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OF AMOTICIUM AND CURIUM

Se G« Thompson

Radintion Laborctory, University of California
Berkeley, California

Abstract

Investigation of the chemical propertics of clements 95

(americium, Am) and 96 (curium, ¢m) by means of tracer tcch-

niqucs has lcd to the following conclusions. In agucous solu-
tions, both clements cxist predominantly in the tripositive
oxidation statc and exhibit a high decgree of similarity to

the tripositive rare carth clements, particularly those in

the range of atomic numbers 60-64. (By taking advantagec of

small differences in chemical propertics, two methods for the
segparation of americium and curium from the rarc carth clements
have been deviscd.) Twvidence for the oxidction and reduction
of mm(ITI) is obtained only through thc use of the most powcr-
ful oxidizing and rocducing agents and cven thesc arc inef-
fective in the casc of Cm(III)s In general, the results of
thesce studics support the view that amoricium and curium are
mcmbers of an "actinido scrics!" of elemcnts related to cc-

tinium in the same scnse that the rare carth clements are

" related to lanthanum.

Determination of the specific activity of Am?4} which had
been bombarded for o long period of time with noutrons in a
Heonford pile showed thot not more than 119 of other americium
isotopecs had been produced. The specific activity determina-
tion along with other consideraotions susgestced that about 8%

242

by weight of the long lived isomrr of Am was present in
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this material. The specific activity of unbombarded amer;biuﬁ?mhm“
determined at the same time for comparison, gave a valuc of

474 yoars for tho half 1ife of AmE4l.

An isotope of highest known mass number, namely Cm243,

has becn discovered as the result of the bombardment of

~Am241 with 40 Mov helium ions. This isotope deccays by alpha

emission with a half life cstimated by yiecld considerations
to be of the order of tcn years. The cnergy of its alpha
particles is 5.78 Mecv as determined by differential pulse

analysecs.
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SOME NUCLEAR AND CHEMICAIL PROPERTIES

OF AMFRICITM AND CURIUM
Se G;Thompson

Radiation Laboratory, University of California
Borkeley, California

Intreduction

The search for transuranium eclcmcnts has resulted in
‘the discovery of four elements, ncptunium, plutonium, amcri-
cium and curium(l). These discoveries, particularly that of
plutonium, werc not only of considerable scicntific intcrest
but they werc of very grcat practical importance and as such
have had a very great cffeect on the whole of scicnce. It
was logical, therefore, to gontinuo the scarch for transuranium
elemegnts - that is, to scarch for.clemonts 97 and 68,

The scarch for transcurium elcments was begun in 1945
by S. G. Thompson, Be. B. Cunningham, A. Chiorso and G. T
Seaborg.‘ The experimental difficulties associatcd with this
problem were soon found to be formidablc cven though the
primary approaches which could be taken wére obvious and
straizht forward. Nevertheless, the efforts to solve this

problem, while unsuccessful, did result in the accumula-

tion of some information conccrning the chemical propertics

cof americium and curium and in the determination of some of

the nuclcar propertics of the hcaviest iscotopese. Some of
the results of this work will be included herc.

In introducing the subject of the chemistry of americium
and curium it sccms worthwhile fo begin with the discovery

of these clementse.e The discovery of amoricium(Z) and
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curium was aided by the hypothesis that these elements

are members of an "actinide series! in which the trivalent
oxidation states are chemically similar to the trivalent

rare earth elementse. According to this hypothesis, the rela-
tion of actinium to the actinide series is somewhat analogous
to that of lanthanum and the succeeding fourteen rare earth
eloments 2’ Thus, for illustration the first 5f electron
might appear in thorium, just as the first 4f electron appears
in cerium. This, ﬁowever, is not required by the hypothesisy
the essential point is that curium should possess seven 5f
electrons as gadolinium possesses seven 4f electrons. Thus,
aé atomic number increases beyond actinium it 1s not neces-
sary that the added electrons always enter the 5f shell;
differences between the energies of 5f and 64 electrons in

the early members of the series might be small. The added.
electrons might go into 6d orbits, or the structure might

vary depending on the compound. However, the tendency to
attain the very stable 57 configuration should be increasing-
ly evident as the seventh member of the series (starting |
with thorium) is approached and electrons should be in

lower energy states when they enter the 5f shell as this config-
uration is approached. Thus, cuﬁium, the seventh member of

the series, should possess a stable 57 configuration in
analogy to gadolinium, thé seventh member of the rare

earth series with its 4f7 structure;. 1f this hypothesié
is assumed to be correct, americium and curium should be

predominantly trivalent in agueous solutions. Both elements
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were discovered in the rare earth fractions from the bombard-
ments in which they were produced .

The work of Seaborg and co-workers in connection with
the discovery of americium and curium was sufficient to show
that these two new elements were, in fact, markedly similar
to the rare earths(B). These investigations, as well as
those which followed, showed that the similarity exists both
in the properties of the (III) state and in the stability
of this oxidation state.

