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THE PIAST ISOLATIORS OF THE TRANSURANIUM ELEMENTS
d. €. Wallmann

Radiation Laboratory
University of Califarnia
Berkeley, California

Rovember, 1958

Any discussion of the history of the isclation of the transwranium
elaments would not normelly include sny mention of their diccovery. This is
because for the transuranium elements the first evidence for unique chemicsl
behavior«-the criterion of discovery--has alvays been based on experiments in
which the quantity of weterial 3s so small that it is detectable only because of
- 1ts radicactive decay. This mesns that for the transurenium elements the dis-
covery has uct coincided with the isolation of the element--as it has for most
of the other elements discovered in the past three centuries. When ve spesk
here of the isolation ve mean the purificetisn of the elemsnt from conteminants
and the measurement of a property of the element; itracsr methods are excluded and
the direct observation of a mecroscopic property is implied. Awmong the trens-
uranium olements this observation has generally been mede on a compound of the
element rather than the elemental matter itself becsuse of the experimental
difficulties inherent in producing resctive metals on e microgram scale.

The six transwranlum elemmite anéd the years in which they were i{solated
are neptunium, 10hh; plutonium, 1948; americium, 19453 owrium, 1947; berkelium
and celifornium, 1958, They will be discussed in the chronological order in vhich
they ware isolated. |

6 S ' ] v ‘

- This paper was presented as part of the "Inorgenic Chemists in the Nuelear Age”
Smsim'n st the 134kth National Mesting of the American Chemicsl Beclety, Chicago,
1llinois, Septesber 7-12, 1958.
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Plutonium _

Plutonium was the first of the transuranium elements isolated. This
was done in August and September of 1942 by B. B. Cunninghem and L. B. Werner
at the Metallurglcal Laborstory éfﬁthe University of Chicago, a unit of the
wartime Manhattan District. Cunningham is now Professor of Chemistry at the
University of California, Berkeley, and Werner is at the U. S. Naval Radio-
logical Defense Laboratory in Sen Francisco. The isotope involved in the
lsolation was the familiar plutonium~239 with a half-life for alpha decay
of approximately 25,000 years. The isoclation followed the discovery of the
flssionable isctope by Kennedy,'Seaborg, Segre, and Wahl by about eighteen
months, & peried during which ell of the investigations of plutonium chem-
istry bad been ecarried out by tracer techniqgues.

The three principal objectives of the isolation work were (1) to
determine the specific alpha disintegration rate of Pu239, (2) to determine
the chemicsl properties of pure plutonium compounds and the chemical behavior
of plutonium solutions at ordinary chemical concentrations, and (3) to demon-
strate a chemical process for the separation of plutonium from uranium and
fission products. The establishment of a reliable value for the specific
activity of Pu239 by a direct weighing and alpha=counting method was a prime
objJective because this figure entered directly into the calculation of the
thermal -neutron-fission cross section of the izotope.

39

A preliminary isolation yielding about one microgrem of Pu2 was
carried out in August, 1942, in order to prove a satisfactory separation and
isolation procedure. At the time the isolation was performed it had not yet
been shown that a self-sustaining nuclear reaction leading to the production

of substantial amounts of Pu239 could be carried out, and therefoie the plu-
tonium used in the préliminary isolation was produced by the irradigtion of
natural uranium with neutrons produced by a d,n reaction on beryllium. Five
kilograms of uranyl nitrste hexahydrate were irradiated using lZ-Mev deuterons
from the 60-inch cyclotron at the Univereity of California Radiation Lsboratory
at Berkeley. The plutonium produced, approximately one microgram, was sep-
arated by g series of "fluoride cycles" from uranium and fission products

