 97 were conversion elec-
trons, X-rays of encrgy 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 1.5
hours and it _was immediately assumed that the
isotope was 24497 produced by the reaction:
241am(w,n)24497. Soon thereafter it was correctly
surmised that the main isotope, that giving rise
to the observed alpba particlesa was actually
243pk produced by the reaction 41am{q,2n)243pk.

It is interesting to note that experiments as
early as the first dJay, i.c., Monday night, indi-
cated that element 97 has two oxidation states,
11T and IV. The actinide concept provided the guid-
ance to look for these two oxidation states, by
analogy with the homologous element, terbiwum. in
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Fig. 1. Original elution data corresponding to

discovery of berkelium (*“°Bk), S. G.
Thompson, A. Ghiorso, and G. T. Seaborg,
December 19, 1949; Dowex-50 eluted with
citrate at §7°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 57 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 immediately; 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
renember 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. 1. Semishin,
in ap 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 commnications 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 Comission on Inorganic Nomencla-
ture of the International Union of Chemistry sug-
gested_keeping the second ¢, 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 cften in Europe.

As in the case of neptunium-piutonium, 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 uncenny
accuracy and led us to our prey without a single
misstep. Ken 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, Februar%/ £, 1950. A
target containing 8 micrograms of 2420m 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 evpected to elute onto collection
plate mumber 15 in the 26th and 27th drops of elu-
ent and ihis 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 1010
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 correspending 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. The iso-
tope was thought tg be 98 produced in the re-
action_2420m{a,2n)24498 but later work sbgged it
to be 24508 from the reaction 2420m(a,n)Z%348.

The naming of element 98 was not so straight-
forvard as was that of element 97. According to the
actinide concept, element 98 is the chemical homo-
logue of the lanthanide element, dysprosium. A 1lit-
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.
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Fig. 2. Original elution data corresponding to

discovery of californium (2**Cf), S. G.
Thompson, A. Chiorso, 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 namng of dysprosium as
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, vyclonium,
euprosium, nonuctinium, enngactinium, enactinium,
lawrencium, radlabium, praedicium, accretium,
colonium, californium. As you kmow, californium
(symbol Cf} won out, honoring the state and the
university where the work was done. In a weak
attempt te 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
rdifficult to get at,' that the scarchers 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 jiews
paper writer Jack Wilson said in the Ues Maines
Register, for example, that it looked like the
scientists had about used up the atomic vpossibili-
ties of Berkeley, California. He said he would per-
sonally like to see what they would name un atom il
they tound one in, for instance, Vinegar Bend,
Alabama, or Pysht, Washington.

And the New Yorker magazine didn’t remain silent.
Upon learning about the naming of elements 97 and
98, the "Talk of the Town" section had this to say:

New atoms are turning up with spectac-
ular, if not downright alaming, frequency
nowadays, and the University of Californi
at Berkeley, whose scientists have discov-
ered elements 97 and 98, has christened
them berkelium and califormium, respectively.
While unarguably svited 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 undouhtedly 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 (98), californium (59},
berkelium (100).

The discoverers sent the following reply:

*Talk of the Town' has missed the point
in their romments 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 “universitium'
and "ofium," some 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 “newium" and ‘'yorkium."
So far we just have the names.

Before going on, I want to acknowledge the help
of Burris Cumningham, Ken Hulet, 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 proiective 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—

tity. We had to wait until 1958 for thir o
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 californium-249,
-250, ~251 and -252. These had been synthesized
in the intervening years by the long-term irradia-

tion of plutonium-239 and its transmtation

products with neutrons in the Materials Testing
Reactor at the National Reactor Testing Station
in Idaho

The first compound of californium of proven mo-
lecular styucture (by means of X-ray diffraction)
was isolated in 1960 by Burris Cumningham and Jim
Wallmann, in the tona of three-tenths of a micro-
gram of californium (as californium-249) axychlor-
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 U.02 microgram of berke-
lium (as berkelium-249) dioxide and used about one-
fifth of this, about 0.004 microgram (i.e., 4 nano-
grams), for the determination of its moulecular
structure by means of the X-ray diffraction tech-
nique. Figure ¢4 is a picturc of the 0.0Z micro-
gram berkelium compound.

Besides some further reminiscences by Stan, Al
and Ken, today we will hear about much of the im-
portant research that has been performed on
berkelium and califcrnium during their lifetime of
a quarter century, We will hear about their nmu-
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.
magnified about 150 times (0
oxychloride, CfOC1).
isotope 2“3Cf, The crystals

Photograph of the first pure californium compound isolated in 1960,

.3 microgram of californium as the

The californium was in the form of the

are lodged in a capillary tube.
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Fig. 4. Photograph of the first pure berkelium compound isclated in 1962,
magnified about 160 times (0.02 microgram of berkelium as the oxide,
BkO:). The berkelium was in the form of the isotope 2“°Bk. It is
contained in a well drilled in 2 platinum rod and can be seen as a
small sphere at the point of the arrow.



Introduction of Stanley Thompson
Dr. Seaborg

So with that I'l1l go next to the first of the
foliowing reminiscers, Stan Thompson. 1'd like to
say a few words about Stan before I ask him to
come up here, 1 don't know whether 1 should ad-
mit this or not, but Stan and [ have been friends
about 50 years—it'il be 50 years this fall since
we met each other as freshmen at a high school ir
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

responsible for the conception of the process that
was used for the isolation of plutoniwm in the
Hanford production plant--the Bismuth Phosphate
Process. llere at Berkeley he's the co-discoverer
of the elements with the atomic numbers 97 through
101 —berkelium, californium, einsteinium, fermium
and mendelevium, He participated, as I said, in
the first isolation of microgram quantities of
berkelium and californium. He has done extensive
work on fissicn 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 Muclear Applications in Chem-
istry in 1965. And with that, ['d like to ask
Stan to come up to the lectern.

Reminiscences
Stanley G Thompson

Well, 1 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 Horman Robinson, and Rosemary Barrett, and
a number of other people. But, as Glenn said, a
lot of work went into the discovery of these ele-
ments. 1 think the beginnings took place at the
Metallurgical Labsratory in Chicago in 1945. As
you may rememher, the War was over in August 1945
and even by that time we had started to do experi-
ments in preparation for the attempt to produce
berkelium. 1n fact, the first experiments were
done near Christmas time 1945.

Some other things we managed to accomplish at
the *Met"” Lab in Chicago were to arrange to get
samples of americiwa and plutonium in the Hanfornd
reactor for neutron irradiation to make isotopes

t were useful later in the experiments we did
at Berkeley. Of course, we alsv faa a ot of ex-
perience in separating actinides from other ele-
ments and fission products, etc., as a result of
our work on the Hanford separations process. ke
actually did the first ion exchange separations at
Chicago—although they were rather crude compared
with the separations developzd later. We also had
some notions about how to handle radioactivity,
which were put into effect later when we came to
Berkeley.

Well, when we pot to Berkeley the cupboard was
bare, more or less. We had to start from scratch
and build up a lot of cquipment. And as Glenn
said, we had a lot of help from people like Nels
Garden, Red Gordon, John Gifford, Bill Ruchle and
others in designing anl constructing equipsent to
handle radicactivity. We were successful in
getting the ploved hoxes, which are even uscd to-
day; also what we called “junior” caves in which
we mude the separations behind a moderate amount
of shiclding and handled the radioactive material
with tongs. We designed and obtained a thick-
walled lead cave in order to do the really high
level separations. We worked over the top of this
cave with tongs and atteapted to see what we were
doing with mirrors overhoad.

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
colums operating at elevated temperatures. Of
course Ken also had great success in developing
concentrated HCl cation colum 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 4 considerable amount of work was
done in trying to predict the properties of the
isotopes we attempted to discover. We worked on
closed cytles and calculatad masses, energies and
half-lives. We used systematics, alpha half-life
energy reiationships for isotopes of the differ-
ent clements, and even developed some rather
cride electron capture sysiematics. In fact, the
mpasured half-lives of the isotopes we finally
discoverad 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. 1 could
tell a lot of funny stories——in a2 few vears like
those when you work with people in a group such
as ours with the peopte 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, we attempted an exper-
iment in which Burris Qunningham was working with
us. Burris later on decided to drop out of the
work on the new clements because of an extremely
beavy load of other work. But, to return to the
story, in those ecarly days we attempted to take
advantage of the cxpected 4 state of berkelium.
we thought berkelium would have a +3 state about
like cevium does, and we hoped to carry it in
this state away from the americium target material
using carriers like zirconium phosphate, bismuth
phosphate and ceric iodate. Well, actually as



it turned out, these scparations were too slow
and too inefficient. In this particular experi-
meat Burris and | worked about 36 hours straight
do:ng these cycles and trying to get something out
we could identify but 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 | happened to take a look

20 furrts and discoverad that be wis wearing my
voat.

Well. all of these things together—and 1
would say it was a great team effort —resulted in
the finul experiments that were successful.  ihen we
did them, with the help of a good many excellent
people, it didn't take us more than a few minutes
to be rather surc that we had ¢limbed the mountain,
s0 to speak, Those Jdays 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 cngineering in
1957. 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—
1 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 Lahoratory as
Donald Cooksey's secretary. When the letter came,
Hfelen told me, "“You hire this guy." So I wrote
a letter back, enclosing a letter of recommendation

for the Navy, but telling him that | would like
very mich if he would come and work for us. He
wasn't easy to convince; he was afraid thuat all I
had in mind was for him to continue building
geiger counters, [ assured him that that wasn't
the case, that | had in mind a rescarch 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 96!
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 1973; and he is the co-discoverer of
the transuranium elements with atomic numbers 95
through 106, 1 won't try to name them, i'd prob-
aply 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 ancther and year
by year things are pretty much the same and then
someone cames 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.
1 wanted to lister to what Glenn and Stan had to
say and perhaps fill in a few gaps. Ome of the
things that's obvious looking at this early work
is the relative crudity of the equipment that we
used, which 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, [
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 curium-242.

After some months it became cbvious 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 o 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
comercial geiger tube, filled with xenon, to loock
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 wers 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
aipha 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. Qur
early work starting in 1946, when a number of us
came back from Chicazo, was pretty much devoted to
exploiting what you can do with the 184-inch cyclo-
tron. 1t was working very well, and we would bom-
bard targets of thorium and uranium and make a lot
of spaliation 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. 50 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 semsitivity 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 particle that decays perhaps
in months and be sure 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 thought we had two different isotapes.
But these three peaks which we say~—an intensity
of same counts per minute—you could just take a
lock at them and glory that these cowits wcre thetre.

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. It 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 chamnels; each
one of the channels drove a mechanical register
directly, There were no scalers, so the counting
rate was Iimited, but the counting rates we had
were never verv high so it was not any great prob-
lem. Here «~ i - 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 6ff 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—
unti} 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.
was a Jot of power.

1t

Well, that worked well, but a few years later
this got even with me, I'm afraid. Something
went wrong as 1 stood on a stool, like this, and I
was up here and somehow 1 was holding onto the
rack and my other hand hit thar cap, like this—
1 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,
1 couldn't get off. [ could see myself being elec-
trocuted, Fortunately Herman had thought ahead.
Right up here there was an "off button and an "¢n"
button. 1 slumped on this stool, actually 1 was
in front here, 1 slumped and my breast hit the off
button and T fell to the floor, History would have
been a little different if that button hadn't been
there, 1 assure you, because [ was well on my way
to being electrocuted. ['l1 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.

{A 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 omes 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 made 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 SupeHILAC. 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.
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introduction of Kenneth Street
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 Fh.D. work, here in the Radiation
Laboratory. Actually, he was one of my students.
I'm very proid 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 joired the
faculty; ef 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 atout 1952 or

so when he began an association with the Livermore
Laboratory, now the Lawrence Livermore Laboratory;
he served in various capacities there as Chemistry
DMvision director, and so forth, on up the line,
until 1958-59 when he was the DNeputy Director of
the Livermore lLaboratory. Then he returned to
Berkeley as a full Prafessor of Chemistry in 1954,
and at all times while he was at Berkeley he did
his work in the Radiation lLaboratory, intimately
connected with the Berkeley campus. In 1974 Ken
went back to the Lawrence Livermore Lahoratory as
Associate Director for Energy and Resource Programs.
His research interests have been in nuclear !
chemistry, molecular spectroscopy and geochemistry.
Ken....

Reminist 2nces
Kenneth Si-eet, Jr.

1 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 1 should give my name, rank and
serial number and sit down. Actually, [ 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. 1 am sort
of a transient in the transuranium business—1I 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 ir a form
in which we could identify them. 1 started in this
business as a graduate student when 1 came to work
for Glenn in 1946. As with most of us in those
days, I owe a great debt to Burris Cunningham,
too, for pointing me in this directicn to solve
a number of the problems that we had at that
time. We also had a lot of help later on, as
Stan and Glenn have mentioned. Gary Higgins and
1, Ken Hulet and Stan, all worked very closelv
together in developing these techniques.

My first problem when 1 arrived up the Hill
with Glenn was to fird some way of getting a
reasonable separation of americiu nd curium
from the rare earth fission products. | was
following in the footsteps of same people that
some of you know, most of you probably—Ralph
James and Tommy Morgan, who had been working on
americium and curium isotopes with Glean both in
Chicago and back out here. They had 1dentificd
most of the longer-tived alpha-emitters and my
task was to carry on this work with tne lighter
isotopes of americium and curium, These were all
expected to decay by K-clectron capture to a

large extent, and we might very well be much more
interested in the electromagmetic radiation than
had previously been the case, So I set about to
see if we could find some way to scparate the
actinides from the rare earths and I must admit
that my start on this was mainly a matter of des-
peration. [ had to do it one 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 ecarths 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.

1'd 1like to be able to sav we had a very care-
fully laid out plan based on fundamental theory
and using tbe 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 rtoct around undcr an oak tree long enough,
you stand a pretty good chance of coming up with
an acorn." A mmber of us started rooting pretty
hard and we didn't go very {ar looking for things
to try. We usced almost anything that was at hand,
starting with very exotic reagents like nitric,
phosphoric, sulfuric and hydrochloric acids.
Fortunately things tumed out much better than

we had any reason to expect. We very early dis-
covered that not only did HCl, even at concentra-
tions as low as 6 M, displace the actinides with
respect to the rare carths sufficiently far that
you could clearly make a scparation in two 1on
exchange runs, using both citrate and HCI as
cluants, but we also fell into very good fortune
and when we kept pushing the concentration of HC1
higher and higher—~aml as [ recall we got all the
wiy up to 13.5 M, and then started pouring in
aleohol to increase the activity still further—the
whole actinide group moved up and cluted well
ahead of lutetiim so we had a very rapid group
separation of the uctinides from the rare carths.



1'd like to say that there were a number of
prople who contributed to this and also to the
wrk that was done later in order to calibrate
the citrate colums 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
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together. I regard myself as being extremely
fortunate to have been around, and as Glenn said
maybe I was waiting for this—1I was bomn 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, Faul 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, 1 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 expeviments. And then Paul
and his people were expected to gather these all
together and concentrate them and somehow give
us back purc plutonium <o that the plutonium could
be recycled. You know, in those days the only
plutonium we had was made by the bombardment of
lumdreds 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 cur Section, Before - came with us he
worked with TVA. Alonre abuut the summer of 1945,
he, along with a numbc. ol 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 0ii
Company and then came back home to the Argonne
National Laboratory. In 1970 he received the
American Chemical Society Award for Auclear Appli-
cations in Chemistry. So far this seems to have
beer 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 ave honoring today. His paper is
appropriately catitled “The Nuclear Properties
of Berkelium and Californium."” Paul....

The Nuclear Properties of
Berkelium and Californium
Paul R. Fields

Glenn Seaborg asked me to recall 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.
previous speakers have covered the discovery of
these two elements fairly thoroughly, I will con-
ceatrate on the nuclear properties of these ele-
ments and some of the history that followed their
discovery.

As you heard earlier, 243pk was the first
berkelium isotope to be produced and it was found
to decay primarily by electron capture with a
very small alpha decay branch, 0.15%, and a total
half-life of 4.5 hours. Within five to six years
following the discovery of element 97, the iso-
topes through mass IS0 had been prepared and char-
acterized, The nuclear properties of all the
berkelium isotopes are swmmarized in Fig. 1.

23k, like ~43HL wag pn:parcd by helium ion
bomtsardment of 2 Am. The first person
to clearly ldenufy Hk was Al Chetham-Strode,

hot egrlier wgrk was done by Ken ihlet.
9“' 352- 9” and g'fhﬁk were all made by helium

Since

and deuteron ion bombardments of americium_apd
curium. Examination of Fig. 1 shows that 2%/Bk
decays by alpha particle emission with a half-
life of 1380 vears. It is probably the longest
half-life 1sutope of berkel,}um. There is a pos-
sibility that an ISDH\S!‘ of <38k may have a
longer half-life. Bk has two isomers, the
usual one, decaying by 8~ emission and electron
capture with a half-life of 23 hours and a
Jonger half-life isomer whose mode of decay and
rate of decay have not been accurately measured.
The long-lived isomer has been observed by mass
spectrometric analysis of some berkelium samples
and, by doing successive mass analyses, a lower
limit to the total half-life has been set at
greater than 300 vears. A lower limit for the
8- decay half-1j S’g was set at 10 vq“s by noting
the absence of =38Cf in samples of

2yqTle MOSL impovtant isotope of berke]lum is
2495k, Its importance stems from the fact that
it is readily produced in relatively large
amounts hy neutron irradiation in a reactor of
heavy element targets such as plutonium, ameri-
cium and curium. Furthermore, its relatively
long #” Jecay half-life also makes this a con-
ventient isotope for chemical studies.
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Nuclide Half-life Main a a Branch TIIZ (SF) g.s. Spin
TR a.6h 6.758 (g} 0.15% - 312 - [5213
P a.4h 6. 667 ~0. U06% . -
2554 (e¢y 4.95d  6.388 (q) 0.1% - 32 - (5213
26py ey 1.83 4 - - - 7
247
Bk (al 1380y 5.531 100% . 312 - [521]
28g, >300 § - - - -
28Bmgy (g EC 235 h - - - I
29, 57y 314 ¢ 5,417 1.45 x 103% L7 x10%y w2z (633
By 187 3,22 h - - - 2
Bl ) 57 min - - - 112 - [521)
8k AND Cf FISSIONING {SOMERS
242m“ 9.5 ns, vOB ns
283mg 5 ns
244mg 820 ns
25mg, 2 ns
24omey 80 ns
Fig. 1. Nuclear propertics of the known herkelium isotopes (toral half-iife,

alpha particle energy in MeV', spontaneous fission half-life and ground

state nuclear spin}.

