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Tro isotopes of the element with atomic number 96 have been

roduced by the helium~ion bombardment of plutonivm. These isotopes

ro: (1) 96242 yhich emits alpta parsicles with a rance 4.75 = 0.1 em
in air (engzgy 6.1 Hev) and decays with & halfelife of 5.0 & 0.1 months; ]
and (2) 96V which emits alphs particles with & ranre of 4095 ~ 0.1 om

in,air (energy 6.3 Mov) and decays-with a halfelife of 2648.= 0.5 daye.
96 has also been produced by neutron irradiation of 95°¢ s Ths
ma.38 assirnmants of these isogages havs beon werified by isolation gg
their deughters, Py®S8 and Pue® o Scme evidence for the igotope 96 1
decaying by orbital electron capture, is prosented. The name curium,
symbol Cm, is proposed for element 96. The chemical eoxporimsnts

indicate that the most stable oxidetion state of curium is the II7
atato.
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/‘(( A ceries of oxpeoriments has been carried out which has resulted . /.

in the first production and identification of isotopes of the element

with atomic aumber 96. A brief ‘desoription of these experiments and %he x t
, ) X
\ radiorotive and chemical properties ‘of this element which heve been de- .
A & 7
B ' duced therefrom is given here. . \\;f~

A consideration of the methods by which isotopes of element 98 X ,1

might be produced led to the use of two methods. The bomberdment of e

plutonium with hi'g:h enorgy helium ions should produce isotopes of this :|\‘
element. The neviron irradiation of Amaél (x) should lead to capture of b é\\i
neutrons and formation of Am242 which would decay by ne!gative beta~particle 7§
emissisn to 96242o Both of these methods were used in the present " v \

It was of course expsoted that only minmube (traser

i

|

| investization and-‘both led to the production of elemsnt 96, .J
) amounts of the !

mew element would bo formed and that identification would bs possible NS
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only if the radiomctive characteristics were favorable. Complete identi-
fication would depend upon showing by radiochemiecnl techniques that the
radioasctivity resided in an elemenb'with unique chemical properties,
different from all other known elements. It was necessary, in order %o
plan the chemical identification experiments, to have some idea as %o

tho chemieal properties of element 98 and for Yhis purpose advantags

was taken of some predictions of its ohemical properties. The chemical
investigation of the heaviest known elements {atomic numbers 89-92
inclusive) and the more recently discoverad neptunium snd plutonium, has
lod to the view that tho heavy elewents consbitute a new "rars-sarth®
eeries'in which the Sqﬁelectron shell is being filled and which formally
beginz with thoriume. 6n this basis it was expected that element 96 would
have & very stable III oxidetion state with higher states being formed
with great difficulty, if ad ailo Thus the anticipated chemical properties
%o be utilized for the isolation of da%ectable amounts of this slementd
were to be those of elements with she typical IIT oxidation Qtahe such
as the rare earths. I% was essential %o have‘at hand from the beginning
& wmeans for éhe complete éhemicél separation of the new element from
plutonium, since the alpharactivity due to this element would be less‘
than 1 ppm of that due to plutonium.

1. Experimontael

The plutonium targets for csyclotron bombardment were prepared by
the evaporation of plutonium nibrate solutions on g;ooved platinum plates,
followed by mild ipnition to form plutonium oxide. These tarzets were
then bomvarded directly in the target chamber of the cyclotron. There

werae two such hombardments in bthe 60-inch cyclotron of the University of

California at Berkeley, the first one employing helium ions of 32 Mev enerpy,
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and the second, helium ions w&ﬁﬂ\éo Mev of energy:

Followinz the bombardments, the plutonium oxide was dissolved by
the uso of sulfuric acid, heating until oxtensive fumes of sulfur trioxide
appeared, 2ad then heating further to dryness. This was foilowed by the
dissolution of the plutonium sulfate in dilute nitric acid and the
roma ining undissoived oxide was dissolved by heating with nitric acid,
together with a small amount of added hydrofluoric acido

On the assumpbion that, the III oxidation stata of element 96 would
bs prosent and would have.an 3ngsoluble fluoride, lanthanum fluoride was
precipitated from éhe solution aftor oxidizing the plutonium to the soluble
VI oxidation state with 0.7 N nitric acid (in some expe}imsnts 0.1 é{
potassium dichromate was used with equally satisfacéory results).  The
precipitate contained the bets-active rare carth Pission product elements
and presumably also contained any element 96 preéént in thé III oxidation
gtate. The precipitate was dissolved and the operation was repested
until all of the plutonium was eliminated. Although this procedura of
necessity led to a concentration of & large amount of beta-aotivity due
%o the fission products aloug with‘the elements 96, it was s%ill possible
%o oxamine the ealpha=activity which remained in this fraction.