These investigations of the properties of americium
and curium were continued, with one very important objective
in mind~—that of finding methods for the separation oflameri-
cium and curium from each other and from the rare earth
elements. Such investigations should lead not only to a
better understanding of the chemistry of the actinide elements
and the relationship of this series to the lanthanide or
rare earth series but also should provide‘methods of separa-
tion, particularly rapid ones which cogld be applied to the
study of the heavy isotopes and éid the determination of
their nuclear properties. Furthermore, as mentioned before,
the results of such invastigationé were 1lmportant in the
search for transcurium elements which depended on them and
proceeded hand in hand with them; |

It should be clear that a major part of this work de-
pended on the use of tracer methods, the preparation of
samples for alpha countihg, ahd on t@e instrumentation which
is common to the méasuremeht of radiocactivity. The relia-

bility of the tracer method in establishing many of the
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chémical properties had to be considereds The validity of
this method, however, 1s hardly to be doubted in view of the
success which was obtained in its application to the chemis-
try of plutonium. The tracer techniques in the cases to be
mentioned here are those used for alpha emitters, or rather
mixtures of alpha emitters és was always the case when com-~
paring the properties of americium and curium in a singlé

experiment; the alpha emitters Am241 and cm42 were the only

isotopes wused for the tracer studies of these elements.
CGontinuation of the tracer investigations, some of
which will be mertioned here; revealed several methods by
which americium and curium could be separated from each other
and from the rare earths. These methods for separating the
(I17) states were, however, with one exception, methods of
the type which were uwsed for the separation of the individual
rare earths; in fact, americium(III) and curium(ITII) nearly
always fell within the rare earth group as a whole and they
resembled most closely the rare earths of atomlc numbers 60
to 64(5); This relationship is clearly shown in adsorption-
elution studieé with commercial resins such as Dowex 50
cation exchange resin. Other tracer experimcnts indicated
that americium possesses oxidation states both higher énd
lower than IITI. There were also some experiments comparing
the distribution ratios of americium and the rare earths be-
tween aqueous and organic solvent phases. Other experiments
revealed differences between americium(ITT) or' curium(III) and

rare earths in fluoride solutions in which partial precipita-
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tion of rare earths was made. Accurate control of the
fluoride concentration was generally accomplished by the
addition of fluosilicate.
' The development of chemical procedures was only one of
several factors of interest in the search for transcurium
elements. Obviously, the properties of higher mass 1lsotopes
of americium were also important as stepping stones to
higher elements. L. O Morgan (thesis)(6) investigated two‘

. 45
isomers of Amz 2

> which are characterized by their decay
as follows?

(1) %R By spR42

1€ hr.
(2) amld2 37 5 4R
3
\3(\105
sz"s
These isomers of Am242 are produced whem a4l g9 sub-

jected to neutron bombardment thuss

w24l (n,y) an4?

The half lives based on several assumptions were estimated
by Morgan(e). As the long lived isomer of Am242 should be a
good starting material for the production of other high mass
isotopes; it was of interest to measure how much of it had
been fqrmed in americium which had been subjected to inten-
sive neutron bombardment; An upper limit for the amount was
obtained by a measurement of the specific activity of ameri-
cium that had been subjected to a long bombardment with
neutrons in a Hanford pile; The detalls of this work are

discussed in Section IT.
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Another isotope of interest for similar reasons is

a curium isotope which decays by the emission of alpha particles
of.energy 5;78 Nev; This isotope has been assigned tentatively
as Am243; The specific activity of curium produced by pile
bombardment by the reacticn Amzél(nyijm'42 has been measured
by L- B.Werner(7); This work, however, did not show that
curium isotopes other than Cn'124'2 were present. Likewise,
Chiorso(B), by examination of the alpha radiations of this
sama curiun in a differenﬁial pulse analyzer, was not
able to daektzct aipha disintegrations due to anything but
0P8, pineily. R. A games(®) failed o deboct in this

same curium any Ceizer radiations other than those arising

249
from Cmf4”o Tt appear=d that there might be two possibili-

ties for the decay of (me43, 7Tt might decay either by orbi-

tal electron capture or more probably by the emission of
alpha particles; 1t should also be produced directly by the
bombardment of Am®%l with 40 Mev He** in the 60-inch Berkeley
cyclotron thus:

Am241(a,pn)0m245.

If cme4S were an alpha emitter, it might be possible to
detect it in the preseﬁce of cm242, which would be produced
along with it i1if the alpha activities were examined in a
sufficiently sensitive alvha pulse analyzer. This method
was used successfully after oxtensive chemical separations
in the detection of this new isotope and the details of

this work are discussed in Section IIT.
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Gereral Txperimrental Methods

The tracer experiments on the chemistry of americium
and curium generally involved the use of a mixbure of
Am24l and Cm242 tracevs with gooroximately equal amounts of
alpha activity from each isotnps. It was usually convenient
to perform an experiment with a solution containing a few
thousand disintegrations per minute of each activity. The
ratio of the two alpha activities at the beginning of the
experiment and at the end in the various fractions resulting
from chemical seperations was usually determined by means of

(10)

a multichannel piilse analyzer. wWith this instrument a
thin semple is plsced in an ionization chamber in which the
total icnization of an alpha particle can be measured as a
voltage pulsee. Indivicdual pulses are sorted electronically
and recorded on a number of fast mechanical registers in such
a way as to separate the individual alpha particle energiles
in a mixture of alpha emitterse.