As can be seen in Fig. 1, 2508k and Z51Bk are
also known. 252Bk has been characterized but the
results have not been published, hence, the data
was not included in the table.

As ] said earlier, 249y s produced in high
flux irradiations of 23%Pu as well as heavier
target materials., Figure 2 illustrates the build-
up path followed in high flux irradiations to
form isotopes of berkelium and californium. The
neutron build-up process follows a pattern,
namely, in the even Z clements, a fairly large
number of i{sotcpes are formed until a short-
lived beta emitter is encountered, which decays
to the next higher odd 2 element, The odd 2
elements usually undergo one or, at most, two
successive neutron captures before a short half-
life beta emitter is produced which in turn forms
an even I element. This process repeats itself
through Pu, Am, fm, Bk and Cf. Of course, this
process contifues until we produce the heavier
isotopes af fermium at which point, the neutron
capture process appears g9 terminate due to the
very short half-life of 238, jlowever, since
this symposium is devoted to berkelium and cal-
ifornium, ! have focused my attention on these
two elements and not beyond.

Actually, the isotope 398k was not originallv
produced in reactor irradiations, but was found
initially in the debris of the first themmonuclem
evplosion that was detonated in November 1952,
The source of this explosion was a large device
code-named "Mike," and almost all the transplu
tonium isotopes produced cventually in high flux
reactor irradiations of 239 were found in the
debris from this test. However, the build-up
followed in thermonuclear explosions proceeds by
a different nath than in reactors., Figure 3
illustrates the huild-up of clements in Mike
assuming 238U was the sole target material., The
black squares represent the isotopes actually
isolated from the bomb dehris.

There are cssentially twc reasons why the
sequence of isotopes formed in thermonuclear
explosions differ from those formed in reactor
irradiations. These are: (Ij The “ery high flu
produced in thermonuclear explosions, and (2) the
very short time of irradiation. In gencral, the
time of irradiation is so short, much less than
a microsecond, that the very heavy, heta unstable
isotopes of uranium that arc too short lived to
he present in scactor irradiations are essen-
tially infinitely long compared to the time of
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Fig. 2. The sequence of isotopes produced in high flux neutron irradiaticn of

a 22y target.

The horizontal arrows represent neutron capture,

veertical arrows up represent 8- decay, and vertical arrows down
represent electron capture decay,

irradiation in a thermonuclear explosion. Thus,
these isotopes, through perhaps 235U, are formed
in the thermonuclear explosion and after the
detonation terminutes, the unstable uranium iso-
topes #--decay along a aiven mass chain until a
long half-lifo 2" emitter is encountered or a
beta-stable isotope is_formed. An examination
of Fig. 3 shows thar 250cf s not1g50duced in
thermonuclear explosions because <°YCm is a beta-
stable isotope and terminates the mass 250 chain.
Similarly, the lightest mass isotope of fermium
praduced in a thermonuclear explosion is mass 255,
whereas the 254 mass isotope is produced in
reactors.

Perhaps a year or two prior to the Mike device,
plans had actually been laid to praduce transcu-
rium clements in a high flux reactor. The Mate-
rials Testing Reactor (MIR) was scheduled to start
operating early in 1952 and in anticipation of
this start up, approximately 100 small samples
of plutenium-aluminum alloy were fabricated at
Argonne. The samples were formed into small
rings and were dubbed “napkin rings" because of
their shape. Farly in 1952, approximately 50
napkin rings had been placed into a special
facility in the MTR and had heen irradiated for
about six months when the Mike device was deto-
nated. ‘n the winter of 1952 we were toa busy
analyzing the Mike debris to remove any samples
from the reactor. The folluwing year, when some
of the work on the new isotopes in the bomb debris
eased, samples of irradiated plutonium were
removed from the MR and processed. In the initial

and later samples, the isctopes 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 plutonium were collab-
orative programs between Argonne National Labor-
atory, University of Cslifornia Radiation
Laboratory and Los Alamos Scientific Laboratory.

In the reactor program, 250PX and 251Bk were
also produced. Their nuclcar properties are sum-
marized in Fig. 1. The direct production of 251Bk
in irradiated plutonium is difficult to observe
because of its 57 minute half-life. However, it
is formed by the alpha decay of another prpguct
generated ,;g the reactor program, namely =>°fs.
Normally, - SEs is a minor constituent in reactor
cinstginium and the alpha particle emission rate
from 253Es is sq intense that it cbscures the
alpha decay of 253Es, Thus, for a long time the
alpha decay of 55Es remained unknown. However,
in one the later underground thermonuclear
tests, ~"'Es was obtained in sufficiently high
concentration that its alpha decay was observed.
Once this mode of decay was known, it was_rela-
tively simple te isotopically enrich the 235gs
g'.'om reactor materials to observe the growth of
258RK and to determine its nuclear properties.

Figure 1 shows thac 399k is the only isotope
of clement 97 to have a measurable spontancous
fission half-life in the ground state. However,
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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 gnik and Kevin yﬂf prepared
the two isomers of 242Bk and one of “%Bk at
Aqgonme by helium ion bombardments of 241an and
283p, respectively. Figure 4 shows the excita-
tion curve for producing the two isomers of 242Bk
and Fig. § shows the curve for forming the 244%1(
isomer, Although the fissioning isomers of 4%k
have been produced, all attempts to observe the
ground state of this_isotope have failed. Soviet
scientists prepared 243Bk and 245Bk isomers and
reported their nuclear properties. Some ti% ago,
Soviet workers reported the preparation of 6Ct,
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 B0 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 2498k
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 [ will concentrate
on the nuclear properties of the known isotopes
of element 98._ Figure 6 summarizes the nuclear
properties of 240c¢ - 255¢¢,

Both 280Cf and 231Cf were produced by irradi-
aXi.ng the %ight uranium isotopes with carbon ions.
242CF and_243cs wers formed by hghium ion bombard-
ments of 242Cn, Cf through <*8Cf were produced
by helium ion bombardment of curium isotoges and
by carbon ion buibardments of uranjum. 238Cf has
also been produced during the interaction of very
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two excited isomers of 2¥2Bk that decay excited isomer of 2“*Bk that decays by
by spontaneous fission. spontaneous fission.
Nuclide Haif-life Main a a Branch TUZ {SF} g.5. Spin
00 (gcy 1.06 min. 7.590 - - -
e (gey 3.78 min 7.335 - . .
201 (g 3.4 min 7.385 - - -
¢t (e 12.5 min .17 - - -
2425 (ke 20.4 min 7,207 - - -
et (e 43.6 min 7.137 30% . -
Hbeg g 35.7 b 6.758 100% - -
ATet (Ecy 315 h 6.301 ~0.05% . 2 + [624]
288y (g 333.5 d 6. 262 190% 3.2 x10% y 0*
29 gy 352 y 5.812 100% 6.9 x 1080y 92 - [734)
250cq (g 13.08 y 6.031 100% Lraaty o*
Bleg gy 900 y 5. 680 100% - 12 + £620)
B2e1 (g 2.646 y 6.118 7% 85.5 y ot
23cq (37 17.67 ¢ 5.979 0.31% - 72 + [613)
By sh 60.5 d 5,834 0.3% 0.5 d -
B¢t 1p7) 1.3-2.5 h
Fig. 6, Nuclear properties of the californium isotopes (total half-life,

alpha particle energy in MeV, spontaneous fission half-life, 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 'gradiation,
with the uranium target nuclei. 249¢Cf ig, formed
almost exclusively by the beta decay of <*”Bk.
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 plutcunjum rigium
and ;usium in the MTR Egoduggdpzw_» L %5, %53
and 354cf, However, 251, 252, 255 and 254Cf yere
first isolated from the Mike debris. The build-
up path in the thermonuclear explosion excludes
250Cf, 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 90% of these fissions due to 254Cf.
Even with this small sample, it was possible to
qtslsé}ne the nuclear properties of 252, 253 and

Many efforts were made to obtain larger samples
of californium including ccllecting more filter
papers, rain water at various locations, and
finally about one-half : -~ of condensed coral
that was collected from . ueighboring island.

None of these attempts yielded a californium sam-
ple equal to the initial 1.5 fissions/min. As
each larger sample was processcd, the additional
time involved resulted in decay of the califor-
nium isotopes which more than compensated for the
increase in sample size. Fortumately, all the
californium isotopes were produced later in larger
amounts in the MIR program.

One of the outgrowths of studying the muclear
nroperties of californium isotopes generated in
the Mike explosion and the MIR 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
gereral, throughout the actinide series of ele-

NEUTRON CROSS SECTIONS FOR TRANSMUTATIONS
IN HFIR IRRADIATILONS

Nuclide Capture Cross Fission Cross
section (barns) sections {barns}
M9, (314 9) 1451 0
B0y 3,22 m) 350 3000
“9¢c¢ 1357 4y 50 1690
250cs 113,08 y) 1900 0
253¢cr 1900 yi 2850 3750
521 12,046 v 19.8 32
B3 781 0 12.6 1300
e 150.5 g 50 0
Fig. 7. Neutron cross sections for berkelium

and californium jsotopes.
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ments, once we go beyond the 126 neutron shell,
there is a good correlation betweern the decrcase
in the alpha decay energy ard the in-rease in
mass of a given element. An anomaly, however, was
observed in the californium 1sotopes; the alpha
desny encrgy of 252cf was greater than thuat of
e50CE, hen initially observed, this anomaly was
not understood, but in light of the spontaneous
{ission half-lives behavior and the alpha decay
of other nuclides, the hypothesis was advanced
by Al CGhiorso and co-workers that 152 neutrons
represented a subshell of neutrons. The wunified
model of deformed nuclei provided a frame-work
that later accounted for the subshell at 152
neutrons.

. 2 .
Attempts were made to identify 255¢f in the
products of thermonuclear tests, but no positive
results were obtained.

A self-consistent set of neutron cross sscti’?ns
"% the californium isotopes, as well as 249 an
250pk are swmmarized in Fig. 7. These cross sec-
tions were determined from the yield of califor-
niwn 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 Jestruction of cali-
fornium mass during the production of califor-
nium and heavier elements in reactor 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 254Cf.
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 25.Cf are given in Eig. 8. Not only have
these properties made 253Cf 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.

Fisston PROPERTIES OF **%(F

SponTAKEOUS FIssion HALF-LIFE 83.5 ¢ 0.5 vrs.
T (NEuTRONs PER F1ssI1ON) 3.750 « 0,028
NEuTRONS PER GRAM PER SECOND 2,50 x 216"
Neutron Dose Rate 2400 REM/HR,

(OuE MevER FRoM ONE GRaM POINT Source)

AveracE NEuTRon EWERGY 2,34 1+ 0,05 Mev

Decavep Heutrows .86 + 0.13
v-Ravs PR Fission 10.3

K-X-far pER Frssion .57 = 0,06
ToraL FrRacMENT ENERCY 186.5 = 1.2 Mev

Fig. 8. Spontancous fission properties of 252Cf.



An important characteristic of the heavy ele-
ments is the sequence of neutron, proton and
collective energy Ievel states. The theoretical
predictions for the single particle energy levels
by S. Nilsson are shawn 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. tbw does
this prediction compare with experiment? The
ground state associated with 97 protons is
3/2- [521] for 243, 245 and 247k, In 2498k (152
neutrons), the ground state has been reported as
7/2 + [633], with the 3/2 - [521] state lying
9 keV above pround. Since the groimd state of
251Bk 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 the
3/2 - state as the neutron number becomes 154.

1n:zlray)

20500
s 2lsay

1 21680}

A fairly accurate picture of the energy levels
above the ground state has been obtained for
berkeliwn by studyving 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, Fig. 11 illustrates the type of raw data
observed f{or the reaction 248Cm(3He,d)249Bk.

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 comparel 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 enerpy
levels shown in Fig. 12, the true single parti-
cle states are extracted, free of pairing force
girturbations. The single particle states for
2498k are shown in Fig. 13.

2:2[883]

. 7:2(300]

E/hw, (€)

" 7oz{ez4)
1.21821)
1y2[e1s)

1/2(880}
" =e 1233
. 5/2(402)

5.7 L [ - . d — L A A
o] 0.1 0.2 03 04 0.5 0.6
€
Fig. 9. Nilsson diagram for odd proton states.
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3/2(1]

1371{207)
3731733}

by
2

a0

'l _)E,vmsm)
oy £
L o it a)' e
6.9 EASay a2

. > f/.o v/2[624]

6.7 g2 i "
Q 0.1 0.2 0.3 0.4 0.5 06
€
Fig. 10, Nilsson diagram for odd neutron states.

Since there appeared to be good agreement
between the theory and experiment for 249Bk,
Richard Chasman deduced the f7/2 . f5;7 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
Z = 114. "He 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 emergy for I = 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,

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

Lepihere are two herkelium isotopes, 246 and
2508k, that have odd neutron-odd proton greund
states and whose grousd state spins are known,
'ghe spin of both isotopes is 2-. The spin of
246Bk vesults from the coupling of the 3/2 - 521]
proton state with the 7/2 + [624] neutron state
and the 250Bk spin results from the coupling of
the 3/2- proton state with the 1/2 + [620} neutron
state. All the other o«dd neutron-odd proton
berkelium isotopes have doubtiul or unconfirmed
spin assignments,
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The spin assignments of the californium nuclides
(see Fip. 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 O+,
bur the spins of the odd mass isotopes provide
the data for identifying the neutron levels.

The ground state spin of 247Cf was found to be
7/2+ from a study of the alpha decay of 251Fm.
The neutron state responsible for this spin (149
nsutrons] is 7/2 + [624]. 1In a similar manner,
249CE yas assigned a sgin of 9/2- from a study
9f,the alpha decay of 253Fm and the beta decay of

9Bk, thus identifying the 151_'gei-utron shell as
9/2 - [734). The 1/2+"spin of 231Cf, obtained

associated with the neutron state 1/2 + [620].
The 253Cf sgin of 7/2+ was deduced from the ai “a
decay of 25/Fm, 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 pesition 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

from the study of the aipha decay of SFm,is and leave this aspect for another occasion.
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Fig. 11,

observed at 60° to the helium beam.
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Experimental data for the 29 MeV °He bombardment of 2“®Cm.
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Fig. 12. Proton level structure of *““Bk deduced from data in
Fig., 11. Solid lines ave levels obhtained from experiment,
dotted lines are levels ohbtained from independent decay
scheme studies.
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Introduction of John Crandall
Dr. Seaborg

The next speaker will be John L. Crandall,
Jack Crandall is Director of Advanced Operation .l
Planning at the Savannah River Laboratory in
Aiken, South Carolina, the place where these
clements have been producal 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

wany 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. !l 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 herke-
liun and californium in quantity. Jack....

Production of Berketium and

Certainly one of the most unexpected technolog-
ical success stories of the twenty-five years
which have followed the original discovery of
berkelium and californium must be the transfor-
mation of these clements from invisible flyspecks
at the forefront of a new technology to regular
if not quite mundane articles of commerce. In
this transformation, production has risen from
the few thousand atom levels described in the
preceding talks to the milligram and then the
gram levels, with kilogram levels for the power
reactors a possibility which may even change the
emphasis from allocating a rare resource to dis-
posal and destruction of an uwanted surplus.
This development has inwolved most of the world's
nuclear sites, and my talk will be mainly histor-
ical in describing their various contributions.
However, as | emphasize at the end of the talk,
a continuing development can still be expected.

Californium
John L. Crandall

Figures | and 2 list all the known isotopes of
berkeliun and californium which have balf lives
of more than an hour, that is those isotopes
which have been or might be the goals of major
production programs. These figures also list the
chief production routes to each isotope. All the
routes basically involve increasing the atomic
weisbt of anaturally occuring heavy nuclide such
as 238y by five to fifteen or more mass units
through bombardment with nuclear projectiles.

The atomic number is adjusted automatically, and
sometimes inconvenientiy, by beta decay. Charged
particle bombardments are the only route to the
lighter, neutron-deficient isotopes such as 247Bk
and 246Cf, but the less expensive neutron hombard-
ments are nommally used for the heavier isotopes-
including 2498k and 252Cf, the main production
goals to date. Milking a radicactive parent such
as 249Bk or 254Es is a particularly useful inter-

BERKELIUM PRODUCTION ROUTES

{ISOTOPES WITH HALF LIFE >1 HR)

MUCLIDE DESCRIPTION

PRINCIPAL PRODUCTION ROUTES

ISOTOPE  HALF LIFE  DECAY CUARGED PAXTICLE (ACCELERATOR) NEUTRON DECAY PARENT
3y “eh  EC Uy (a,20), % (@), Y@ - -
My, 44h K My (a,n), M3 (3,30) - -
sy «9d  EC Wy (0,2, % (5,9, Mon (3,0 - -

206y Led - M3 (0,00, e (a,0m) 3 i

21, sy e My 0,00, 5% (0,pm) ) 27,
sy, 16h 8,EC - W (i) -
™ 34d ’ - Fuel Path -
380y, La2h 8 . M9 (m,v) ™

Fig. 1.
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CALIPORMIIM PROOUCTION ROUTES

(I80TOPES WITH HALF LIFE >1 HR)

MUCLIDE DESCRIPTION

PRINCIPAL PRODUCTION ROUTES

ISOTOPE  HALF LIFE DECAY  CHARGED PARTICLE (ACCELERATOR) NN DECAY_PARSNT
26ce 578 @ BYy (12¢, 40), Mea (a,20) . .
M7ce 2.5 B 38y My, pin), e (o,0), 5%ca (o, m) - -
28, 5504 . 20y My sy, 2#58s (a ) . u2,,
2094 32y a - Fuel Patk: 28y,
250¢¢ 13.08y © - Puel Path 350, 254y,
Blee 900y s - Puel Path .