and éoncentrated with 5 mg of cerium snd 5 mg of lenthanuwm in 15 ml of
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0.5 M stah’ These, and later, bulk separations of the large mass of uranium
were carried out at Berkeley by A. C. Wabl and J. W. Gofmen and at Chicago
by A. B, Jaffey, T. P. Xolman, D. BE. Koshland, Jr., and E. H. Turk, The
solution of cerium, lanthanum, and plutonium was concentrated by evaporation
and the fluorldes precipitated by the addition of HF and KF solutions. The
fluoride-?recipitate vas then converted to a soluble sulfate by fuming with
sulfuric acid and the plutonium oxidized to the "fluoride-soluble" oxidation
state by addition of solid argentic oxide. Upon addition of hydrofluoric
cid the rare esrths were precipitated end the plutonium remained in solution.
" It was separated and recovered by centrifuging the solution, removing the
supernatant, and fuming the supernatant with sulfuric acid to convert the
plutonium to a soluble sulfate. Repeated cycles identical to this were
carried out with ever smaller guantities of rare earth carrier until finally,
~on Auguet 18, 1942, a pure sample of plutonium fluoride was precipitated --
the first isolation of a synthetic element. This material was not satis-
faotory for gravimetrie work, but it did indicate that the fluoride-cycle
method was setisfactory for concentrating and purifying plutonium at all
concentrations of plutonium and rare earth carrier. Accordingly, another
isoiation was performed on about 30 micrograms of plutonium which had been
produced by irradisting 90 kilcgrams of uranyl nitrate hexahydrate with
neutrons produced by the reaétion of beryllium and deuterons from the cycloe
tron at Washington University, St. Louis. In this experiment the bulk of the
uranium was removed by ether extraction and the plutonium concentrated by
means of successive fluoride cycles with decreasing amounts of lanthamm
carriér. Finally the lanthanum was removed by a fluoride precipitation
carried out with the plutonium oxidized to the fluoride-soluble state. The
plutOnium in the supernmatant solution was fumed with sulfuric acid to yield
scluble plutonium sulfate, the hydroxids waes precipitated with smmonium
hydroxide and washed and then dissolved with dilute nitric acid. From this
solution plutonium iodate was precipitated, metathesized to the hydroxide,
dissclved in dilute nitric acld, and reprecipitated. Metathesis of this
plutonium iodate to the hydroxide yielded a pure material which was dis-

solved in djilutz nitric acid to gilve a stock solution of about 20 micrograms
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of plutonium nitrate with the solution concentration approximately 0.0L M in
plutonium.

Several small portions of this solution were used for direct-welighing
determinations of the specific activity of Pu239. The mass determination
was done on a Salvioni type microbalance which had been constructed snd celi-
brated by two independent methods, The first method consisted of constructing
tvo additional Balvioni belances of lesser gensitivity and calibrating the
less sensitive of the palr with a standsrd 1 milligram snalytical weight.
This calibration was used to deiermine the mass of a platinum wive, which
was then used fo calibrate the more sensitive second balance) similarly, a
knowledge of the relation between load and displacement for the second balance
alloved a calibration to be obtained for the third halance, the most sensitive
one and the one on which the plutonium was to be weighed. A check on this
calibration was made by an independsnt method. A 1 liter solution of thorium
nitrate was prepared and the concentration of the solution was determined by
ordinary snalytical techniques. Then & kpown volume, about 1 microliter, of
the solution vas delivered onto the previously weighed platinum weighing
pan of the Salvioni balence. The pen was then ignited until a constant
' waight was attained. The two calibrations.agreed within 0.3% end indicated
a sensitivity of +0.00126 microgram. On September lC, 1942, the first weighe
ing of a pure compound of & synthetic element vwas made when an aliquot of
the plutonium solution was delivered onto the previously weighed platinum
weighing pan, dried, and ignited; The deflection of the balance indicated
a2 welght of Pqu

experimentation but was preserved intact. Two more weighings were made of

of 2.77 micrograms. This material was not used for further

Puoz, sample weights U.55 and 2.20 micrograms, and these were used for epecifice
activity determinations vhich we now know indicated a puriiy of the plutonium
gtock solution of >99%. Additional experiments were cerried out, using the

same plutonium stock solution, to determine the oxidation number of plutonium
in plutonium iodate and to detemmine the approximate solubilities of various
plutonium compounds. This information was of importance in connection with

the problems involved in designing chemical methods for the large-scale ex-

traction, decontaminetlon, and purification of plutcnium. The chemical
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separations process at Hanford was successful from the beginning of operation
and represented a scale-up factor of 109 over the ultramicrochemical experi-
ments.

The isolation of plutonium required microchemical techniques of great
ingenuity. Both new techniques and the modificetion 6f previously developed
techniques were used. In the letter the work of P. L. Kirlk and associates
and M. Cefola and A. A. Benedetti-Pichler should be mentioned.