At the bopinning of the investigation the alpha-particles were
jdentified as %o ranse by msans of absorptién in very thin mica sheosts
placad immediately over the sample in an ordinary parallel plate ionization
chamber. Later a multi=channel pulse analy;er was constructed and all
subsequent energy measurements were made by employing ito‘ With this
instrument a thin sample.is placed in an ionization chember in which the
total ionization of an slpha-particle can be measured as e ‘voltage pulse.

Tndjividual pulses are sorted electronically and recorded on & number of
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fast mechaniosl reqisters'in such a way as to separate the individual
alpha=parsicle energies in a mixzture of alpha-omitters.

The neutron irradia¥ion of the americium samples was made in the
wrenium-graphite chain reacting piles at the Clinton Laborstories and the
ﬂhnford,Engineer'Wgrksa The samples irradiated in the Clinton pile were
placed in the removable graphite stringer ef the approximate conter of
the pile. In the Hanford pile the samples were inmserted in the regular
channels with graphite spacers betweeh the sample cans and the uranium
slugs.

In the experiments in which the plutonium deughters were chemically
separated after their prowth as decay products from the isotopes of element
96, essentially the same method of chemical separation of plubonium from
elemont 96 vas used. In this case of course it was the oxidized plutomium
whleh vas recovered fb?louzng the successive separation of lanthanvm |
fluorlde procipitates which removed the element 96.

2. Results

242

2,1 The Igotope 96 The helium=ion bombardment of plutonium

led to the first definite identification (in July and Aurust of 1944) of
an isotops of element 96. In bthe first helium-ion bombardment about 10 mg
of Pu259 was bombarded with holium ions of 32 Mev energy for a total of .
ebout. 837 misroampere~hours in the Berkeley €0-inch cyclotron. After the
chemiocal separations deseribed above, the rare earth fraction was found

to ocontain about 500 disintegrations per minute of an alpha-activity with
a ranre of about 4,75 % 0.1 em in eir at 15° C and 760 mm of mgroury
pressure. This activity decayed with a half-1life of five months

(5.0 = 0.1 months ). The first isotopic assicnment of this activity was

to the isotope 96242, formed in the resction Pugsg(a.,,h)sszl;z°

=GR et

. e w s e s



— e T
S ———e AECD - 2182 7
M ind 7 -

Thot this has now besen confirmed to be the correot isobopic assignment
will he made clear from the discussion of the remainder of She results

of this investigation.

This seme radioactivity was produced later (November and December,1944)

in a series of neutron bombardments of americium in which both bombardment

time and total neutron exposure varied widely as a result of the use of
the chain reactiné piles et both Clinton and Hanford. In all of theso

neutron irradiations it was found that the ratio of the totarl intensity
of the 4.75 cm alphe particles o that of the 4.05 cm alphe éarticles of

Am241

The following sequence of nuclear reactions accounts for these observations:

95241 (5, v)95°%2 (1)

95342 § E96242 (2)

The 4.75 om alpha particles are due to the isotope 962420 The decay rats

hers again corresponds to a half=life of five months so that this radio-

activity agrees both in half-1life and alpha-paréicle rance with the 962‘3’2

formed from the heliumeion bombardment of Puzsga
The chemical evidence which allowed all previously lknown slements

o be eliminated is as follows:

(1) The activity is carried quantitatively by lanthanum fluoride

from solutions previously treated with various reducing and oxidizing agents

ranging from zinc amalpum %o arrentic ionm. The carrying is not influenced by {

the use of ammonium fluoride instead of hydroflucric acid. This evidence
alone eliminates all previously known elements except indium, lanthanum,
end all of the rare earths, yttrium, astinium, thoriwm, and possibly

protactinium.

(2) The ectivity is not precipitated with indium sulfide from scetic

acid solution, thus eliminating indiun.