252c¢ 2.6y  ©,5F . Puel Path -

3ee 17.84 8 - Pusl Path -

e 60.5d  SF - Fusl Path 254up,
255¢c¢ 1.5k s - Fuel Path .

Fig. 2.

mediate step for obtaining isotopes such as 249Cf
or 250Bk in pure form, but must depend on prior
irradiations to form the intermediates.

CHARGED PARTICLE PRODUCTION

I'm geing to say relatively little about
charged particle production of the heavy elements,
mainly because of woeful ignorance on my part, but
also hecause this technique has so far proven more
useful for research and discovery than preduction.
The best candidate isotope of berkelium and i?li-
fornium for charged Earticle production is 247Bk
at a 1380 year half lifel the longest lived
berkelium isotope, but one not formed by neLZJHOn
reactions, which instead yield the 314 day 24/Bk.?
In turn, the best approach to forming 24/Bk scems
10 be to bombard neutron product 244Gn with alpha
particles. Several interactions give the desired
isotope, including a,p and a,n (with following
8 decay) reactions on the 244G 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 millibarns, with mmerous side reac-
tions. Even though the desired reactions to 247Bk
are endothermic, with negative Q's around—13
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 i: 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 2478k
is calculated to cost several hundred million
dollars or more per gram.

NEUTRON PRODUCTION IN THERMONUCLEAR 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 or power
reactor operation. Hence costs are much lower than
for charged particle reactions. Hwever, it is
only fai1 to point out that neutron production of
berkelium and californium requires multiple ncutron
additicns with losses at each step, so overall
yields are not necessarily better than in a single-
step charged particle reaction.

ACCELERATOR PRODUCTION oF 247pic
sEACTIONS
29000 ¥
MWy o Hop 55, 27y
Wseng oy W EC 247,

CROSS SECTIONS FOR ~30 Mev a PARTICLES an 2*%

Cn

a,n (a,p) 7mb a, fission »1000 mb

a,2n 17w a, p2n 30 mb
a,3n 5 mb a, p3n 1
a,4n 0.5 mb

Fig. 3.



The main neutron routes for producing berhelivm
and californium are illustratad in Fig. 4. The
Jifferent neutron sources differ hy onders of
magnitules in their nentron flux lcvels and reac-
tion rates. Man-made ncutron symthesis of berke-
lium and californium wus started by the appropri-
ately modest high flux reactor route in \ugust
19527 However, before_the vear was out the 'Mike'
thermonuclear explosion® provided synthesis fluxes
surpassing even those postulated for supernovae
and the massive stars and quasars., \Wnaly at
Argonne, las Alamos, anld Bc:\elc\ aof the o

s scove! <Iep)
S-hn' ggﬁ@tl&)!u} l::ml!hq iscovery ol .,

NEUTICN FLUK SOURCES FOR TRANSURANIUM SYNTHESIS

YETAH wOITION  MUTMY FLut LDCTION T CIrusin ity
2 i c/bars  Ave kev
MG FLUK ReATTR 8 o Lof? 10%-10° eas  2.5me?
STELLER R PROCESS _-lo" 1-100 1oog oo
NUCLEAR EXPLOSION 0% [Und 0 o
Fig. 4.

After the "Mike" shot the thermonuclear explo-
slon route continued to be exploited for trans-
plutonium element production in a series of under-
ground tests performed by the Livermore and Los
Alamos Laboratories.0,” ~Figure 5 illustrates
some of the microchemistry being performed with
bulldozers and drilling rigs to cbtain samples
from these tests.3

In the thermonuclear explcsions essentially the
entire reaction must take place in less than 10~
seconds, by which time the device blows itselfl
apart. Both theoretical considerations and the
product yields show that there is no time for
beta decay of the target nucleus in this short a
time period, so the initial reaction is straight
out the single element line of increasing atomic
weight, with decay occurring only after the explo-
sion. The beta decay products are listed along
the top axis of Fig. 6,7 which gives the produc-

tion versus mass meter for twe of the shots

ihtch with a newtron exposure of 40 molex/ans
Cyclamen with 15 moles/ans. The experimental
points are very w2ll cataularad for an average
newtron moderat ion to about J0 kel and for caleu
lated reiction cross sections averaging about one
barn.  There is a noticeahle nucleon spin pairing
effect favormg production of mulides with even
neutron mmbers in the or l)_l-hll productzon chain,
tiigher neutron v\pmmm favor higher neutron
addition masher higher nolecular weights,
with, to a fir: .|p|uonl: tion, the distribution
of neutron additions folloning a Poisson distri-
bution around the most lihely neutron addition -
bes.  In studying possible californium pxomu(mn
by this route, the developers caleulatad th
production rc“q.m could be developnd to produce
about litp of «<2«Lf per shot from about a 1% con-
version of : I- targer .0 However, cven though
the thermonuclear techniyues are well dc\vlc.ul
the recovery technique: for scparating the
desiral products from tle wuerground nuciear
debris need much more work, ad there 1s presentily
no such effort in progross.

NEUTRON PRODUCTION IN FFMTTORS

7hus while the *Mike” thermonuclear shot sue-
cessfully upstaged the iaitial reactor efforts ro
nroduce berkelitm and catifornium by neutron
dddl[lcll, the reactors t rither cor-
nered the huriness sinee The by-now
familiar nuclide path fu- the reactor trradiations
is shown in Fig. ~. With the fortumate (m terms
cf fission losses) |mtn\ exceptions ot = lpy and

Bk, the icradiations rollow the beta stability
pazh in the often multivear reactor exposures,
The additions ovcur easily except for gdrtiul
ngédups due to low cross sections .;t =3Cm and
=33Cm. However, mpct on f is Qn el xons.
particularly at 35 ; j ‘QE ﬂ 255
and 231¢f consume mosz ol thc re: txon mtenncdl
ates. s shown hy the slide, something like 1800
neutrons and \lxyltlv under a thousand atoms of
238U target are vequired to produce one atom of
252Cf in a typical reacter irradiation of this
heaviest naturally occuring nuclide. Figure 7

Fig. S. Recovery operations for transplutcnium elements produced in undergroumd
nuclear explosions.
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incidentally is one which I have used frequently,
the only trouble being that each time 1 use it I
have to redo it because the cross sections have
changed again.
the cha.ges 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
Sav.inah River at the Conference on Nuclear Cross
Sections and Technology in Washington mext 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 1014 n/cme-sec in the Materials

Testing Reactor (MIR) at Arce, Idaho, offered rea-

sonable conversion rates.4 The rather unusual
irradiation specimens, aptly called napkin rings,
are illustrated in Fig. 8.9

plutonium-alisnimum 2lloys preparcd at Los Alamos.

This time is no exception, although

About 100 of them were
fabricated at the Argonne National Laboratory from

250 260

Moss Number
6.

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 to
Los Alamos, Berkeley, Knolls, Chalk River, and
Harwell as well as being processed at Argonne.

In the seven-year progrmg Erqn 1952-1959 the MR
produced abg% 30 ug of 452Cf as well as smaller
amounts of Bk and the other californium iso-
topes, This material proved of sufficient inter-
est that larger-scale production programs werc
then undertaken at Savannah River and Oak Ridge.

Figure 9 shows all the major transplutoniun pre-
grams undertaken to date including the individual
thermonuclear shots and the earlier MIR programs.
The large scale production got underway in June
1959 with plutonium irradiations in the production
lattices of the Savannah River reactors. Two sep-
arate campaigns were ncljn\, Transplutoniun-I and
Transpjutonium-11, which between th roduced
930 g Mm, 300 g Zkim, and 330 gamon.m At
that time, it was thought that the actual produc-
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tion of berkelium, californitm and the ather higher world's primary supply of califomium. \ the

actipides from these intermediates would e carried
out almost cactusively at Cak Ridge in the new
High Flux Isotope Reactor, or HFIR, then wnder
Jesign, and in fact the Transplutonium campaign
nuclides did eventually provide the startup targets
for the HFIR. However, before that startup took
place, the Traagplutonium program received a major
boost {rom an independent SRP program to produce
about 3 kg of ZHCm for use in developing isotopic
heat sources.10°1%" This program was performed in
wo steps. The first step, Curium I, carried out
in 1964, burmed most of the fission heat from a
plutoniuz irradiation jattice, and the second step,
Curium Il, carried out in 1965-1957, used a high
flux lattice to transmutc part of the reconstitutsd
plutonium targets to 244Cm and other higher acti-
nides. Between the two Curium campaigns a High
Flux Demonstration Lattice !4 rum as a pilot for
Curium 11, irradiated about 525 g of 242ju in
fluxes up to 5.4 = 1015 n/cnl-sec. About 1 mg of
berkelium and 11.8 mg of californium were obtained
from these rampaiyns,

Meanwhile, the HFIR started up in September
1966 and has continued to operate ever since that
time as the mainstay of the ALC's researck pro-
duction of actinides. 1 will return to the IFIR
operation in more detail in a few minutes.

The Savannah River transplutonium programs were
resumed in 1960 with a large-scale program to make
252Cf ayailable to industry. This propram used
the residues of the Curium II operations in a new
high-flux lattice, Californium I, to priduce about
2 grams of 252CF in i6 months of operation.!”
this material, plus that produced in MFIR by reir-
radiating Cf-1 targets, presently constitutes the

conclusion of ¢ the targets were transterral
to low flux pusitions in the regular Savasah
River lattices where just cnough new calirfornng
is niade to balance decay; the targets have been
removed for reprocessing as the demand required.
Approximately 0,75 g of ==Cf has been recoverad
to date from this material.

The Californium-1 campaign was paralleled by
a new ;)1u!onixm~bt11'ging ign intendad to pro-
duce replacement =3P, A, and =33(m at con-
siderably lower co. than in the triwm-1 and 11
campaigns, The savings result from performing the
irradiations at comparatively low fluxes over long
time periods vather than in a crash high flux cam-
pai The products serve as a gereral purpose
actinide stockpile as well as potential targets
for berkelium and californium production.

Figur is a drawing of a Savannah River

Hil
rcﬂctor.iz Fven though these reactors, desipned
back in 1952, are rapidly approaching great pramd
daddy status they have proved almost ideal {or the
transplutonium programs just because of their rel-
ative lack of modern specialization. BRasically
cach reactor is simply a tank of heavy water about
18.5 fect in diameter with a 16 foot water depth.
1t 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 D,0 coolant flow. Lattice positions are
large“and well spaced fram each other and can
accomnodate a variety of assembly types. This
seemingly unsophist.cated andunspecinlized design
puts very few constraints against the design of
very sophisticated anl very specialized lattices
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. 1149 which still
holds the Teactor flux record of 6.1 x 101
n/cn2-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 x 165 Btu/hr-£tZ, Under these
conditions fuel life is very short, a few

ys, but the reactor is provided mtn 4 rapid
?nading and unloading system which can change over
the lattice in one day cr less.

The HFIR reactor, illustrated in Fig. 1210 nakes
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, sirgle purpose irradiator
specialized to the very particular task of trans-
plutonium isotope producion and research, Fluxes
of up to 5 x 10 n/ar -sec are achieved with a
power of about 100 megawatts and a fuel loading of
about 9.4 kg of highly enriched uranium, which

1asts 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 Trar raniup Proces-
sing Plant or TRU, illustrated in ri1g. 13,1/ has
perhaps been of even more importance than HFIR tc
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. Quantities of these
materlalf recovered through 1974 are lxsEEgB

i They amount to about 218 k and
2017 mg "252CF as well as the other actlmdes
through 257fn. About half a gram of californium
is now being produced each year, together with a
tenth that quantity »f berkelium.

Separations technology has been improving
steadily throughout the transplutonium campaigns,
and a large number of different processes have
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HIGH FLUX DEMONSTRATION LATTICE IN A
SAVANNAH RIVER REACTOR

-Control Rods

Active Lattice
(6'high 7'dio.)
~D,0 Reflector
(18'7" dia,}

ORNL HIGH FLUX ISQTOPE REACTOR

QUTER CCNTROL ROD
{18.6"0 D)

INNER FUEL |LATES
/(5"| 0,10"0D,20"H)

QUTER FUEL PLATES
) /( (1.5"1D,17"0.0 . 20" H.)

TARGET RODS —_
(orgets 0.247'D.x 20"M) 7

REFLECTOR-] %

INNER CONTROL ROD-

BERYLLIUM l\&

BEAM TUBE

Fig, 13,

Transuraniun Processing Plant (TRU) at ORNL (XBR 763-7611)




Sk AND Cf RECOVERIES IN THE TRANSURANIUW PROCESSING PLANT

252,

YEAR Bk, mg Cf, mg
1966 0.03 a.l
1967 1.0 5.3
1968 1.4 7.0
1989 3.2 22
1970 14.3 17
1971 50.5 403
1972 47.4 476
1973 62.0 586
1974 .0 401
217.8 2017
Fig. 14.
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been used at varieus times at oak Ridpe and
Savannah River as well as for the more specializad
recovery programs at Argonne, Berkeley, livermore,
Los Alamos, and other sites. Figure 15 illustrates
one of the latest flow sheets, that for the com-
pleted, but as o7 nnused Multipurpose Processing
Facility (»PPF) at Savannah River. lLike TRU this
is a manipulator facility, and is tuckel into
unused space behind the 5.5 foot thick concrete
walls of one of the SRP prgcess canyons. Lapacity
is large, up to 260 mg of - 2CF at each maaipula-
tor facilit\ at any one time. The scparations are
built around cation ion cxchange chromatography
with very finely divided resins to provide high
separations factors. Pressurized quumn'; are
required for reasonable flow rates. =t

TRANSPLUTONIUM SEPARATIONS FLOW SHEET

RECYCLE

I

TRANSFER SOLUTION FROM
SRP SEPARATIONS PLANT
OR_MPPF _DISSOLVER

—|
OTPA ™ pressurizen

ION EXCHANGE
DISPLACEMENT
DEVELOPMENT

Am-Cra I l C;,Es,Fm

| > LANTHANIDES

DTPA- 0.05M Diernyk i
AHIB - Aiphuhydroxy»sobutyrate

CONVENTIONAL
ION EXCHANGE

[ >oTPA

LalOHI[ > PRECIPITATION DIMPURITIES
HNO3 . DISSOLVE

PRESSURIZED
ION EXCHANGE

AHIB > ELUTION DEV. [~ am,Cm
iy ¥ 1
\ Es Fm
CONVENTIONAL
HNOy [ 10N EXCHANGE [~ AH1B
Cf]
ic Acid SOURCE
FABRICATION
. 15,



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 NaNO, to help complex rutheniym), the
feed solution is loaded onto DOWEX S50W-X8" resin
saturated with a InZ* barrier ion, and elution is
begun with 8.05 M DTPA buffered to pH 6 with
MNig0H. In the presence of the DTPA chelating agent
the resin has less affinity for zinc than for the
actinides and more affinity for Niy* so the dis-
placement development gives self-sharpening bands.
Finsteinium and fermium, californium and berkelium
came off in that order in the Zn band, and there
is good separation between this band and the fol-
towing On/Am, lanthanide, and NHg* bands. With
some recycle it is possible to obtain separate
Es/Fm/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 the DTPA, and eluting the sorbed
ions with 5 M HNO3. Next the actinides are sep-
arated from the zinc harrier ion introduced in the
displacement chromatography step and fram similar
cationic impurities by carrier precipitation with
lanthawm hydroxide, which is followed by
redissolution in 3 molar nitric acid. Then the
solution is loaded onto the NH;* form of DOWEX
50W-X8* and cluted with 0.4 moiar a-hydroxyiso-

butyrate, varying the pH stepwise from 3.4 to 5.0
to vary the effective concentration of this com-
plexing agent. The complexed actinides are bound
to the column more tightly than the NHy* ion and
are only slowly displaced by it. Four actinide
fractions are obtained, Fm/Es, Cf, Bk and Gn/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,
€£70,50, , is obtained by calcining at 8(0°C and
calic%om;un oxide, Cf;03, by calcining at

1250°C.

One of the particular features of the MPPF is
the MOSES computer control system for the ion
exchange operations, where MOSES is an acromym for
Honitoring On-Line System for Elemental Separz~
tions. It is illustrated in Fig. 16. Basically
the MOSES 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
Eliue spontaneous fissions of 252¢f, 250Cf, and

ion, a sodium icdide scintillation, detector to
mgm tor the 1.27 MeV gamma ray from Eu and
16015, and a lithium-drifted germanium de;ectorak
to pive specific regponses to the gamm: otopeaks
for 2dcn hipn TTRRRT600,. ang TR prorere
or more detectors detect all isotopes of interest
except for 2%3Am to which only the Ge (Li) detec-

MOSES ION-EXCHANGE ON-LINE CONTROL SYSTEM

High Resolutiof
igh Resolution High Count Rate
Ge(Li) or Si(Li) ™ gAmp“fier ‘ Fast ADC
Shielded Detector
Sampie
Loop — .
Neutron (BF3) |~ Data input Control [=— _ Digital Sngnafl
Count ; Processing Interface
Electronics Logic Inferface (DSP1)
Gamma (Nal) l I Live Time
Out = Couni. PDP-9 M Clock
In~= Electronics Computer
Visual Disploy

Audio_Alarms

i Pump CO""O'j-{ Input /Output Comroﬂ-—{
— [

[ oo ]

KSR 35 J

High Speed
Teletype Rea%er/g?:ench 7

Fig. 16.



tor respords. The usefulness of the system has
been well demonstrated in the SRP curium programs,
which included the separation of about 10 mg of
californium.