Neptunium -

Heptunium was the first of the transuranium elements discovered, but
it was poﬁ isolated until about two years after Cunningham and Werner had
isolated pure plutonium. The neptunium isoclation was carried out st the
Metallurgical Laboratory of the University of Chicago by L. B. Magnusson, now
of the Argonne National'Laboratory Chemistry Division, and T, J. laChapelle,
currently employed in indusiry in California. Neptunium-237 with an slpha-
decay half-life of more than one million years was the isotope available.

Two objectives stimulated the isolation of neptunium. Flirst, an aciurate
value for the half-iife, determin=d by means of a direct-weighing specifice
activity measurement,vw&s desired because of the fundamentel importance of
this constant and for accurate standardization of the radiometric method of
mass determination. In addition, a more accurate and detailed knowledge of
the chemistry of neptunium was needed than could be obtained from tracer ex-
periments. It was especially desired to establish one or more of the oxide~
tion states of neptunium slong with the formula of a dry compound.

Two sources of Np237
One source was 64 poﬁnds of uranium metal which had been bomberded by fast
neutrons produced by the reaction of beryllium with deuterons from the cyclotron
at the University of Califoinis Radlation Labofatory, Berkeley. The other

source was uranium from a chain-reacting pile. Both sources produced neptun-

yielded spproximately equal asmounts of neptuniun.

iwm~237 as a result of the n,2n reaction on uranium-235, which yields the beta-
decaying U237 of sbout 7 days half-life. A total of L5 micrograms of neptun-
ium was isolated by utilizing the fact that neptunium is precipitated by
fluoride ion under certain conditions and yet can be rapidly oxidized to a

fluoride-soluble state by bromate ion. The nepbunium was ssparated from
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uranium by precipiteting it, along with lanthanum cerrier and plutonium, by
adding HF to the solution previously treated ﬁith reducing agent. Separation
of the neptunium and plutonium was achieved by dissolving the fluoride pre-
cipitate and adding pgéassium bromate. Under the conditions used plutonium
was oxldized very slowly, and precipitation of lanthamm and plutonium fluorides
left the oxidized fluorideésoluble nepbunium in the supernatent. The super-
natant solution was then treated with excess sulfur dioxide and the neptunium
recovered as a Pluoride which could be dissolved by any one of several means.
Repeated bromste cycles separsted the neptunium from contaminants until finally
a pure neptunium fluoride was obtained. This wvas glssolved and a hydvoxids pree
cipitated. After being washed, the precipitate wae fired and ignited and about
10 miérograms of the resulting oxzide was scraped into an X~ray capillary. The
remaining oxide was recoverad smd used for further preparation of neptunium
compounds and measurement of their solubllities end crystal structure,

An X-ray~diffraction analysis of the 1gnited neptunivm hydroxide was
made by W. H. Zacharissen. He obtained a diffracﬁion pattern wvhich showed the

oxide to be isomorphous with ThO,, U0,, and Puwd,,, thus ectablishing & +4 oxi=

’
dstion state for neptunium. With this information about the preparation cf a
compound of definite coméosition, a specific~activity'd@termination was unders=
taken. Two welghings of 3.02 and 3.75 micrograms of NpO2 vere made on a Kirk,
Craig, Gullberg, Boyer guartz-fiber torsion microbalance, with a precision of
sbout 0.02 microgram, and the balance pans then vere counted directly in an

alpha counter of ~50% geometry. The half-life calculated from this specifice
activity measurement, Z2.20 x 10° vears, is within 1% of the value obtained in
237

recent years by using large quentities of Np » end demonstratef clearly the

purity of the npeptunium isclated so neatly by Magnuscon and LaChapelle.

Americium
Element 95, americium, is the third element following uranium in the
periodic table, but it was the fourth trensuranium element discovered ~= follov=-
ing curium, element 96, by & few months -- and unlike all the other transuranics
it was isolated in the fomm of pure compounds léss than one year after it was
discovered. The isolatlon was carried out at the Metellurgical Lsboratory of
the University of Chicago by B. B. Cumningham, who three years previously had
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achieved, in sesociation with L. B.‘Werner, the isolation of the first synthetic
element ever isolated, plutonium. g