!

varied approximately as the first power of bthe totxl. meutron irradiastion: |
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(3) Under the same condiﬁgbﬁs of acidity and concentration of
reapents, the activity is not coprecipibeted with ceric or zirconium
jodetes %o as preat an extent as are actinium, protactinium, and thorium,
thus eliminating these last three elements and cerium.

(4) The activity can be partially separated from the rare earth
yebriuym subgroup by any one of three siandard procedures: precipitation
of the activity with lanthanum or praseodymium carrier from neutral to
alkaline carbonaste, oxalate, or formate solutions wikth yterium, radolinium,
or lutesium holdback carriers ‘

(5) Europium can be separated by reduction to the II oxidation state
with zinc amalpum and precipitation of EuSOéc The activity is not co=
precipitated with europium under these conditions.

(8) Fr;cﬁional separation from the remaining elements (lanshanum,
praseadymium, neodymium; element 61, and gemarium) cen be schieved by the
ugse of fluosilicate ion in solution during a& partial preeipitaﬁion'of
raro sarth fluoride as carrier.

Confirmation of .the isotopic assignment of the f{ive months alpha-
acsivity of 4.75 cm ranpe came from & sbudy of its decay-product.- A
sample containing about 2 x 106 disintegrations per minute of 96242
(produéed by neutron irradietion of Am241)was allowed to decey for about
a month and at the end of.thié time the plubtonium fraction was isolated
and was found to consist of an alpha-activity with range 4.05 om which

238 238

can be ascribed to Pu () The amount of Pu which grew was quanti-

39

tatively determined in another experiment by addition of Pug tracer %to

establish the chemical loss during separation of the plutonium. The details

of this experiment were &s follows: A sample containing 1.293 x 106 o/m
242

1

of 96 was very carefully puriried of a2ll plutonium, 1102 counts/hinu%a

239

of Pu was then added and the sample allowed to stand for 70 days. A%
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the end of thet vime the plutonium wns sepsrated from the element 96 and
the ratio of Pu>® g5 Pu?%? getermined by pulse amalvsis (Fig. 1).  <Fig. 1
The averace of several such vulse analyses ~ave the value 1.45 for the

ratio of Pu”°0 to Pu?>%, Prom these data and taking the half1ifé of
0a202

as 150 days, the half-life of Pu238 is ocaloulated to be 92 2 2 years,
within the limit of error of the value obtained by Jaffey(s) in direct
docay measuremenig.
In addition %o i%s alpha»part10198'96242 also emits a small amount
of gof%t elecﬁromagnetic radiation and some slectrons. AbSOrptidﬁ curves of
the radiations emitted.by samples of 96242 produsod by neubron irradiation
of Am241 are shown in figurss 2,%5,4 and 5. The 96242 in these semples &Flgs. 2
. Sy4,end 5
vas deconttminated from rare sarth fission products by means of the
fluosilicate procedure mentioned ebove and separatéd from amerieium by

seleotive slution from a resin (Dowex 50) adsorption columpo(é) Samples

from two different neutron irradiations of.Am?41 differing by a factor of

aporoximately 3 in to%al number of neutrons were measured and the absorpiion Gbp]

curves wora found to be identical in ali respscﬁé showing that (1) the
radiations are not dus %o fission-product contemination singe she two samples
had radzrallv different chemical histories and tires of decay between

ramoval from the pile and memsurement of the radiatlonsy and (2) that the
radiations are actmally due to 962'42 and no% 96243 or & hirher mass isotops
aince,_if they were dué to.96243, tﬁe level of activity would have been
ruch hischer in the sample which received longer irradiation. In addition

o these curves it was found b& means of beonding the particles in a magnetio
field that approximately 12% of the counts a% gero absorber are éue to

low energy nepatlve electrons. These radiations and their epproximate

abundances are summarized in Table 1. <& Table 1

-
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Electromagnetic and Electron Radiations of 96

65 Kev Gamma
ray

L xerays
Softer xX-rays

Electrons

Table 1
242

Counts per ].()6 alpha Assumed counting INumber of svonts
disinteprations at eflisiency per disintegration
107 geometricsl

‘efficioncy
0.5 % . 1.8x 1075
200 1.5% 0.13
300 ‘?’ﬁ , oo
20 1007 4 x 1072
e rits v mE———"
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2.2 The Isotope 96°°0. In a second hombardment of Pu>o> (Narch 1945)
helium ions of energy 40 Meév were used to bombard 100 mg of Puz39 for 63.1
mic';roamporeahoursn A somple was treated by the same chemical procodure as
already doscribed and the final element 96 fraction contained about 2 x 3.05
alpha particle disintegrations per minute.