FUTIRE 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 238y, 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 nium produced. However, as shown by
Fig, 17, in making apnroxmately 2 grams of 252Cf
available to date we have in fact also done most
of the work towards procucing 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
(unsepa.rated) 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

SRP_PRODUCTION OF ACTINIDE INTERMEDIATES

HOLES NEUTRONS
—INVESTED

GRS
SHP ACTINIDE INTERMEDIATES
CE-X (A = 244.84) 2338 28
Pu RN (R = 243.3} 9900 865
5 Zpmopuction
SEPARATED TO DATE 2,0 14.3
TO BE SEPARATED 1.5 10.7
FROM Cf-1 INTERMEDIATES 50.0 6.5
FROM Pu BUSW INTERMEDIATES 140.0 99+

TROBITIONAL IRRADIATION REQUIRED 70 PRODUCE 23Zcs

Fig. 17.

entitled Tons wii
It turns out | \\as much too mdcq

Sz N Dl
in my estimates.,

As shown by Fig. 18, the ,\H predicts the power
reactors to generate about 10U megawatt days of
heat between now and the year 2000,-3 and, cven
without breeder reactors, at lcast (.5 gram of
plutonium will be produced for each megawatt day.
The total amount of plutonium produced between now
and the year 2000 is thus predicted to be S00u
metric tons or more. It is assumed that eventu-
ally all of this plutonium will serve as reactor
fuel, much of it by burnup in the same fuel cle-
ment in which it is formed, the rest by chemical
recovery and recycle into other reactors. low-
ever, as we saw earlier in Fig. 7, absut 7% of
this plutonium will in the process transmut to
americium and curium. Again part of this trans-
plutonium residue will be burned as it is pro-
duced and part recovered, and again it is ussumed
that, in order to avoid possihle escape of this
very long lived activity into the biosphere, it
will be necessary to recycle the recoveral
material for neutron burnup. Thus power reactor
operation hetween now 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 californiwm. While it
is unlikely that more than a tiny fraction of
this production can or should be recovered—after
all the basic purpose of the program is to burn
out the actinides—its existencc means that
berkelium and californium deliveries can he set
entirely by demand and not capacity restrictions.
These demands, particularly for ->-Cf, will he
discussed in the next talk.

ZSZCI PRODUCTION FROM POWER REACTOR ACTINIDE BURNUF
EXPECTED MICLEAR POWER GENERATEON IN THE USA THROUGH YEAR 2000

0,8-1.4 x 107 HEGANATT OAYS

(FROM AEC FORECAST OF NUCLEAR ' -WER GROWTH, WASH-1139(74))

EXPECTED PLUTONIUM GENERATION IN THE USA THROUGH YEAR 2000

0.5 x 1010 3%,
{BASED QN 0,5g/MEGAWATT DAY IN LWRs. COUNTS BOTH RECOVERED Pu
ARHD THAT BURNED IN REACTOR BEFORE RECOVERY)

252G¢ PRODUCTION IF REQUIRE BURNUP OF ALL ACTINIDES RATHER THAN
WASTE DISPOSAL

5000 kg 25%ce
(FROM SLIDE 7 - 1 ATOM OF 25%C£ WILL BE PRODUCED FROM EACH 986
ATOMS 239pu BURNED)

Fig. 18,
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Introduction of Frank Baranowsk:
Dr. Seaborg

I want to remind you that the reason these
large amounts of americium and curium and cali-
fornium 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 he
useful, is because one of the isotopes, cali-
fornium-252, has practical applications. The
production of these research quantities is sort
of a spin-off of that. Now we're going to hear
from the man from the ALC in Washington who has
been responsible at that end for this large
production program. Frank Baranowski and I sort
of worked hand-in-glove during my ten vears in
Washington. 1t didn't do the program any ham
that the Chairman of the Atomic Energy Commission
was interested in transuranium elements during
the time this buildup occurred. Frank, as ['ve
indicated, has been with the Headquarters staff
of the Atomic Energy Commission and he served as

Director of the Division of Production essentially

all of the time I was in Washington, so we
worked together in this program. Frank left

Status Report on

hington s emplover was
the Atomic nergy Comn going to

return when hi ame emplover is the Fnergy
Research and Development Administration, &
The AEC went out of business vesterds

came into business vesterday and this is the first

working dav. rank received a K.S. in chemical
engineering form New York University und an

M.S. degree from the University of Tennessce.

He has been associated with the nuclear program
essentially from the beginning., te was assigned
to the Manhattan Engincer District in Oak Ridge

in 1945, and after the War he joined the operation
in Uak Ridge, came to Washington in 1951 where he
has served in the Division of Production in various
capacities, worked his way up the line linally
until 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 cali-
fornium-252. Frank....

252

F.P. Baranowski

It is a pleasumie for me to be here today among

so many of the pioneers in the fiecld 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 berkelium and californium! T am
particularly pleased that current appli-
cations for californium-252 range from
cancer radiotherapy to many nuclear and
nonnuclear industrial uses. Seeing the
progress which has been made up to
this time should be of immense pride
to those who gave birth to this element
some 25 years ago.

"The valuable national scientific
resources represented by our laboratories
and universities are being called upon
again to assist this country, but now
in the broader mission of ERDA. T 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 this meeting recognizing the anniversary of the

discovery of new elements with the beginning of
a new energy enphasis within the United States
and the formation of a new Energy Research and

Developient Administration, Atomic Energy ushered

into the world a new primary energy source in
which many here have made a lasting contribution,
This new source of energy has brought with it new
avenues of research which have led to discoveries
which are of significant benefit to all of mankind.

In looking back to 25 years ago, I recall that
T was in the midst of a major expansion of 235U
enrichment and plutonium production for the defense
effort. Even at a time of great stress on weapons
there was a nucleus of scientists engaged in and
promoting a strong basic research program. We
in the production system are grateful to the
foresight of these early researchers. Il they
had not prevailed, what would we be doing with the
time we now spend in explaining and justifying to
OMB, Congress and others, the reasons why we
shou'd keep on searching for new benefits of 252Cf.
‘The job of selling has been not too difficult;
most of AEC work is behind us. We are letting
the isotope sell itself. The potential cont’nues
to be impressive. 1 might add that the two Chair-
men that have succeeded Dr. Seaborg at the ALC
have continued to support the 252Cf program
initiated under the stewardship of Dr. Seaborg.

My first exposure to transplutonium elements
was in the explanation of a National Transpluto-
nium Program by Dr. Abe Friedman, then with the
Division of Research. T wus impressed since 1
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 irradiating 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 prograr was approved
by the Commission and mv cffort was concentrated
on processing ton quantities for weapons and
Tater nuclear power. On a percentage basis the
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transplutonium expansion was greater, however,

i would wager a het that it was much easier to
obtain approval of an entire veactor on -5°Cf in
the later 1960's than the dedication of an extrencly
small fraction of capacity in the late 50's and
early 60's to the production of transplutonium's
isotopes. Need 1 explain to those here why?

The production of 282¢f at the production sites
was built on the base of a program initiated by
the Division of Research with AEC laboratories
leading to the construction of the HFIR/TRU
facilities at Oak Ridge. I might also add that
it was the Space Program's nced for curium-244
that really provided a major start to larger pro-
duction of transuranium isotopes. Curium-244 was
one of the heat source isotopes to have a large
scale production effort. As a result of this
effort the supply of californium was increased
and attention was focused on possible applications
for 252Cf.
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METALLURGICAL |
STUDIES

The technical advances made by du Pont in the
high flux operation of heavy water reactors at
Savannah Riverwere d key facoor in the accelerated
effort for developing a new, market-oriented
-2~('f program. The stockpile of intermediates
from the curium produclion,gqnpuim, a high grade
of feed for produwction of ~2=Cf, was one of the
encouraging factors that led du Pont, the Savannah
wiver Operations Office, and the Division of Pro-
duction to strongly vecommend that a grcaggg
expanded program for developing uses for =2-Cf k2
undertaken by ALC.

The list of possible cpplications for neutron
sources is impressive and has always best been
represented by Jack Crandall's 2520f Tree (Fig. 1).
The nrohlem of determining which branches of the
tree to explere with such a limited supply of
2520f and, 1 might add, morey, called for a dif-
ferent approach from previous isotope application
development programs. We were fortunate because
applications studies at AEC labs had already been

WASTE
BONITORING

‘REACTOR FUEL
IDERTIFICATION

NEW NUCLIDE
PROCUCTION

252cf YSE TREE
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initiated with ORNL/TPC 252Cf and had shed some
light on potential applications (Fig. 2).

Perhaps the most significant potential appli-
cation, cancer radiotherapy, was being studied
under fumding by Biology and Medicine by
Dr. Harold Atkins at Brookhaven; Argonne National
Laboratory was pertorming studies on ncutron
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
sn;dies. As you can see, the undertaking of a
252Cf 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 252Cf, 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 232Cf sources to selected_industrial, .
educational, and nedical participants who funded
and psgformed applications studies and evaluations
with Cf. ! 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 ggogram of
utilizing limited quantities of 2°Cf.

The 252Cf loan gEagram was announced by
Dr. Seaborg at a 252c¢ Symposium in New York on
October 22, 1968. As shown in Fips, 3-6,over the
course of the loan program 32 industrial lcans
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 $8-§10 millggg annually in terms of
funds and facilities for =>-Cf evaluation work

as comg:lred to AEC annual investment for encapsu-
lated 292Cf of approximately §2 millien. Nonc of
the AEC funding was spent on industrial applicu-
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 stydies were provided
to the AEC for publication in =7-Cf{ Progress
gegorts designed to spread new information on
232cr 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 umiversities and the IAEA
to familiarize other potential market customers
with the unique properties of -2>-Cf. Over 50
U.S. wniversities are currently using these sources
and we have a large supply still to give away.

Concurrent with the loan program, a high flux
reactor campaign was initiated at Savannah River
to increase the limited supply of “52Cf. This
campaign eventually produced 2.4 _grams of S2Cf.
The increased availability of 252CF made it
possible to offer Z5:Cf {or sale at $10/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<Cf. The ALC sold
the material in an wencapsulated oxide form with
industry providing encapsulation services. To
assist industry the AEC has devcloped and offers
for sale tmencapsulated = 2CE in a_golid, palladium
cermet wire form in a variety of <>=Cf cqugertra-
tions. To date, approximately 60 mg of <>-Cf
have been sold.

In order to bring non-nuclear and small com-
panies into the 25:Cf program, the ALC established
in 1972 252Cf Demonstration Centers in Baton
Rouge at LSU and in San Diego at facilities oper-
ated by Intclcom Rad Tech, Inc. Each_Center was
provided with 100 mg of encapsulated <°-Cf sources
in return for providiag 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 Bgcp very suc-
cessful at promoting interest in 2°2Cf with 34
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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-
nents in the cancer radiotherapy studies with
->-Cf. Last week in Denver, the -2<Cf Radiation
Therapy Oncology Group of the Natiomal Cancer
Institute met to discuss a protocol for proceeding,
after five years of studics on patients for whom
conventional radiotherapy treatment had proved
ineffective, to clinicql, curative tests on
cancerous tumors with ~2-Cf. This protocol is
expected to become operative in the near future.
Five domestic hospitals arc expected to begin
clinical trials during C¥ 1975 and another three
foreign hospitals should begin clinical trials
during the next two years. I'd like to stress
that in order to assurc_a prompt, vet safe and
ethical evaluation of 252Cf's radiotherapy
application, these medical evaluations have been
coordinated by subgroups of the Naticnal Cancer
Institute and, from their inception, administered
by the AEC's Division of Bjology and Medicinc.
Gbviously, we are very pleased that the initial
phase of the radiotherapy program has been success-
ful. We are told, however, that it could take
another 3 to 5 years of clinical tests for some
tumors before the final verdict is in on ->°Cf's
medical potential. If successful, this application
alone, with its tremendous potential in terms of
benefits to_mankind, would make all our conbined
efforts on 252Cf worthwhile.

Unlike the medical application, 252Cf is already
in_use in industry with significant, additional
252Cf systems under development. The nuclear
industry, quite naturally, was the fglrst to uti-
lize 252Cf 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
it has a multiplication factor of 25 and oper-
ates at a kegg of 0.99. Licensing of the wnit is
currently in the final stages and the wnit can
be operated by unlicensed technicians.

At the present time we are witnessing the
introduction of califormium systems into areas
not previously utilizing nuclear techniques. To
broaden the benefits, this is the market we are
interested in penctrating. I would like to bricfly
describe two of the mos: interesting of these
systems.

The first system is one we have particularly
high hopes for because of its significant bepefits
in combating terrorism. It is a high speed 252Cf
letter bomb detector. This instrument uses a
complex interrogaticn 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 stad-alone instruments in private and
government offices that are threatened with letter
hombs, wid also from the leading edge of a fully
automated mail sorting wnd handling system of the
future. The operation of the completed system

was demonstrated in San Piego on January 9, 1975,
and the system is currently installed and operating
in a government installation.

The second system involves the use of 25°Cf
neutron radiography for aircraft maintenance
inspection. Until now, the only rcliable 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 structur:! members. During the past
few vears, however, the feasibility of using
portable neutron radiography systems for the
inspection of flight line aircraft in maintenance
enviromments has been demonstrated.  Such
cevaluations have clearly demonstrated to the
military and comercial aircraft operators the
cost and munhour savings resulting from ncutron
radiography. As an example, neutron radiography
can perform the inspection of certain critical
areas in the wing tonk of a commercial aircraflt in
20 hours compared to the 225 hours (10 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 whach a
technique for the detection of adhesive defects
in hel:copter rotor blades has becn demonstrated.
This can save the government considerable amounts
of moncy. There are rotor blades from one specific
type of helicorter 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 252Cf 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.

I think it is important that the discovery of
californium here 25 years ago has made the jump
from a pure rescarch 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 Cf. We
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 comunity assesses its benefits.
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Introduction of Joseph Peterson
Dr. Seaborg

As you know, it [the afternoon program] will
be devoted entirely to the chemistry of these
elements. Joseph R. Peterson will be the first
speaker. 1 have known Joe Peterson for 32 years.
1 think you realize the significance of that
remark--Joe is 32 years old. The first time i met
Joe was in Chicago when his family moved there
early in 1943, Pis father, Merlin Peterson, who
had just joined the Metailu-aical Laboratory, was
a friend of mine who did his graduate work here
at Berkeley in chemistry it 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 little
fellows that you'd ever want to see--I would
say he hasn't changed a bit. In the meantime,

Synthesis and Properties of
Berkelium Metal and Compounds
J.R. Pererson

In harmony with this moming's reminiscences,
1 would like 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 disserta-
tion work on the preparation and properties of
berkelium (Bk) and some of its compounds. One
year later 1 celebrated that cccasion by writing
a poem and presenting it to my research director,
the iate Professor Burris B. Cunningham. Attuned
to the slang expression of that time, it was
entitled *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 will
study its absorption spectroscopy and still
the x-ray crystallography of several compounds
will tell us in solid state how it a-bounds.”

Since then I have, as I promised that day,
made very great strides along the way;
the absorption spectrum is now known to us,
and over five compounds I've made such a fuss
that there is 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 position,
strictly second-rate
te a struggling, persevering Ph.D. candidate!

Thus, a systematic study of the chemistry of
berkelium was launched and is still afloat today.
The last part of that proposal dealt with the
possibility of preparing berkelium metal on the
submicrogram scale, in accord with the limited
availability of 249k Fortunately, I completed
my degree without having to tackle that difficult
problem. There was at that time some reluctance
to turn over the world's supply of 249Bk (~30 up)
to a graduate student fur such high-risk, pos-
sible-loss experimentation.

somehow Joe has become Associate Professor of
Chemistry at the University of Tennessee in
Knoxville, with connections to the Gak 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 his father received his Ph.D.
degree here. He joined the faculty of the Univer-
sity of lennessee immediately after receiving his
Ph.D. and has been working on the systematic
and basic chemistry of transuranium elements,

and particularly one of the elements relevant to
us today, berkelium, during much of that time.
It's appropriate that his discussion today should
be on the "Synthesis and Properties of Berkelium
Metal anc Compounds.'t Joe....

Comr_Te0i(a- - |

It was in August 1968 that the first attempts
to prepare Bk in the elemental state were made in
Cunningham's laboratory on the first floor of this
building. I had returned from Tennessee to par-
ticipate in some collaborative experiments on
einsteinium (Es), and while here, about 140 ug
of 2498k were received. After some discussion
Cunningham agreed to let his Ph.D. student Demnis
Fujita and me use about 1/3 of this 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 16 ug scale. Our
microtechniques were not really new, but repre-
sented a significant scaling down of the tech-
niques used quite 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
Wallmann.

Mctallic berkeliwn 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 pg of berkelium, were
loaded with Bk“* and calcined in air to form BkOp,
which was then treated with an HF/Hp gas mixture
at v600°C to yield spherical BkF; samplies. Each
BkF3 sample was suspended above the reductant
metal in a tantalum (Ta) crucible by containment
in a spiral made from 1 mil diameter tungsten

(W) wire.

Three attempts were made that August (one each
on the 18th, 19th, and 20th) with a iower tem-
perature of reductian being used in each succes-
sive attempt, since the experimental results
indicated that berkelium metal was being lost
through volatilization. Capitalizing on the
valuable experience 1 gained in these initial
attempts at Berkeley, my first Ph.D. student at
the University of Tennessee (UT), James Fahey,
along with the late Russell Baybarz of the Oak




Ridge National Laboratory (ORNL), and I success-
fully prepared the first 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 still lower temperatures
of trifluworide reduction. In Fig. 1 is seen the
crucible system: the rather massive tantalum
crucible and top; encapsulated lithium metal; and
tantalum foil *'chair" to support the tungsten wire
spiral which contained the BkF3 sample. The
procedure was to drop the tube containing the
lithium into the crucible bottam, load the spiral
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-
tion system in the vacuum line as indicated
schematically in the next slide (Fig. 3). Follow-
ing evacuation the reduction was carried out in
accord with a predetermined heating cycle.