After the discovery of and prior to the isolation of smericium, rather
extensive tracer experiments on the chemistry had been carrled on by the dis-
coverers, Seaborg, James, end Morgan, and also by Thoﬁpson,, Morgan, James, end
Periman. These investigations demonstrated the pronounced stability of the
triposltive ondatibn state of americium and the great similarity between the
aqueous tripositive ions of the rare earth elements and americium. In three
regpects the problem of isblating smericium differed from those encountered in
the isolations of neptunium end plutonium. Firset, on the basis of the tracer
experiments it appeared that it wes A1fficult, if not lmpossible,to obtain any
oxidation state ot.her'than +3 for iricium. Also, the only metuode of separating
americium from the nsturslly ocourring rare earthe on e mirogram scale involved
prohibitive losses. Thirdly, the half«life of Amzu}‘, the principal 1sotope, vas
uncertain by at least an order of magnitude, which meent that the amount of
americium expected in the isolation was uncertain, and from an amount obtained
there was no way of judging its probable purity. The smericium-24l was produced
by plle irradistion of plutonium, vwhich by multiple neutron capture produced
Fuahl , - which ylelded Amahl by bets decay. HNecessity for separation of the amerils
cium from rare esrths was avoided by subjecting the plutonium to extensive
purification befors irradiastion and carefully avoiding any rare earth contaminstion
from reagents or apperatus during the isolation. The smericium produced in the
irradiated plutonium was concentrated by hydroxide precipitation following pre-
cipitation of the bulk of the plutonium a9 peroxide. This cycle was repeated
several times and a final americiume-plutonium separstion performed by oxidising
the plutonium to the fluoride-soluble +6 state and precipitating the americium
fluoride with HF. The smericium fluoride was dissolved’, and after some further
purification a very small portion of the americium solution was subjected to
spectrographic analysis carried out by M. Fred and F. Tomkins. L%ad and iron vere
the detected impurities, and these were removed by a' lead sulfide precipitetion
and precipitation of the americium as fluoride to separate it from iron. On the
basis of the chemistry which hed been carried ocut on the semple, and from
observation of its color, this vas believed to be a pure smericlum compound. This
fluoride was therefore used for & directeweighing specificeactivity messurement
to determine the helf-life of Amm. The ignited fluoride ylelded & blaeck oxide
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which was weighed on & quartz-fiber torsion microbelance and then counted in s
lowegeometry alphs counter. On the assumption that the seversl micrograms of
oxide was Amﬂ%—-an sssumption later verified by Xeraywdiffmction anslysige=s
helf-life of 490 years was calculsted. The smericium oxide was dissolved off
~ the pletinum boat and 20% of it used for spectrographic enalysis which indicated
7 la, 0.1 Mg, and 6% Pt, the latter presumably dissolved from the weighing boat
vben the oxide was dissolved.

The remsining americium was purified and precipitated as hydroxide.
The hydroxide was dissolved in dilute nitric acid and used for further studies of
the oxidation states af‘ anericium in aqueous solution: oxidation states both
higher and lower than +3 were looked for without definite success. In addition,
the aqueouswsolution sbsorption spectrum of Am (III) was determined. The ebsorp-
tion specirum tended to verify the validity of Seaborg's actinide hypothesis:
the difference between the spectra of smericium and plutonium was similar to the
difference between the spectra of suropium snd samarium. This lent weight to the
argument of Braborg that the new elements were pa.rt of an actinide serlas
snalogous to the rare earth or lanthaenide elements.

The actinide hypothesie also predicted that element 96, curium, would be
the seventh member of & series in which the £ orbitals lay at progressively lower
levels, Curium was postulated €0 be an analog of gedolinium and e special
stability was expected for Cm (III), presumed to have a configurstion of seven
5f electrong. This hed been bornme out by tracer studies which indicated that
only +3 curium was stable in agueous solution. The problem of isolating curium
from irradiated americium thus resclved itself into one of separating two tri-
positive ions similar to two adjacent rare earths. This separation and the
isolation of curium were successfully accomplished by L. B. Werner, associated
earlier with the plutonium isclation, and I. Perlman at the Univer:ity of
Californie Rediation Laboratory, Berkeley.