4
1t was found thet 20% of this activity was the 96222

activity desoribed
sbove while the remaining 80% was due to another alphaoemi'bte'r which omits
alvha-particles with a ranre of 4.95 % 0.1 em in air at.15° € and 760 mm

of merecury pressure. Ihe over-all decay rai;e of this sample gave a half-1lifo

/

of about 1 month indicating that the half=life of the 4.95 em range

activity was somewhat less than one month and later resolution (Fig. 6) <Fig. 6

pave the value 28.8 days.- This asbivity was thought %o be due to either
9624‘1 or 96%% producad by the reaction Puzsg(a,,zn)% or Puzsg(a,Sn)% O
A sample of 'chis activity waz set aside and allowed to decay from

the asaond to the fourth day after shut-down of the cyclotronj The piutonium

fraction was then isolatod and the pulse analysis curve(Fig. 7a) < Figs. 7a
and 7b

aas well as the alpha decay curve (Fig. 7b) of this pludonium sampls

236

rave definite evidence of Pu " whosg radibao‘bive properties had been

definitely es-{:ablished.(s) The element 96 fraction was then allowed to
grow plu;tonium arein (77 days of growth) and the amount of Pu236 which
had growh was quantitatively determined by the addition of l’u259 tracer to
eatablish the chemical loss in the process of separation of the plutonium
from the element 96. The additiona.l details of this experiment which

allowed a caloulation of the half-life of the element 96 parent wers a8

242 240

follows: 1.38 x 10° altha counts/minute of the 96°7~ - 96°°C mixture of

240

which initially 70.2% were due %o 96 decsyed for 77 days. A% the end

of that timo the plutonium fraction was isgolated after addition of 19356

239

ocounts par minute of Pu and the resuliing plutonium semple pulso analyszed.

—— i .
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The average of several such pulse analyses-(ses Fig. 8) gave 1.14 as the ¢Fig. 8

8 239

wrlue of the ratio of P‘ua3 %o Pa"v, Using the value 983 days (obtainad

e sk e e =

from figure 7b) for the half-life of Ptxa:56 one caloulates 26.7 days as

the half-life of 96°~ which is in excellent mgreoment with the value | o

26.8 days obtained by resolution of the mlpha decay curve (Firure 6). i
2.3 Other Isotopes of Element 95. In addition to the isotopes '

96°20 gng 96242

one other activity has boen obssrved which may be due e
either an isotope of element 96 or to an americium (element 95) iaotopoo

Vihen the Geiger counter activity of the combined americium-element 96 |
fraotion of plutonium targets éombnraed with helium ions is follawed with i
various absorbers the decay curvess shown in figures 9, 10 and 11 are £ Figs.9, | |
obtained. From the psrcentage of the alphawactivity in the sample oemd B
which is dus %o 96242 the CGeiger counter activity due %o this isotope

can be obtained from figulr;ss 2, 5, 4, and 5. If this is done it ia

found that thers remains, in addition to an ectivity corresponding to the y

08240 half=life, sn activity of about §5 day half-1life and one of aboud 2 i

day half-life. The oa. 2 day activity is very probably the same activity |

239 (1)’

ag the one which has been found in-deuteron bombardments of Pu $.9s

the 50-hour A;nasau ’The 56 day sctivity has a large amount of soft-electro=
magnetic 'ra'diation , perﬁaps some electrons, ‘tut no hard gamm& rays. It

is probable that the activity is due +to 96241 decaying by orbital slsctron
capture. : |

3. Hame for Element 96.

Ag the namz for the element of atomic number 96 we should like to
propose "eurium", with symbol Cm. The evidence indioates that olement 96 ;
contains seven 5f electrons and is thus analogous to the element gadelinium,

with its seven 4f electrons in the regular rare earth series. Un this
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basis element 96 is named after the Curids in a manner analogous to the

naming of radolinium, in which the chemis% Gadolin was honored.

It ic a pleasure to acknowledpe the help and cooperation of Dr. Jo G.
Bamilton and his group who rebuilt the Ber_kaley 60-dnch cyclotron in order to
mlke much of this work possible and who performed the bombardments. The
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