PN
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The lack of inert-atmosphere gloved-box facil-
ities at the time meant that following cooling
of the system we had to open the vacuum line
and tmmediately submerge the crucible in dry
heptane or dodecane to prevent oxidation of the
product metal by air. The berkelium metal was
recovered from the wire spiral often py just
pulling the spiral out straight, while still
under the organic solvent. A photomicrograph of
the first berkelium metal sample is shown in
Fig. 4. This sample, which weighed v1.7 g
and exhibited a face-centered cubic (fcc) struc-
ture, was later shipped to this laboratory (LBL)
for the first magnetic susceptibility measure-
ments of berkelium metal, carried out by Dennis
Fujita in Cumningham's laboratory. I'm sure
Dr. Norman Edelstein will comment further on this
work during his remarks later this afternoorn.

During the course of these carly studies of
elemental berkelium we noted that a considerable

0.5
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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.

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 abour
20% and 60% 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-
1iun metal. Two crystallographic modifications
were observed, a low-temperature, double hexagonal
closest packed (dhcp) form and a high-temperature,
face-centered cubic (fcc) form. The average
lattice parameters are given here, along with the
calculated densities and metallic radii. The
result of a crude melting peint determination was
found to be consist~nt with the conditicns used

in the preparation uf berkelium 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-
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Photomicrograph of BkFs sample in spiral.

gated briefly berkelium hydride and the possible
existence of BkO.

In early 1672 I was awarded a North Atlantic
Treaty Organi-ation Research Grant in collab-
oration with Professor J. Fuger of the University
of Liége (Belgiun) 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”" aquo ion. This propogal
was in harmoy with the greater amounts of 249B:
becoming availablr and my continuing interest i
the further elucidation of the important physic.l-
chemical properties of berkelium. The plan was
to prepare metal samples between about 300-500 g
in_size at ORNL and to ship them rapidly to
Liege where Fuger has in operation a solution
Tricrocalorimeter suited to making these measure
ments.
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Fig. 3. Schema' ic diagram of reduction system.
It was obviou- from our earlier work that a
new preparative technique was necessary to
mirimize loss of berkelium metal through its
relatively high volatility at the temperatures
necessary for i production via trifluoride
reducticn. Jam Stevenson, a University of
Tennessee gradu ¢ student, and T explored a num-
ber of possibili ies for new preparative tech
niques with a pc ‘ticular emphasis on a system
capable of attaining thermal equilibrium rapidly.
We settled on the low total 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 mm in outside diameter with a wall thickness
of <0.4 mm, and a resistance-hecated coil of 15 mil
diameter tantalum wire coated thinly with a high-
temperature ceramic glue. The tungsten rods are
for support and electrical connections. The
50/50 standard taper joint, about two inches in
diameter, can be used to set the scale. The
trifluoride samples were suspended in a tungsten
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wire spiral hung vrom the crucible top which was
supplied with an effusion hole for the escape of
excess Li metal vapor. Shown here is the setup
for bead scale work used by .Jim Stevenson in his
Ph.D. dissertation work on Z48Cm metal. llandling
of the air-sensitive reductant and product metals
was made easier by placing the entire reduction
apparatus inside an inert atmosphere enclosure.

Single ion-exchange resin bead techniques were
not applicable to our intended berkelium work on
the 1/2 mg scale, so we resorted to wet chemistry
mechods for the preparation of the BkI3, out -
lined in Fig. Dr, R. G. Haire of ORNL wus
largely responsible for this part of the
a. well as for the purification of the
solutions. ‘The RkF3 was precipitated from aqueous
soiution with HF in  individual ~1/2 mg hatches,
centrifuged into the bottom of a hand-made KEL-T
form, and dried in air. Then the solid BkFs
chunks were transferre to platimum (Pt) boats
and treated with anhydrous HF gas at 600°C to
ensure removal of oxygen from the samples. These
HF-dried samples were individuzlly reduced to
metzl by Li in accord with equation (3} in the
crucible system I've described (Fig 7).

Now, in a short series of slides (Fi 8-13),
1 want to sharc with you the thrill of producing
a sample of elemental berkelium. (Fig. 8) Here
are the chunks of BkF3 in a Pt boat (mm scale 1n
backgromd). (Fig. 9) Inside the inert atmos-
phere enclosurs they are placed in the Pt "V-s
and then loaded into the 2 mil diameter tumgsten
wire spiral suspended from the 4 mm diameter
tantalim 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
relief that it's all together and ready to go.
(Fig. 11) Now put on the vacuwn envelope and
cvacuate. (Fig. 12) Tumn on the power; the
systom will be up to temperature in about 20 sec,
and you can see the excess lithium wetal condensing
on the walls of the Pyrex envelope. lower the
power for anncaling of the metal sample, then
turn off the power. Lither cool the sample in
vacinm or admit heliwm to quench it. Remove the
envelope, open the crucible system, anc (Fig. 13)
admire the nice hunk of berkelium metal adhering
to, but not surtounding, the tungsten wire. Re-
cover the sample by straightening the spiral and
encapsulate it in quartz for shipment to Lidge.

In all *en samples were taker to Lidge, five
in June 1973 and five in March 1974, A swmary
of the heat of solution results obtained in the
June 1973 campaign is shown in the next slide
{Fig. 14}, Our final number, after the two
campaigns, is about -138 kcal/mele, or as we are
reporting it, -576 + 25 kl/mole.

Let me now spend a few minutes sumarizing the
situation with regard to the corpcunds of clement
97. 1'm limiting my coverage to those berkelium
compounds which have been studied by x-ray
diffraction methods. The first of these was
Bk0z, prepared by Cunninghar and Wallmann in
November 1902 via the single bead technique using
only 4 ng 299Bk. Based on four jines ohscrved
in the x-ray powder diffraction pattern, they
confirmed the experted fuc structure and reported
a latticve paramcter of 5.33( 1A,
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Fig. 4.

The next slide {Fig. 15) sumarizes the prep-
gration of the five compounds "over which 1 made
such a fuss" in my dissertation work. This work
was all done on the 200 ng scale, with often the
same Bk sample being used for the successive
preparation of three or four diff:srent compounds.
All five compounds were characterized by their
crystal structure and lattice parameters. Our
discovery of dimorphism in BkF3 was a little added
bonus,

In the last slide (Fig. 16) I've listed the
prescntly known compounds of Bk which have been
studied via diffraction methods. T will defer
discussion concerning the methods of preparation

Photomicrograph of first bulk sample of Bk metal,

of these compounds to Dr. Larry Asprey, who will
describe them for the analogous compounds of
californium. In addition to the dioaide, the
Bk (1Y) state has been further characterized by
Asprey, Penneman, Keenan, Ryan, and co-workers
at the Los Alamos Scientific Lilouratory (LASL)
through the tetrafluoride -~ . double fluoride,
and by Morss, Cunningham, anl Fuger here at
Berkeley through the double chloride.

The Bk (iTl} state has been studied via the
sesquioxide (as already menticned), the trihalides
and oxyhalides (most of them prepared by Fried,
Cohen, Siegel and co-workers at thc Argonne
National Laboratory {ANL]},the sesquisulfide (also
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by the Argonne group), the trichloride hexahvdrate
thv Burns and myself at (ak Ridge), the triple
chloride (by Morss, Cunningham, and Fuger at
Berkeley), the tricyclopentadienide .nd monochloro-
Jdicyclopentadienide dimer (by Laubereau and Burns
4t ORNL), and the nitride, hydride, and possibly
the monoxide (by my students Fahey and Stcvenson
working at ORNL). In addition to these twenty

or s¢ campounds, 1 kmow of unpublished work on
Bk202507 and Bk202S by Haire and co-workers at
ORNL, and on Bk(OH)3 by Haire and also by K.0.
Milligan of Baylor University.

HF R,
&

3 __air . 2
BRT TooeTe e geare

ALl

opes

Lattice Parame:

X-Rey Dencity,

Metellic Fudius !
Melting Point, °C:

Saiative Vola

Fig. 5.

TFEUSIRN mOLES

Fig. 6. Schematic diagram cf lov heat capacity
reduction sy n

And so, berkeliwm, as we think of and
review vour status today, 25 vears
after birth,

We find of information on your metallic
state and compounds, there is no
dearth,

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

As the very first member of the sccond
half of the serics of actinides.

Some properties of Bk metal.

I+
(eq)

HF,
&) o
(2) BTy ) potme BTy

(3) TP, + 3Li pygggse— Bk * 3LiF

+
{1} BK; BKFyoy + 3

* HF(yq) “(aq)

Fig. 7. Preparative chemistry for Bk metai.
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Fig. 8. BkFi samples in Pt boat.
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Fig. 9. BkF; sample in tungsten wire spiral.
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Fig. 10. Assembled crucible in heating coil.
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Fig. 11. Assembled reduction system.
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Fig. 12, Reduction system during heating cycle.
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Fig. 13. Bk metal adhering to spiral.
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dncp EDTILIMN AEAL IX W HE AT 29833 ¢ G089

eapie Sample

Nuabar Yeight, 8 hemarns

FIE SN 21,6 w2 Tosavertentiy
2wty

W X2 asalyses

e

wis2i61%) wa.T IoroKe anaiyses

vi919-613) k. - Siov dinso-ution,
catde pressnt

Fig. 14. Summary of heat of solution data
(June 1973) for Bk metal.

) anhydrous HCL/ Hz.o
?’k pJ ‘l"m:’.::: ~1:;:'>’c 2 Ha:;f’:;m! 2% 5Hzf':°c BrCls stzot;::' sroct
HF/H, l 600% air l 600°
(2:%}
B8R F3 8h 02

Fig. 15. Preparation of five Bk compounds.

»
BX{EV); BKkO, DkF, Ce BkClg NagBlgFy)
BK(IIT): Bk,0, BkKy BKOX Bi,Sy BEN BRCl,-6H,0
CopMaBKCY,  BK(CHs)g [BR(C,H(),C1)
(X = F, €1, Br, I)

Otber: Fxff,, (BKkO)

Fig. 16. Compounds of Bk,
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introduction of Larned Asprey
Dr, Seaborg

The next speaker is Lamed B. Asprey, who is
an Associate Group Leader in the Nuclear Chemistry
Division at the Los Alamos Scientific Laboratory.
He received his B.S. depree from lowa State College,
as it was then known, in Ames, Iowa, in 1940,
then went into the Army and joined us in February
1944 at the Metallurgical Laboratory. That's an
interesting story., I don't know whether Larry
knows this or not, but one Saturday aftcrnoon
shortly before that time I was givea a stack of
descriptive material on people in what they call
the S.E.D.--I think I remember it correctly,
Special Engineer Detail, 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, cight or
ten or something like that, to join our group at
the Metallurgical Laboratory. 1 remember vividly
going through this large stack and looking as 1
went along: Don Stewart, sure he looks good;
Larry Asprey, he looks good; and so forth. It

W smill proportion out of the total, [ assure
vou, and | don't know what criteria T used but
I've bevcome convinced that 1 must have used pood
criteria; of vourse, | have no way of conparing
with those 1 kept in the stach. But 1 thought

vou might be interested, if vou haven't heard

this story before, that thus i1s a mn's fate deter-
mined, 1 wean, from then on Larry destined

to spend the rest of his life in actinide chen-
istry. At the end of the War, he wus among .he
group that came back to Berkelev. e worked

under Burris Cunningham here in the Radiation
Laboratory and received his Ph.D. in 1939, Then
he went immediately to [0% Alamos and has heen

on the staff of the Los Alwwos Scientific Labor-
atory ever since He's worked on many oCts
of the chemistry of the actinide clements, has
had a distinguished career, and his report todu-.',
synunetricullv related to that of Joe Peterson's

is entitled "Synthesis ‘uld I’xopcrtl s of L.llnox-

Synthesis and Properties of
Californium Metat and
Compounds
L.B. Asprey (with R.G. Haire)

Today, I am going to talk about the syninhesis
of various compounds of californium and then very
briefly a bit about their structure and properties.
1 am deliberately omitting descriptions of the
tracer work helping establish the possible
valencies of californium and of the many solution
studies that have been carried out. I was very
surprised to find out just how much work has been
done in the 25 vears siuce the element's discovery
and in the relatively few years since it has
been available in macro amounts. Granted that
to many, 1 ug or so does not seem very macro but
to us here today, 1 feel macro is the correct
term. I have tried to give all of the workers
proper acknowledgment., If I have omitted anvone,
it is not a personal act.

The first compounds I shall :discuss will be those
containing tetravalent californium. The first
real evidence for Cf(IV) was provided by the
synthesis of the tetrafluoride (Fig. 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 400°C. This
procedure resulted in the formation of u small,
crunbly bead, vellowish in eolor. The head was
gently transferred to a capillary for X-ray
examination which unequivocally showed it to be

the monoclinic CfFy, isostructural with all of
the tetravalent actinides from thorium on.

These curves (Fig. 2) show the relationship
of californium to the other 5f elements. This
computation was made by Pro”. luchariasen recently.
The curving near berkelium and californium may be
due to radiation damage or to indexing of the
complicated monoclinic powder pattem.

niwn Metal and Compounds."” Larry.
Crfy
Paepaarion - CF (RESIN) # 77 0 Jefy
Sraucrose - Ce/i: 27 12
= 12,025 « 0004 By = 0R - DM,
= 8,126 « 0003 ©0 = 126,00 ¢ OO0

ApsoReT =y SOECTRUY MLASURLD.

L. B, Ascapy and Ro G Harm

Inora, Huce. Coems LETteies 9, 1221 (1
Inora, Huce, (we=. LETICRs 3, &67 (1477
Fig. 1.

The next and onJv other mnrpmmd of Cf{IV) to
de Cf02 (Fig. 3w ligh pressure
necessary 1o form the dioxide,
reminiscent of the terbitm system. A= you can
see, it is dimorphiv, converting probably due to
radiation, on standing for a fow months. During
the worhk, a numhm of ml\od oxtles (OO were
made where x 2 1.5 but <

or atomiv oxygen was

During the studies I am discussing vou will
see again and again the names of two very prolific
workers. We have lost both Prof. B, R, Cimningham
and Dr, R. D, Bavbarz in the 1 few v and
1 know we miss their inspiration and skills o
very preat 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 H0
on the sesquioxide. The investigators took ad-
vantage of the mishap and showed the structure
to be of the fluorite type with ag = 5.561 A,

CfCl3 was obtained by treating Cf;03 (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 UClz type structure.

By using moist HC1, it proved possible (Fig. 7)

to prepare the oxychloride, CfOC1. This proves
to be tetragonal of the PbIC1 type.

4451

na et

Ce05 + b £eFs

fen L ont

CrFy {onT40anovaic) CeF3 (TR1manaL)

Cef> - ostronmoveiz, Yoy TrRE
g, = 5521 5 .39 + 0,001 A, ¢* =

3.605 %, g = 5,383 ¢ 0,093 &
(eF3 - Taiconac, LaFg TYpE
kg = 6953 » 0,005 A, ¢ = 7100 + 0,092

1. R, Pererson anp B T

w» ltore. Huce. Cwer. 30,

H. Buens
30, 2955 (1963)

JunsuGnan
i775 (1963)

J. R, Peterson akp J.
J. Inorc. Nuct. Cwew.

P, EwaLicw
1970

J. W, Steveuson snp 1. R. PETERSON
J. Ingrs. NucL. Cuer, 33, 3431 (19733

B. L. Cunntusesm aup
BCBL - 20426, P, 239

Fig. 4.
CrOF

760"

Crgl + 10 () ~“— CFOF (accivenTaL)

STRUCTURE - FLUORITE Tvpe, Fidn; A" = 5.561 = 0,004 A

J. R. Pererson anp J. H. Bumns
J. hore. MucL. Cwem. 70, 2955 {1968)

Fig. 5.
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Both CfBr3 and CfOBr (Fig. 8) have been made by
analogous reactions using HBr. CfBrs has the
BkBr3y type of structurs. Later work shows that
both the AICl3 (high temperature) and the FeClg
type (low tcmperature) are formed. Both x ray
studies employed single crvstals. CfOBr js of the
PbFC1 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 for the bromides and chlorides.
CfI3 has a hexagonal, Bilg structure type while
the oxybromide has the tefragonal PbFC1 form.
The next paper will discuss its iodide systems.

The so-callad A, B and C forms of the sesqui-
oxide are known along with some information on
transition temperatures. The Ligh 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 0.

el

Ceylly (RESIND + HiLCan} 2, g @00 - sivLe crvsTAL)

MeLring Potnr = S45°C

Smuctike: GRmorioemic; A = 3,39 + 000 %}m,a

(= e = 178 100 e
¢ = 8581 +0.00

HExAGONAL. A" = 7.579 + 0,000 ﬂ o, 9

Pos/n ¢ = 400005 3T

1.1 Geen w0 B. B, Comitnoon
InorG, N, G, LETTERs 3, 303 (1%7)
)

J. W, Bens, J. R, Peterson, am R, D. Baviarz
Jo Inors. Mt Gen 35, 1071 (1979)

Fig. 6.

Cell

Lelig (or Crylig) « HIL (wo1s1) = (rOCL

STRUCTURE:  TETRACOuAL, PBFIL TypE

4° = 3,955 + 0,002, ¢* = 6.667 + 0,008

Jo €. Coperann and B ® lunirvesues
J. Inore. Nucw. Leer. 31, 733 (1969)

Fig. 7.
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Crliey
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A lone metal-orpanic compound has been prepared
(Fig. 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 temperaturc ignition
of Cf{ITl} on a resin bead, tke sulfur coming from
the resin. The oxysulfate reduces to the
oxysulfide upon Hp or vacuum treatment.