A quantity of b.h8 milligrems of Ama’u was irradisted for one year with
8 high flux of slov neutrons to produce about 150 micrograms of curium-242. The
separation of the curium from americium was effected by means of a cation-exchange
column using citric acid eluant. Additional ione-exchange separations were made
on smericliume-contaminated fraotions until 115 micrograms of emzb,g was obtained
free of smericium in %50 milliliters of solution. This material was concaentrated
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by resdsorption on several smell portions of ion-exchange resin and then batchwise
elution from the resin with citrete sclution., After decomposition of the citrate
vith nitric end sulfuric acids, curium hydroxides was precipiteted. Handling
em?"*z, vhich decays by alpha~particle emission with a helf-life of only 162 days,
leads to problems other than just those of manipulating small quantitiee of
radioactive material. Decomposition of the agueous solution occurs e&s a cone
sequence of the high alpha-decay rate, and both bulldup of peroxide and evolution
of gas amre observed. This ges formation in the solution causes a precipitate to
be stirred up within a fevw seconds after it has been compacted by centrifugation.
Another concomitant of the short half-life of curium-242 is the growth in the
curium at the rate of 0.9% per day of deughter Pn238. Except {mmedistely after
a separation plutonium i always present #s an impurity. '

‘The curium hydroxide was dissolved and the absorption spectrum of the
solution exemined. After purification Of the curium from plutonium two lemicrogram
samples were used for spectrographic snalysis, which indiceted thet only lead was
a mLe.jd‘r impurity. After precipitation of lead sulfide a Semicrogram semple was
sparked to obtain e more complete measure of the spectral lines attributable to
curium and to check for impurities. A further check on impurities was made by
performing & &ir'ect-weighing specificwactivity deteminstion. Unlike the trans~
uranium elements isoleted sarlier, the curium-242 bad a half-life so short that
1t was known from direct decsy observations. A specificeactivity determination on
curivm would thus check the purity of the caupound weighed, On the assumption
that the composition of the oxide vas szQB, about 40 micrograms of curium was
weighed on a quarte fiber torsion microbalance and then dissolved and counted.
A purity of 85 to 93% was found for the curium oxide preparation.

Berkeliwn and Californium . , -/

In September 1958, at the 2nd Geneva Conference on the Peaceful Uses of
Atomic Energy, & paper was presented entitled "First Macrosicopic Observations of
the Chemical Pmﬁérbies of Berkelium and Californium.” Thus the fifth and sixth
transuranium elements have now been isolated. This work was done during the
spring and summer of 1958 by B. B. Cunninghem and 8. ¢. Thompson at the University
of Californis Redistion Leboratory, Berkéley.
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Prolonged neutron 1rmdiatioh of Puz39
of berkelium, slement 97, and californium, element 98. A mixture of isotopes
was produced in sach case, but those present in greatest abundance wvere Bk21+9’ -1
 300-day p~ emitter, end CEoOC
by Cunninghem snd Thompson the only knowledge of th» chemical propertles of these
elements had been obtaeined by tracer experiments. This knowledge was actually
extensive enough to allov the transplutonium elements to be comentrated by means
of ionmexchange techniquae which hed been tested repea&tedly. The finmal purifica-
tions of botk berkelium and californium elso conslsted of elution from a very
small ion~exchange column, The solution coming off the column passed directly
into a capillary cell with optically flat windows, where the ebsorption speetrum
of the elements could be studied. Approximately 1/2 microgram of berkelium and
double that amount of caiifornium in &ilute HCl were studied in the cell, and
revealed no absorption lines in the visible region of the spectrum. The abgence
of fetectable absorption lines of Bk (III) in the visible region of the spectrum
was expected, but the absence of lines for Of (III) suggested that in the heavier
(as contrasted with the lighter) actinldes the transition probabilities ware
decreasing for transitions from the 61-115 /2 ground state t0 the various 61-" levels.,
Additional studies of the absorption spectrum of Cf (IXII) by photographic methods
revealed the presence of two broad weak absorptions vhich may correspond to trane
sitions in ana.logcué. states of Py (I1I). _

Magneticwsusceptibility measurements on tripositive berkellum and
celifornium were also meade. The sepowate ions were sorbed on single beads of
Dowex-50 resin and the beads suspended in a magnetic field by means of a plastic
basket sealed to a fine quartz fider. Gd (XII) was used as the reference stan-
dard. The experimental results égreed best with moments derived on the assumption
that the electrons ogcupy f orbitals and interact by unperturbed pure L«3 coupling.

Pen troncuranium elements are now knovn, and of these ten, 8ix have been
isolated in amounts suck that mé.eroacopic properties could be cobserved or pure
compounds ﬁeigheti. Element 99, elnsteinium, will perhaps be isolated in the near
future, but it may well be the lest element available in macro quantities.
Thereafter the halfelives are so short a that even if sufficient quantities of
the transeinsteinium elements could be produced the isolation would be difficult.

produced about & microgram each

s & Zeyesr Q-emitting isotope. Prior to this work
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