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

The first real solid state evidence for
divalent califomium came with the preparation
of the dibromide containing Cf(IT). Pref.
Cunningham and co-workers had tried very hard to
prepare CfCl; by an analogous reaction but
could not prepzre it (Fig. 15). However, with
the bromide, the reduction with H; does go and
the existence of californium salts in three
valence states is a fact., In the following paper,
the preparation of the CfI; will be discussed
and 1'12 say no more of it now.

The only other available valence state of
califorrnium 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 nutber of differing results. The results are
sumarized 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 lanthamum
metal.

At Berkeley, Cuntingham and Parsons found an
fcc structural form with aj = 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 monmoxide. Using
electron diffraction, they found two forns, one

Cpqlr
Celig + 26 (Cgin} Z =, (C)hjlsu
STRUCTURE - ORTHORHOHBIL, Pzen

ko = 10,10 A, gy = 17,50 A ¢o = 9.69 &

P, G isperesd aup | ', Bumus

Tuore, fiaci. Crien, _eTTERy 9, 1991 (2O7TY

Fig. 13.

an fco structural torm with a, = 5,743 expecied
for a law valent metal, and .mothcr hexaponal

form which is the correct o for the higher
valent form. 1 will discuss these results more in
a fow minutes. Haire and I at 1wl then started
with a 100 yg scale volatilirution and found two
forms. A dhep form found has a metallic radius
approximotely equal to the 5.73 A of Bayharz and
Haire, the low valent form. Imfortunately, Prof.
Zachariasen has told me that it is not metal as
the intersities are wrong and 1 dJon't really doubt
the man 1 consider the greatest authority on
powder patterns in the world, However, he agrees
that the dhep form is indeed calitornium metal in
the upper valent form. During this time Joc
Peterson and his group had been preparing metal

by the lithium reduction route. He tells me that
he has found three forms—an fcc type which is the
right size to be lower valent, ancther fcc type of
the size to be a higher valent form, and then a
dhep type very nearly the same as the one Haire
and I made. Of course, 1 belicve that one! The
question is if tkerc are indeed two valence forms
of californiun 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 O could be very misleading. The formation
of an fcc cubic form could be attributed to the
presence of CfS which has the proper size. The
hexagonal form of Baybarz and Haire can be matchad
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
smail 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: 1 should have said that this paper

is co-authored by R.G. Haire. [ might add 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 Oux Ridge pre-

vented him from doing so.

S50,
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tntroduction of Kenneth Hulet
Dr. Seaborg

The next speaker is E. Kenneth Hulet. Ken
Hulet is a Group !zader on Heavy Elements in the
Nuclear and Radiochemistry Section at the Lawrence
Livermore Laboratory. He obtained his B.S. in
chemistry at Stanford University in 1949 and
came over to Berkeley and did his graduate work
heve in the Nuclear Qemistry Division of the
Radiation Laboratory. Actually, he nominally
reccived his Ph.D. under me, but again I think
it's cne of those cases where I wasn't able to
hurt him any and he worked pretty 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
since, muich of his work in actinide chemistry.
Most recently he played a key role in the synthesis
and identification of the latest transuranium
elenent, the element with atomic number 106.

His report today is on the preparation of cali-
fornium di-icdide, which is a paper that is being
presented in collaboration with his colleagues

at Livermore, J. F. Wild, R. W. Lougheed and

¥. N. Hayes. Ken....

Preparation of Californium Di-iodide
J.F. Wild, EX. Hulet,

T N - B0l

Beginning with the discovery of divalent &
in 1967,1 many chemists have displayed an excep-
tinal interest in the lower oxidation states of
the actinides. Divalency in Md apparently is not
a property singular to this actinide element but
fits a broader pattern of increasing stability
of the Sf-electron structure upon approaching the
end of the actinide series. Evidence directly
stpporti.ng this conclusion is the observation of
stable <£* in aqueous solution,? the preparation
of CfBry,3 and the cocrystallization of Cf,4,5
Zs,4,5 and Fmb dichlorides with SmCl; from HCi-
ethanolic solutions foilowing reduction from the
trivalent state by Mg. Indirect observations
include polarographic reductions of Cf and Fm7»8
in aqueous and acetonitrile solution,9 amaleamation-
reduction studies of Cf, Es, ¥m, and Md, ¥ ard
the distribution of Cf and Es between molten
salts_and liquid Bi.i- Californium, being similar
to Sm>* with & reduction potentiai of v-1.5V, is
more difficult to reduce from the trivalent state
than is Es. This trend of ecsier reductions with
increasing atomic number continues wuntil the
Sf shell is filled at Lr, where only the trivalent
state of this element is observed.

To determine the stability and properties of
divalent actinide 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 trivalent Cf by
the treatment of the anhydrous triiodide with
Hp at high temperatures. The iodides were
selected from among the halides because the free-
energy change between the di- and trivalent com-
pounds was expected to be the least for the
iodides. Our first successful preparation of
CfT, was reported earlier,12 but in addition to
the expected hexagonal crystal structure, we
also obtained an unknown structure which was
interpreted as belonging to nonstoichiometric
Cf iodides. Further research and the discovery
of a new DyT, crystal structure!3 revealed that
CfI; was being prepared with two structures
{dimorphism), and thus, our earlier assignment of
the unknown crystal structure to intermediate

iodide compounds was incorrect. Today's report
concerns the preparation and identification of
the hexagorial and rhambiohedral forms of CfIj.

We have prepared CfI; by a series of chemical
reactions carried out within a 300-um-diam quartz
capillary. The final preducts were sealed within
this capillary for x-ray diffraction analysis of
their crystal structure. Beginning with 20 ug
of 289Cf in 725 pl of HCl, we precipitated and
filtered Cfz(C;04)3 in the quartz capillary.
After curefully washing and drying the precipitate,
we converted the oxalate to Cf203 by heating to
900°C in air. The sesquioxide was reacted at
500°C with gaseous CCly to produce lime-green
CfClz and then with H1 to form the red-orange
Cflz. The Cfl3 was normally sublimed after its
synthesis in order to purify it from CfOI and
unreacted CfCl3. The reduction of Cfly to dark-
vinlet Cflp takes place at n570°C in an
atmosphere of ultra-pure hydrogen. At slightly
higher temperatures, CfI; melts and begins to
react with the Si0O; walls of the capillary which
produces increasing amounts of CfOl. The violet
CfI, is extremely reuctive and it has proven very
difficult to prepare samples that are free of CfOl
because of the reaction with silica.

We have identified two crystal structurcs from
x-ray diffraction patterns. The most prevalent,
a rhombohedral structure, is unusual in that it
has not been identified in the well known lanthanide
diiodides _and was only recently determined for
Dyl by Barnighausen. Our observed and calculated
crystal-plane spacings and line intensities are
shown in Table 1. The calculated d-spacings and
intensities are based on the CdCl; prototype
structure in which the angles and cell dimensions
were slightly adjusted for the best fit to CfI;.

Upon heating thombohedral CfI, to 600°C in a
high-temperature x-ray camera, a small amount of
Cf0I is made and a phase change occurs. The new
phase has been identified as hexagonal Cfl
(Cdl; type) which is isostructural with Tmfz and
Ybl;. This phase remained stable upon cooling
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Table 1. Crystal-plane spacings (d) measured for
the rhanbohedral form of CfI; compared with the
calculated d-spacings and intensities. The
calculated values are based on the Cdfp structure
(lave group -3m) with A=B=C= 7.38 A and a=8=y=36".
Fourteen additional lines observed at wider angles
of @ are not listed.

“Observed CaIculated
A and Intensities A and Intensities

6.930 (30} 6.894 (53)

3.874 (50) 3.880 (42

3.145 (100) 3.138 (100)

2.858 (30) 2.857 (18)

2.387 (I5) 2.366 (100

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 {15) 1.724 (5)

1.691 (15) 1.698 ( 3}

1.653 (<10) 1.642 ( 3)

1.621 (16) 1.619 ( 5)

1.568 (<10) 1.569 ( 9)

1.485 (10) 1.485 ( 5)

1.433 (15) 1.434 (15)

1.400 (<10) 1.400 ( 3)

1.380 (<i0} 1.375 (12)

1.330 (<10) 1.333 (2)

1.312 ( <5} 1.317 (4}

1.280 (<10) 1.293 (10}
and was found to be unchanged weeks after the heating, became violet, the color of the diiodide.
initial transformation. In addition, the These observations imply a decomposition of CfIz
hexagonal form was prepared by partial reductions to Cfl; which means that the triiodide is only
of CflI3 followed by slow cooling of the products narrewly more stable than the diiodide. Of
in the capillary. in Table 2 we show the crystal- course, in our experiments I2 is being removed by
plane spacings and line intensities determined for pumping and an equilibrium does not exist between
such a mixture of hexagonal CfI; and CfIz. How- CfI3 and CfI;.
ever, a weak 3,14 A line, indicating the presence
of rhombohedral CfT, was also observed. Indeed, Our conclusions from these experiments are
this line, the most predominant from the rhom- that the divalent state of californium is stable
bohedral structure, has been found in all prep- for weeks under vacuum and can be attained by
arations of CfI, in sublimed Cfl3, and in either hydrogen reducticn or thermal decompositioe
samples of CfIy heated in vacuum to greater than of the trivalent iodide and that the diiedide is
550°C. Also samples of red-orange Cflz, won dimorphic, exhibiting both rhombohedral and

hexagonal crystal structures.
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Table 2. X-ray diffraction data obtained from a mixture
of hexagonal CfI; and Cfl3. These data are compared
with those calculated from a CdI> hexagonal structure
and with lines observed in pure Cfl3 samples. Approxi-
mately 10 measured d-spacings match the calculated CfI;

diffraction lines.

Measured Calculated CfI2 Observed CfI3
A and Intensities A and Intensities A and Intensities
6.921 (MS) 7.00 (49) 6.937 (<10)
6.233 (M) 6.210 (<10)
5.529 (M) 5.529 (<10)

3.424 (9) 3.405 (100}

3.318 (VS) 3.314 (100)

5.137 (W)

2.558 (S) 2,604 (60) 2.553 (60}

2.258 (MS) 2.250 (35)

2.183 (M) 2.178 (603

2,150 (W) 2.142  (15)

2.081 (W) 2,076 (20)
2,002 (22)

1.571 (M) 1.974 (205

1.888 (W) 1.878 (17)

1.814 (W) 1.816 (20)

1.736 (VW) 1.736  (<10)
1.703 (16)

1.430 (\W) 1.441 (13) 1.457  (<10)

1.373 (VIV} 1.382 (13)

1.356  (Viv)? 1.358 (14) 1.358 (<10}

1.302 (W)? 1.300 ( 5) 1,303 (<10)
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introduction of Wiiliam Carnall
Dr. Seaborg

The next speaker will be William T. Cammall.
lic is a member of the Heavy Elements Group at the
Argonne National Laboratory. He joined the
Argonne National Laboratory in 1954. lHe reccived
his bachelor's degree in chemistry at Colorado
State University in 1950 and did his Pk.D. thesis
work at the University of Wisconsin. I have
managed to find some connection with each of the
speakers today. Camnall 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 therc;
served as Associate Section Chief--actually did
most of the work; is one of the few people .%o
was working in the nuclear and radiochemistry
fields even before the war. Bill Camnall 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
jointly with Sherman Fried, with whom 1 did have
a connection at the Metallurgical Laboratory.
Sherman started work on October 16, 1943, 1

Spectroscopic Properties of Bk3* and Cf3*
W.T. Carnall {with 5. Fried)

1t was Burris Cunningham and co-workersl who ,
at an American Chemical Society meeting in 1958,
first pointed out the special significance of
Bk3* and Cf3* to actinide spectroscopy. The
limits they could place on the intensities of
absorption bands in the solution spectra of
Bk3* and Cf3* were consistent with the retum to
a more lanthanide-like intensity pattern in the
second hali of the actinide series. This made
it clear that it would be important in the future
to study in detail the spectroscopy of these two
elements. The prospect of the returmn to a more
lanthanide-like character becoming clearly
established in Bk3*and Cf3* suggested that an
wunderstanding of their energy-level structures
could provide the key to predicting the spectro-
scopic properties of all of the heavier trivalent
actinides. The very short half-lives associated
with the heaviest members of the series essentially
preclude any extensive experimental spectroscopic
investigation of them.

In 1962-63 the first spectroscopic observations
in the solid state were reported. Using 1 ug
quantities of the elements, the groups at Berkeley
and Livermore succceded in observing a number of
lines in both _the absorption and fluorescence
spectra of Bk3*:laClz 2 and Cf3*:LaC13.3 Three
years later in 1966, Green and Cunninghgm were
able to grow a small single crystal of 249CfC13,
and extend the region of observation into the near
infrared.

As the heavy element production program of the
AEC began to yield milligram quantities of Bk and
Cf, we at Argonne undertook the first extensive

rememher the day well--how could you foruet it~
No, my memory isn't all that clear but | do
recall that either then or almost immediatelv,
he hegan to work on plutonium metal production,
and 1 can remember those exciting first dave
when they came up with density measurements on
plutonium. They came out way too low. ¥e were
expecting that it should be ahout 18 or 19 and
they came up with about 13. Bearing in mind the
relationship of the critical mass of the device,
as we called it in those davs, 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
Herman Rohinson, who is present here today,
helped on this too--they came out with a better
value in a few months so we could go huack to one
Hanford, which is all really that we had time to
build. Carmall and Fried have collaborated in
the regport today on "Spectroscopic Properties

of Bk>* and Cf3*,” and the paper will be given
by Bill Carnall.

and

low temperature spectroscopic studies of the
pure halides, BkCl3 > and CfCls.f’ Solid state
spectroscopy continues to be a very productive
and exciting area for investigatign. The defin-
itive single crystal work with Bk>*:1aCl3 and
Cf3‘:IaC13 is only now in the active plahning
stage. The experiments will be conducted in a
joint effort involving groups at LBL and ANL.
Such cooperative efforts have frequently been
undertaken. In the context of the present subject
our initial joint experiments grew out of a sct
of unique circumstances that led, in 1965-66, to
the first measurements of the solution absorption
spectrum of Cf3* using macroscopic quantities
of the element.

First Solution Spectra with Macro Quantities of
Bk and CT

We at ANL were sending a spectrophotometer
back to a factory in California for optical
modifications in the fall of 1965. The group
at LBL had separated 167 ug of californium,
mainly 252CFf, and was quite amenable to a joint
spectroscopic experiment if some means of making
the measurement could be found. With the indi-
cated quantity of 252Cf, all operations werc of
course restricted to a cave. Conscquently, the
"Hot Lab" group7 at ANL developed a set of remote
controls for our spectrophotometer, we designed
some micro spectrophotometer cells that could he
loaded and handled with manipulators, and we
arranged to ship our spectrophotometer to the
factory via Berkeley. It was duly placed inside
a cave and spectra were recorded in September
1965.

ot~ 250710~ - 2



By the end of the vear, more 252Cf 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 pp of Cf>* ina 2 am x 2 mm
diameter capillary cell of approximately 250 pl
volume. The coincidence in date with this
symposium is apparent. The spectrum was recorded
January 20, 1966 (pm).

The type of capillary 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 resultsB 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
1ight from passing through the cell. The remedy
was to carefully remove the cell from the
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spectrophotometer, shake it to dislodge the bubbles,

replace itin the spectrophotometer and quickly
run another segment of the spectnum. 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 wouid certainly have been
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Fig. 1.

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. Onecan 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 pati-nce and full cooper-
ation of all involved, particularly the cave crew
and the radiation monitoring group. Figure 3
shows the excellent agrcement between the results
reported in our 1966 publication and data taken
more recent Iy at ANL using milligram quantities

o

The cooperative effort with californium was
so successful that as multimicrogram quantities
of berkelium became available we resolved to
again perform 2 joint experiment. This time it
took place at Livermore in the summer of 1966
using the same microcell techniques. Of course
since <498k was involved, no e%agorate shielding
was necessary, With 45 ug of 4 Bk, enhancing the
weaker bands vsing elaborate time-averaging tech-
niques followed by computer processing, we
obtained the first solution spectrum of Bk3*, 9
Fig. 4. These results were also in good ngrecment
with spectra recorded later at ANL using several
milligrams of berkelium.

Fig. 2.
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We were able to oxidize Bk3* to Bk4* in that
first experiment, but all of the bands were
superimposed on a strong ultraviolet absorption.
Later at ANL we repeated this work with larger
quantities of berkelium and showed that even in
the visible region the Bk** band occurred at the
same energy as 4 prominent band in Bk3*, Fig. S.
In diiute H504 we could readg}y oxidize berkelium
to Bk**, then reduce it tc Bk3* with SOp without
transferring the sample. This clearly delineated
the regions of absorption as c?ntrasted to the
rather significant background. 0

"Qt SBSORPTION SPECTRA N
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@ i I
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Theoretical Treatment of the Energy Level Strictures

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 iamic
structure and absorption spectra are also worthy
of exploration. There is a wealth of information
contained in the solution absorption spectra
itself, but Lo exploit this, one needs a fimm
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.
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Thecretical interpretation is a developing
pruocess. Our first work was of course vith the
liglt actinides. Since the spectra we cbserve
in the 3+ actinides are for the most part charac-
teristic of transitions within the 5fN-config-
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 tae eneray level structure of
Bk3* and Cf3* in 1964, 11 so it has been of partic-
vlar 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 ohserve
and what we are attempting to calculate, The
region of the absorption spectrum of Bk3* included
in Fig. 6 shows the resolution of several LSJ-
states into crystal-field components at the tem-
perature of liquid helium. Experimentally, the
spectrum was obtained in transmission through a
thin film of BkCly. We assume that the crystal-
field splitting 0% 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-statg. Since the transitions
are all within the 5f"-configuration, which is
well shielded from the environment, we further
argue that to a good approximation the energies
of the free-ion states in BkClz or CfCly are
not much different from those that would be
observed in a low pressure gas of the ions. In
fact there should be a strorn§ correlation between
the structure of the C£3*(5fY) configuration and
that of the configuration 5£%6sZ in BKI.

The principal interactions included in the
free-ivon Hamiltonian are outlined in Fip. 7. We
can summarize by pointing out that the energy
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level scheme calculated based solely on the
interactions that are grimrily responsible for
the structure of the f¥-configuration, Hg and Hgg,
is in poor agreement with the experimental results.
This is true regardless of whether one uses
Hartree-Fock methods to calculate Fy and ¢¢ or a
procedure 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.

A model that included the effects of the two-
body interactions, Hcp 2)s 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 Fp in the range 260-280 cm~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 CfCly 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 BkClz 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 absurption spectrum of the next heavier
actinide, Es3*,13

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
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The total energy of a system consisting of 3 point nucleus surrounded
by N electrons can be represented by the Hamiltonian:

ot He*H

+

HaH o

fer * Hee
{involves the kinetic energy of the electrons and their interaction
with the nucleus)

6
He (lsctrostatic term) €, = Z %, ik een)
-0

HSO {Spin-orbit interaction) ESO - ASOZI

HCI (Configuration interaction}

. HCHZ] =aliL + 1} + BG(GZ) + 1G(R7)

HCII]I (Three-particle operators)

. {Spin-oiher orbit interaction)

Hs00
et i .
. Hss (Spin-spin interaction)

. Hci (Electrostatically correlated spin-orbit interaction)
"CF {Crystai-tield 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,lZ we now have a model
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.

Crvstal 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 icns doped into single
crystal LaCls, The identical ordering of the
levels in terms of the crystal-field quantum
numbers (p) is obvious as far as evperiment has
gone. All the heavier actinide trichlorides
through EsClz exhibit the same UClz-type structure
that is characteristic of LaClz. 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 BkClz, it became obvious
that the absence of transitions to excited J = O
and J = 1 states whose approximate e-:rgies
could be established from the calculatior consti-
tuted good evidence for a u = Q ground level
consistert with the case of Tb3*:LaClz. Similarly
in CfClz we could infer the existence of a
u = 3/2 ground state consistent with that of
Dy3*:LaC13. All of the components of several
excited J-states appeared to have been ohserved
at 4°K. This would not be expected if values of
p = 1/2 or 5/2 were associated with an isolated
growund state in CfClgz.
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Working with U3*:LaCly we recently carried out
the first complete crystal-field calculation for
an actinide ion, simultaneously diagonalizing the
matrices of the expanded free-ion medel with the
crystal-ficld. 14 The results confirm that the
crystal-field in compounds of the 3+ actinides 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 N. [delstein at LBL, this type of
calculation is being expanded to heavier actinides.
In preliminary calculations, we find excellent
cogrel:lticm with experiment for Np3*:1aCl; and
Pu®*:1aCl3. Within the last few weeks we have
used the crystal-field parameters obtained in a
preliminary fit of data for Pud*:1aClj together
with an expanded free-ion parameterization for
CfC15 to perfomn a preliminary crystal-field
calculation for CfCl5.1% 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*:LaCly should have extreme-
1y interesting magnetic properties with two
crystal field components, p = 3/2 and 5/2 lying
very neav the zero of energy. We look forward
with considerable anticipation to the projected
cooperative studies of Bk3*:laCls and Cf3*:LaCls.

Crystal Spectra-structure Correlations

As our experimental studies of Bk and Cf
halides have expanded, new insights into spectra-
crystal structure relationships have become
apparant. For example, the spectra of CfCls,
CfBrs, and Cfl3 at v4°K are shown in Fig, 1I.
Within the indicated energy range we expect
transitions to excited J = 11/2 and 9/2 states,
The appearance of bands in CfBrz near 7000 cm”
is significant. It suggests that in all prob-
ability there are also higher energy bands in
C{Cl than we have observed. The relative in-
tensity of the v6500 cm-1 band in CfBrz, and both
the energy and intensity of the only group observed
for CfI5 in this range provide the basis for
additional interpretation of the spectra.

Some of the crvstal 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. 11) is expected since three different struc-
ture types are involved. However the intensity
relationships are of particular importance.

Intensity Relationships

The 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 comnection with this
phenomenon. 13 What is meant may be illustratcd
by comparing the room temperature spectra of the
same ion in two different hosts, one where the
ephanced intensity is observed ané the other where
the "usual" intensity pattern prevails. Through-
out the spectrum, all the band intensities will
be comparahle on a molar absorptivity basis
except for one or tvo transitions where in the
host inducing hypersensitivity the corresponding
band may show a 5-10 fold increased intensity.
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The transitions that may exhibit hypersensitivity
have been identified in calculations based on
the Judd-Ofelt intensity theory.l10,

For present purposes, suffice to say that_the
transition to the first J = 11/2 state in Cf3* is
predicted to exhibit hypersensitivity in an
appropriate host whereas that to the first J = 8/2
state will not. Such pronomced intensity as is
observed in CfBrz near 6550 cm-l suggests that the
crystal structure involved constitutes a hyper-
sensitive host. The only band observed in this
range in Cfl3 is also consistent with a hyper-
sensitive host. There is therefore an indication
that the J = 11/2 lies generally lower than that
of J =9/2,

We first noticed that the Bilz-structure can
induce hypersensitive transitions when we were
investigating the spectra of the Am3* haiides.)8
At that time it was still thought that the ortho-

rhombic PuBrz-type structure extended through Amij.

Comparison of intensity patterns in Puly and Aml3
suggested this was not the case. As we were com-
pleting our spectral studies, Asprey, Keenan, gnd
Kruse!® published the results of an investigation
of the x-ray powder patterns of the Am and Cn
halides. They pointed out that indeed there is

a structural change at Aml3 with the stabilization

of the b-coordinate hexagonal structure, in con-
trast to carlier reports. The spectroscepic
results with CfI3 are consistent with the same
structure. The spectroscopic results on BkBrj
show no evidence of hypersensitive transitions,
nor do any of the other lighter actinide tribro-
mides. ,1\ change is obvious in CfBr;. Burns and
Peterson0 have astribed the monoclinic AlCI3
structure to CfBrs noting that dimorphism may
be involved. We have now shown experimentally
that hypersensitive transitions are also observed
in the heavy lanthanide trichlorides,?!

Calculation of Transition Probabilities

The Judd-Ofelt theory has already been mentioned
in connection with the prediction of hvpersensitive
transitions. It was derived as a basis for guan-
titative calculation of the intensities of bands
observed in f-electron spectra. The electric
dipole oscillator strength of an absorption band
can be expressed as shown in Fig. 13. Juld showed
that the parameters of the theory could be eval-
uated from the solution spectra of lanthanide ions.
We at ANL confirmed the validity of the theory,
pey forming the required calculations and expsfi-
mental work for the whole lanthanide series.

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-
tions, we have returned to the intensity studies.
The results for Cf3* (aquo) shown in Fig. 14 con-
firm the validity of the method. However such re-
sults also indicate an important area for devel-
opment in actinide spectroscopy.

BAND INTENSITY CALCULATIONS

- Experimental
Pea3 10 7fri(o;ou

where ciat is the mofar abserptivity at a
given energy atem b

- Theoretical
P Puo. ¢ P,
- -11 i el
Pap, ~ 0% 10 Vot » as]leEnizs ~ g

where 1he non-zero matrix elements witl be
those diagonal in S and L, and n is the
refractive index ol the medium,

Judd-Otelt Theory

2

R N LTI
Pe b, E"NTlo“WJ“U [N

A eve

A2 04 8
where 1) are the parameters of the model,
and tne re¢uced matrix elemenis of g'“
2re comyuted from the inlermediate coupling
eigenvectors.

Fig. 13.
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We are in the process of extending such cal-
culations to solid compounds of the actinides.
The parameters, Ty, are evaluated from absorption
measurements, 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 teclnology is being developed around the
Judd-Ofelt theory as an important part of a gemeral
method for predicting and evaluating the efficiency
of laser transitions in different hosts. Impor-
tant 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 begiming to study and interpret
the spectra of valence states of actinide ions
other than the 3. The spectrum of Bk4* (aquo)
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has already besg noted. From Fig. 15, taken from
Brewer's work,4~ it can be predicted that intense
broad bands characteristic of f +~ d transitions
should arise in the spectrum of CfZ* near 20,000
cm-l. Our experimental study of a sample of
CfBry after treatment with Hy at ~600°C, Fig. 16,
Teveals the preseaie of strong bands at the
predicted energy.%4 This suggests that Cf2* will
be a particularly good system in which to study
the weaker f + f transitions, since a wide 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 iuvel schemes should be
new insights into the interpretation of the much
more camplex atomic spectra, a subject which is
to be discussed by my colleague John Conway in
the next pager.
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Introduction of Johr Conway

Dr. Seaborg

As Bill has indicated, the next speaker is that John accomplished this is because he worked
John Ccway. John is the Group Leader in the in this field in another laboratory operated by
Optical Spectroscopy Group here at the Lawrence the University of California, the Los Alamos
Berkeley laboratory. John is the only person in Laboratory, so he gets credit for that even though
the Nuclear Chemistry Division here at Berkeley he started here in 1947, So Johr has been with
who has a 30-year service pin. This is remarkable us since 1947. He received the B.S. degree from
because .he Nuclear Chemistry Division has only the University of Pittsburgh in 1944. Today he
been in existence about 29 years. The reason will describe the "Spectroscoupic Properties of

P
Cf(I}) and Cf(II) and Bk(I) and Bk(I!)." John....

Spectroscopic Properties of
Ci{1) and Cf{ll) and ot
Bk(l} and Bk{ll}
John G, Conway

The first observation of the spectrum of
berkelium was reported by Gutmacher, Hulet and
Lougheed in 1965.1 In the case of californium
this was actually a couple of yeags earlier by
myself, Hulet and Morrow in 1962.4 The methods
used were basicaliy the copper spark mevrod
{as it's known in the business)--an analytical
method whereby the material is deposited on the
surface of the electrode and sparked. While
you may say there's not a great occasion for
analytical needs for this sort of thing, it did BK 11
tumn out that a few years later George Shalimoff A 3681
here at LBL was called upon to analyze a couple
of cave-nm samples, and colifornium does show
up in these samples. So the observations are of
an analytical use in at least one case. But by
and large, the bulk of the work on these elements
is done with electrodeless lamps where 50 micro-
grams of material is sealed in a quartz tube,

1 inch x 4 mm in diameter. It's usually put in
as the iodide.

The status of the work so far is that the
spectra of both berkelium and californium have
been observed from 2,400 angstroms in the ultra-
violet to 2.5 microns in the infrared under very
high resolution conditions. We have cooperated,
as Bill Camnall has indicated, with other labora-
tories. The bulk of the work has been with Earl
Worden at Livermore, although we have gone back
to Arganme and used their large circle and photo- .
graphed the spectra. And last year I took seve:al 8K it
lamps of these elements to France and used a very X 3894
high resolution Fourier transform at their
Laboratoire Aimé Cottom.

The situation for berkelium is in the early ¥ ﬁ F § ! E g ;
stages. We have about 4,000 lines measured and i YoEow
a complete set of plates from the Argome Labora- . 3
tory that have not even been started with. Earl
Worden has measured the californium plates and
we have on the order of 25,000 lines accurately
measured to within 0.001-0.002 of an angstrom.

BK |
While the work was being done in preparing the A B658
wave length list of califomium, most of the
_berkelium lines were then analyzed. We tackled
that problem since it was a little easier as there .
were fewer lines. In Fig. I are some examples of Fig. 1. Four examplés of berkelium lines
what berkelium lines look like on our plates. exhibiting hyperfine structure.

These are typical patterns and for any of you
who might not know, this is called the flag



pattern. There are eight strong and fourteen
weak camponents of it, and this particulay line
(3,929 A) will show up later. From this you can
completely resolve the hyperfine structure. While
the plate is still wet, and as you hold it 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-
ure, you can also tell that the nuclear spin has
been determined. However, this usually has been
reported years in advance of this sort of work,
because it has come from nuclear decay models--
but this is another independent determination.3

Figure 2, the left-hand tracing, is a densito-
meter trace of that line. This is 5.48 wave
numbers wide, or angstrom-wise this canverts to
a couple angstroms wide. On a plate taken at
the Argonne, this 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 berkelin-1I lines and their transitions,
in one case from the ground state 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 hyperfinc structure of califomium. Now
this is a real effort and it does confirm the
9/2 spin as has been teported. To indicate how
aifficult it is, there are only two lines that
show structure of this sort in the whole observ-
able spectrum. Most of them will show ome or
two and then blend off, but with a ccmpletely
resolved pattern of this sort it's going to be
possible, when it is completely analyzed, to
know not only the spin but also the nuclear
moment and the quadrupole moment. However, right
now all we know is the wave length of this line.
But with the effort that's going tc be put nto
this, we will know the rest.

What we do kno. in the case of berkelium is
something like 63 odd levels and 38 even levels
of berkelium-1, and these are characterized
among 3 nunber of configurations, This is shown
in Fig. 4. The figure is divided into odd and
even configurations and while there are relatively
few lines. we do know quite a number of confip-
urations. We know the groumd state, which is an
important piece of information. It's the
51;5752 configuration; and the other cmfiﬁu:‘ation
that people make a big deal over is the fods--this
will come uwp a little later. 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 is the 5£97s8s.
This is another key configuration.

Even though we have many lines for californium,
we haven't spent much effort on it. In Fig. 51
show a similar piot for californium, again the
ground state, which is known to be f10sZ, We
have good Zeeman effect to confimm the ground
state. We know the f1°7585; we also know the
9454 configuration. It's possible to establish
these canfigurations by a number of means. Usually
you try to use isotope shift, but we haven't been
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able to do isotopic work an 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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configurations of BkI. The lowest
energy is the lowest level of a
piven configuration.

perkelium-1 levels, and in the berkelium-II
spectrum vou are merely taking off one of the
s-electrons and you have remaining a free s-elec-
tron. What this does is split the level into two.
As you see, many levels are now split into two.
Levels haven't been found for the upper two, but
from the way the pattern is going, it's going

to be very easy when we have a sufficient nunber
of lines, particularly the weak lines, to find
the rest of the multiplet. 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 splitring
are shown here, the levels in berkelium-1 on the
Teft and berkel:.m ion un the right. The two
levels blend and mix rather poorly, but we do
know the .J's ard w2 have some g value information.
The upper two, which we haven't been able to find
in the spectra in the ion, will certainly vield
to this treatment.

These two elements fit into the actinide series
very well. They arc shown to be good, regular
elements. I've nlotted in Fig. 8 the fMs
configuration as zero. | mentioned earlier the
fM-1ds2 configuration; it goes up and down in a
sawtcoth manner. When it falls below zero the
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Fig. 5. A plot similar to Fig. 4 for C(I.

ground state is M-1ds?. In the early part of the
series you see that is the ground state. Also,

in curium the £7ds? is stabilized by 1,214 wave
ambers and then it takes off; from then on you
Lave a very good rare earth type. In fact, in
the case of the rare earths, all of these are
even much lower; in a sense you can say with these
particular configurations this latter half of the
actinides are better rare earths than the rare
earths are.

QUESTION: Are lanthanides the smae way, John?

Lanthanides do the same thing, only the f7ds?
in padoiinium is shifted down. The f%s<2 is at
13,000 ahove the f/ds?. and in the case of ter-
bium, compared to berkelium, the f&ds® jnstead
1,000 or less in terbium. So ves, it does the
same thing, only it's displaced downward.

The fMsp configuration goes along regularly
and the two points of berkelium and californiun
fit in very well. We alsa Fave a value for
einsteinium. And the extrapolation to the next
element should be very good. T keep needling our
friends working on clements like therium and
uranium because thev lack this kind of informa-
tion even though these elements have been known
for a very long time.
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Fig. 7. A different way of plotting the
same data as in Fig. 6 for BKI
and BkIl. The levels are grouped
by ®H and the BKIT levels split
to form ’H and SH. And the °F
levels of Bkl split to form the
"FSF of BKII.

Figure 9 shuws a similar plot for the fM7s8s In the last few weeks I have been doing some
configuration. Here we have considerable informa- calculations and I have spin-orbit values for the
tion on the heavizr elements, but between plu- M configuration. The values run around 2,900
tonium and radium there are no data. You can see cm1 for berkelium and 3,100 cm-? for californium.
you_have part of a Rydberg series, you have the This is rather large and this means the splitting
ffis® and the fM7s8s; you're lacking one more point, is departing from Russell-Saunders or L.S. coupling.
the f7s9s, but you can make an assumption, and this
is what Jack Sugar did.4 He was able to make an Well, I'm afraid there remains more than 25
assumption as to the quantum defect, and from this years of work ahead of us because we do have
he's established an ionization potential, and thousands of lines and a whole set of plates to
he's quoting something like «0.02 e.v. of error. measure, but we have a feeling that a significant
The berkelium value he gives is 6.23 e.v., and amount of progress has been made in the last
the californium is 6.30 e.v. for iomization poten- 10-12 years jn the analysis of spectra, and when
tial. The other information--we are able to get the work on berkelium and californium achieves
moments and I have given you the value for the the status of curium or plutonium, where more than
spin--we confirmed for berkelium by just counting half of the lines are analyzed, you'll be able to
the eight components to give a nuclear spin value know several more configurations. As far as
of 7/2. We have analyzed lines and get a value chemists and metallurgists and solid state physi-
for the u, nuclear moment, of 5.1 nm and a quad- cists are concerned, the basic information as to
rupoie moment of 4.7 barns. All we have been the ground state and some of the excited states
able to confirm so far for californium is the has been apalyzed. So in a sense you could

9/2 value for the spin. almost stop here and say that these particular
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needs, at least in these three disciplines, have
been met.  But other needs are arising so we have
every intention of continuing on a little further.

I will make only one more comment. There was
something in the newspaper--1 think it was the
Ozkland Tribune--the other day about this meeting.
And it said something with relation to the super-
novae since in the first paper on the spectra of
californium I made a remark on this subj ~i. 1
think I'11 bring it wp again, Years ago it was
thought that the supernovae were powered by
califernium-254, so when we ran the spectnum of
californium-252 we took the lines we had and tried
to Doppler-shift them every possible way to make
them agrec with the one piece of work that had
been published on the supernovae. There was no
way in which we could correlate the optical
spectra at that time with those of the supernovae.
Now no one's surprised about this, but the history
was that the astronomers and the astrophysics
people went back to find another source of energy
for their supernovae, It's possible that we could
do this exercise aguin some day with the more
refined lines but I think we need to get a little
better spectra of supernovae before we've able to
canfirm our californium information.
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Fig. 9. The difference between the lowest
level of fNs’ and fMs8s is plotted
for the actinides.

QUESTION: What is the best fuel for the super-
nova?

CONWAY :
of 45 days.

It is iron-59 which has a half life

SEABORG: Couldn't californium power it, cali-
fornium-254 with its 60-day half life, 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 all
excited by the spontaneous fission of the cali-
fornium, and californium wouldn't have to give
the main emission lines. 1 don't helieve neces-
sarily that this is the source of power for the
supernovae, but 1 just wonder if your test is
valid,

CONWAY: Well, I don't think the test is alto-
gether that good, either, The problem started out
that the half life 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 life
started to depart. Then someone started to postu-
late that iron-59 was giving them some energy.
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Introduction of Norman Edelstein
Dr. Seaborg

The last speaker today is Norman Edelstein,
who is the Group Leader of Lanthanide and Acti-

nide Chomistry in the Lawrence Berkeley Laboratory’s

Nuclear Chemistry Division. Actually, 1 should
say that Norman helped me put this symposium
tagether, so if it's been successful and enjoy-
akle in any way he should share the credit for it.
I can't say that [ was associated with Norman
during my Metallurgical Laboratory days, but he
wos a resident of Chicago at that time. He was
six vears old when we began our work there and
ten vears old when we left, 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 nn into him in the Loop, or something like
that. He praduated from the University of I1linois
at Urbana in 1957 and did his Ph.D. work here in
the Department of Chemistry where he got his
degree in 1962. Then he joined the staff ef the
lawrence Berkeley Laboratory, or the Radiation
Laboratory as it was then called, in 1964. He
has worked with Burris Cunningham since that time
and until Burris' wntimely death, and has estab-
lished himself in the field of magnetic measure-
ments on the actinide elements as one of the
leading authorities. He will describe today the
“Magnetic Properties of Berkelium and Californium
and Their Compounds.' Norman....

Magnetic Properties of Berkelium
ang Californium and Their Compounds
Norman Edelstein

The first magnetic measurements on Bk and Cf
were reported hy Rurris Cunningham in an article
entitled “Berkelium and Californium” published in
the Journal of Chemical Education in 1959. The
experiments were performed in collaboration with
Stan Thompson, Llad Phillips and Ray Gatti.

The object of the experiments was to confirm
the actinide hypothesis under which the tripos-
itive ion of Bk3* would haye the configuration
radon c. te plus 5¢8 and Cf3* would have the radon
core plus 5. In order to check this hypothesis
the frec ion magnetic moments of BkS* and CF3*
were measurcd and compared with the theoretical
values.

The Bk¥ and Cf3* were available at the time
in amounts on the order of 1 pg. To provide a
convenient way for handling the ions the Bk and
Cf were «bsorbed respectively on a single small
head of cation excharge resin, which was then
examined in a magnetic field. ‘'The bead also
acted as @ diamagnetic diluent for the paramag-
netic materials.

A modification of the Faraday method was chosen
as the way to proceed. In this method the para-
magnetic sample is subjected to the force of an
inhomogenecous magnetic field,

Famxgi gl

where F is the force (dynes)
m is the mass of the sample grams
Xp 15 the pram susceptibility
HF' is the strength of the magnetic field
df . . .
Ix 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 fiher is sus-
pended (rom a support. The sample bucket and
sample hang at the end of the fiher. If
HtdH/dx) = O the only forces on the fiber are
due to gravity and the fiber is statjonary and
hangs vertically. If H{dM/dx} is greater than
zero then there is a force cxerted in the direction
of the field gradient (horizontal in practice)
and the sample moves a distance d.

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

F Leos® = Fod + FS d/2

d = deflection in the magnetic field

F; = (Mhook * Msamp.con. ¥ Mbead * Msamp.) 8
F5 = (Mfiber) &

g = acceleration due to the force of gravity
The forces F2 and F3 can be calculated, Jd is

measured so F] can be evaluated. From F} 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 3 x 10”9 ym 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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The data obtained for Cf3* are shown on the
next slide (Fig. 3). The amownt of Cf3* used was
56 nanograms. The temperature range covered was
from rocm temperature to liquid nitrogen tem-
peratures. Note that data are also given for
Gd3* which was used for calibration purposes.

The deflections were linear when plotted
against the reciprocal temperature. This_means
that in the measured temperature range Cf3* 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 A is 2 factor which takes
into account the deviation of (1/x) from 0 at
T = 0°K. For well behaves substances & is usually
close to 0°K; f r large 4 it is indicative of
interactions beiween paramagnetic ions.

1f we aszume 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 nogg, the
magnetic moment of the level. Empirically
veff = 2.828 VT . We can compare this measured
value with that found theoretically

Ve (cale) = g B V I+ D)

Here g is free ion Landé 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 grownd states for various oxidation states
of Cf and Bk, the g colum has been corrected for
the effects of intermediate coupling. Note that
for each element the effective magnetic moment is
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indicative of the oxidation state of the element;
except that we cannot differentiate between

Cf2* and Cf¥*. The data as reported by Cunningham
are shown on the next two slides (Table 2 and

Fig. % Hlere he has plotted ueff experimental
for Cf3* and Bk along with the values calculated
for various assumptions. The conclusion reached
was '"the magnetic data clearlg indicate that the
electronic configurations o an very
probably are an Tespectively.

It should be mentioned that these measurcments
were performed on 56 ng of Cf, v65% of which was
25Cf, The amount of Bk used was 230 ng of
isotope 249gk.

The next reported measurements of Bk>* and
Cf3*, again on ion exchange beads, were given by
Dennis Fujita who worked on this problem while
he was a graduate student of Burris Cuaninscham's.
He again used a similar apparatus to the one I
described earlier. He used quartz sample con-
tainers as shown on the next slide (Fig. 5;. His
silica fiber had a hook attached at the end to
which the cylindrical sample buckets, also with
hooks, were attached. A not insignificart part
of the graduate student training was learming to
make these buckets. For use with the actinide
metals these huckets are loaded in an inert
atmosphere and sealed with Apiezon K wax to pre-
vent air oxidation. Dennis Fujita's experimental
results for Bk3* are shown on the next slide
{Fig. 6). Here we have (1/x,) vs T and the data
appear to be linear on this type of piot. So
again we see Curie-Weiss behavior with the results
summarized on the next slide (Table 3). Two
samples were reported of 0.5 and 1 ng with effec-
tive moments of *9.4 BM which agrees very well
with the calculated moment of 9.40 BM. The next

Table 1

Heff

ueﬁ-(calc)

£
T+ &

2.8 /T

g ug T

lon

Ground State (L-S coupling)

Mo er (Bohr magnetons?

s¢ 6y

§ 7

Bk
Bk
BK

ce?t
ce>

cet

15/2
sf F
st
410
sf°

5§

6
8,
172

8

10.22

9.40
7.66
.18
.22

9.40
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Table 2. Bk3+ and l'.‘f3+ on lon Exchange Beads
(Cumningham 1959)

Sample Mass ',xeff[BM) T
293 0.23ug 8.740.0  77°K - 208°K
29,252, 0.086ug  9.280.9 77°K - 208°K

35-40mm
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tranuhion i
© Theoty, sgin oy Tor
1 tronsition series

0y*d
To%3

2 ] 3 8 10 [ ]
Numbar of subsheil elsctrons

Fig. 4.

~—Apwzan W war
v/summm melal

Berkelum metot I (fcc, VEugl

Fig. S.



3" RECIPROCAL GRAM  SUSCEPTIBILITY (10" 3cqs}

T 1
2 R
! J
f L L L 4 |
o % 100 %0 200 B0 00
XELVH_TEWPERATURE.
Fig. 6.

slide (Table 4) sumarizes the results for
249C£3* on jon exchange beads. Three samples were
run which exhibited Curie-Weiss behavior in the
measured temperature vange but the measured
effective moments are about 109 lower than the
calculated effective moments. The reason for this
discrepancy is not known.

Deunis Fujita also made some measurements on
249gK metal which was synthesized by J. R, Peter-
son at ORNL.

The heavier actinide metals are very inter-
esting because they exhibit localized magnetic
behavior. That is, the magnetic susceptibility
to a large degree may be explained by assuming
the metal cantains actinide ions which have a
localized 51 shell which causes the major part
of the measured susceptibility, With this model
we would expect the effective magnetic mament
of Bk metal to be the same as a Bk3* or perhaps
a Bk4* ion.

By contrast the early actinides (through Pu)
exhibit temperature independent magnetism which
may be explained by invoking the extended nature
of the 5f orbitals for these elements, which
results in strong interatomic interactions. At
Z = 95 Am metal has been reported to show local-
ized behavior. The actual situation is complicated
because the actinide metals are polymorphic. It
was hoped that magnetic susceptibility measure-
ments on pure metallic phases would identify
the oxidation state of a particular phase of the
metal which could be correlated with the ionic
radii obtained from X-ray cryvstallography.

Dennis Fujita's results for ome particular
sample of Bk metal are shown on the next slide
(Fig. 7). This metal sample DKF Il was predomi-
nantly dhcp.  The mass was 5.63 ug and it followed
the Curie law in the temperature ruange trom
50°K-298°K. At 35°K there appears to be an anti-
ferromagnetic transitien. The next slide (7 ule 5)
collects all the data on the mugnetic proper.ies
of Bk metal. These sanples were all measured by
Fujita but the results on the three sanmples are
uite different. There are varving amounts of

49Cf impurity in each sample and they are all
different phases. These factors are likely to
be the main causes of the irreproducibilities.

This past summer Dennis Fujita returned to our
laboratory and performed magnetic measurements of
243Cf 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
slide (Fig. 8)., Here we have the reciprocal
deflections vs terperature for cach magnetic field
measurement. The (1/x) vs T curve extracted from
this data is shown on the next slide (Fig. 9).

We see that in the temperature range covered the
sample follows the Curie-Weiss law with a small
value for the constant A, The tabulated data for
the two samples measured are shown in the next
slide {Table 6). Both samples were the cxpanded
fcc phase and agree within 5-6%. There is some
question about the assay of Li-54 which comes
only from a ganma analysis. Unfortunately for
the Cf case we cannot tell the difference between
the dipositive and the tripositive metal from
susceptibility measurements.

_There has been one further measurement on
Bk3*. David Karraker has measured the magnetic
susceptibility of 0.624 mg Bk>* diluted in a host
of ~200 mg CspNaLuClg. The results zre shown on
the next slide (Fig. 10). Here we see the
susceptibility of Bk2* is independent of tempera-
ture from 10-40°K, Now the assumption we have
been using previousiv has breken down, the
crystal field levels of Bk>* in this host are not
smaller than kT; in fact we are at the other
extreme, the crystal field splitting is large
with respect to kT and only one crystal field
level is populated. The next <lide (Fig. 11)
shows the energy levels for Bk>* in octahedral
syimetry. The ordering of the levels depends on
two crystal field parameters By and Bg; for
reasanable values the groun’ state will be a
singlet I7 with a triplet lj next highest. The
Iy can be cowled to the Ty state ! - the Jorman
interaction. In fact it is this m _nanism which
is the cause of the large TIP at low temperatures,
The next slide (Table 7) pives the equation for
xrip for this case. By evaluating the matrix
e-fement between the 1) state and the Ty srate
Karraker evaluated the energy splitting between
these two states and found it to be 85 cm™ .

Dr. I\'arrnker,agd 1 have collaborated on the
measurement of “¥9Cf3* in the host CsoNaluCle.
We had a polycrystalline sample containing 0.7 mg
of Cf in ~100 mg of host. The electron para-
magnetic resonance signal is shown o» the next
slide (Fip. 12). We see a 10 line spectnm
which confirms the nuclear spin as 9/2, The
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Table 3. Bk>" on ion exchange beads (9°K - 298°K)
Sample Mass g rptBM.) ACK)
3
Bk DKF IIT  0.546 ug 9.46 9.1
(O°K - 298°K)
DKF 1V 1.012 g 9.35 12.8

boggcale) B = 9.40 B

Table 4, cf>

on ion exchange beads (77°k - ZE8°K)

Sample Mas. peff(B.M.) ATK)
o DKF T 0.342 ug 9.15 9.9
7K - 298°K)
DKF 1T 0.806 g 9.07 2.2
DKF 111 1.190 g 9.23 6.2
(cale) Ce¥ 10.22
Verf £ <
ce?* 10018
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Fig. 7.
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Table 5. Bk Metal Samples

Reciprocal deflections X 100

H:2.79 KO m__

Reciprocal gram susceptibitity x 1072 cgs

22
O

o
(=]

P
O

o
O

n
Q

249 - ,
Structure Mass (up) & CE uepp(BM) ACKY Trange CK) Comments
IT Predam. fcc 1.668 20.0 8.23 -64.4 170-350 ferro at 140°K
due to impurities?
ITI Predom, dhcp 5.629 16.0 §8.52 72.7 50-298 35°K antiferro.
¥-1 Poor quality 1.725 1.7 8.83 33.0 100-298 10" - 100°K
fims sequal deviation from
amounts Curie-Weiss
show on prep. behaviour
fcc, dhops
after measurements,
amorphous
(calc) BK** = 10.22
Veff es
> - 9.0
B = 766
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Table 6. 249CE Metal

Sample ~ Phase ass(vE) Ve (M) BCK) T
LI-48 fee 8.85 9.84 -3.24 28°K - 298°K
LI-54 fce 6.12*% 9.32 3.09 22°K - 298°K
Calculation £ = 10.22 M
alculation ngee .22
2+
Wpgp(CET) = 10.18 B
04
L T T T T T o 8y
Cose femh emh BY/BY |
] ° Bk3* in Cs;NoLuClg a 2320 1490 066
g & +600 ® @ 8 3015 204 00676
o
S ozf- ¥ 69?%“%38&%"9 B®,% @ o00 . ( ® ® & ® @
£ ° ° @ ~400k fo_ \
£ e = A -
€ L) \ T
> <200 b 5 R
€ 4 ® ® » @ =
o T I 1 1 1 t k] E
[«] " 20 30 40 50 60 70 B or
Temperature (°K) 4] i
w -290r-
i niew
Fig. 10. Magnetic susceptibility of Bk’* in -agot- ! B
CszNaluCl below 70°K, The cor- Ir) np* B
rection for Cf¥* impurity is _eook v
negligible. Below 40°K the tem-
perature- independent paramagnetic
susceptibility is 192 000 x 13-¢ .
emu/mole, Fig. 11.

Table 7, BK®" in Cs,NaluClg

By in 1200 mg Cs,NaluCl,

0.624 mg *
¥prp = 192000 x 1075 em/mole T = 10°K- 40°K
Calculation

. 2 YA
X11P (ZNIJB /he) ¢ n | L, *ZSZ] 1"4) /AE“.1

cas ol
ﬁ4,1 = 85 cm ~ = 15%

€13% in CspNoLuClg

oomm—]

Fig. 12.
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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
Bg, designated by the letter x. For this case

x 1S negative so we are only concerned with the
lower left quadrant. We see the ground state
can only be a Iy or Ty 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
an the ratio of the two crystal field parameters
Bg and By. 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 = 6.395. From the measured hyper-
fine coupling constant we_gbtained a value of the
nuclear dipole moment of (W3

ul = .28 + .66 nuclear magnetons.

There is one further compound of Bk for which
both magnetic resonance and magnetic suscepti-
bility data are available. In this case Bk3*
Wds capzecipitated with Th(OH)4 and heated to
form Bk3* diluted in ThO;. David Karraker

300
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Fig. 13.

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/y) vs. T. This he interpretec as having
one crystal field state populated at low tem-
peratures.

Marvin Abraham has measured the g value of
Bk4* diiuted in a single crystal of ThO;. The
epr spectrum 1s shown on the next slide (Fig. 15).
The results for this system are shewn on the last
slide (Table 9). The magnetic susceptibility
data may be fit to an equation which considers
two states, the lowest Jg 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
epr, g = 4.488, The epr data also set a_limit
on the energy of the i state as >50 cm-1 which
is consistent with Karraker's measurements.

This cencludes the summary 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.

Table 8. 29%£™ in Cs,Nalucl

T 9/2

el 6.273 £ 0,010
A

—ﬁ'i; (gauss) 25.7 £ 0.7

1Al (en x10% 7.52 £ 0.2

cateutated:

gy =127

grﬁ -5gy = -6.395

By = S-0678; = 7.248
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Fig. 15. EPR spectrum of ThOz: ***Bk** at
Fig. 14. ~1,5K. The miclear spin is equal
to 7/2 and the spectrum is isotropic
for all crystal orientations at
this frequency.

Table 9. Bk* in Tho,

x-4iA+B exp(-a'/kT) + Cr(l-eﬁ(-A'/kT)
T + 2exp (-2

1

A"~ 80 am”
A = 2.39%).06

B =2.22
C = 0.104
g].6 = 5.04 (Magnetic susceptibility)

g].6 = 4.488+0.004 (epr)