In order to obtain accurate measurements and good resolu~
tion in identification of alpha particles, it was neccessary
to prepare thin,; uniformly spread samples. Such samples were
usually prepared by precipitating a rare earth fluoride
in a solution of the americium or curium tracer, and trans-
ferring the washed prccipitate as a slurry onto a platinum
disc or by evaporating similarly a solution of low solid
contents The moisture was evaporated and the disc dried by
using an infrared heat lamp. The plates were always ignited
in the flame of a burner or by means of an induction heater

to remove the last traces of moisture or other wvolatile

€
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material; In order to facilitate the preparation of thin
samples it was common to employ a semi-micro technique where
solution volumes of the order of 1 ml and weights of carrier
precipitate of the order of 20 to 100 micrograms were used;
The precipitates were always separated by centrifugation,
and lusterold centrifuge cones were used for solutions con-
taining HF.

The health hazard associated with the handling of large
amounts of alpha radioactivity was provided for by the use of
a great many protective devices which need not be described
in detail here. TExamples of the more ordinary type of equip~
ment were fume hoods, dust masks, rubber éloves; and dry
boxes; Such egquipment was a particular requirement in the
case of bombardments of apnpreciable amounts of americium and
in the measurement of the specific activity of americium;

The tracer experiments usually did not require any special
equipment; In the preparation of americium targets, special
equipment was required to minimize the spread of activity in
the cyclotron and the.surroundinés. The samples as solutions
of americium nitrate were transferred to a grooved platinum
dish of 0.1 cm® apsa. The water was removed under a heat
lamp and the residue ignited to a black oxide of americium.
The targets were then placed in a special box containing thin
dural windows through which passed the 40 Mev helium ions
from the 60-inch Berkeley cyclotron. The target assembly -
was usually arranged so that the position of the americium-
target could be.adjusted in the particle beam so as to ob-

tain the maximum intensity of bombardment. In some cases
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the intensity of the bombardments were méasured. After bom=-
bardment the targets were removed and the americium oxide
dissolved in nitric acide. The chemical operation during the
early stages were performed in a dry boxe.

The neutron irradiation of the americium sample was

made in a'uranium-graphite chain reacting pile at the Han~-
ford Engineer Works. After bombardment, the container was-
opened in a hot laboratory behind about four inches of lead
shielding. The slug was cut open, the sample dissolved in
nitric acid and the primary chemical separations made by
remote control inside this hot laboratorye. The americium-
curium separation was made by adsorption of the mixbture on
columns of Dowex 50 resin, foliowed by elution with ammonium
citrate solution(ll). A series of such separations on columns
varying from 10 to 50 cm in length finally gave an americium
fraction which was}free 6f activity arising from curium isd—
topeses The aﬁericium was then concentrated by the precipi-
tation of an americium compound and chemical purification
was performed on this material. The miCrochemiéal techniques
were employed for these final stages of purification, weighings
being made .on a quartz fiber microbalanoe(lz) after ignition
of the americium to the oxide in a small tared platinum boat .
Some pure americium which had not been subjected to neutron
bombardment was carried through the same steps for comparison.
The welghed samples were dissolved in nitric acid, the boat
reweighed, the solution diluted to a known volume, and an

aliguot evaporated on platinum. These fractions were then

counted in a low geométry alpha counter, employing argon in
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the ionization chamber. The geometry of the chamber had
been accurately determined

Discussion of Results

A. Use of Fluoride in the Sgparation of Americium and

Curium from the Rare Farth Flements. Lanthanum (or rarc
earth) fluoride oarriefs for Am(IIT) and Cm(IIT) tracers
have often been employed successfully in glass equipment
when the time of contact with HF solutions is short. How-
ever, after overnight contact between glass and 6 M HF, it
was found that CeFz failed to carry Am(III) and Cm(IITI)
tracers completely. Further study showed similarly poor
carrying of Am(TIIT) and Cm{TIIT) using " Lusteroid" or
other plastic containers when HySiFg was added to precipi-
tate the rare earth carrier. Other experiments led to the
use of fluosilicate alone and an increase in the amount of
rare earth carrier in order to give better separations of
americium or curium from rare earthse.

Using.this progcedure, americium and curium were separated
effectively from yttrium, lanthanum, praseodymium, necdymium, -
~element 61 and europium as well as from cerium by a separa-
tion factor of 108; The work of S; Petersen(ls) has shown
that the behavior of Ac(ITI) toward HpSiFg is similar to that
of Am(III). Thus the use of HoSiFg provides a group separa-
tion of tripositive rare earth clements from Am(III) and
Cm(III)e While other methods provide more satisfactory separa=

tions from lanthanum or from single rare earth elements, these

methods do not permit a sharp group separation.
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The optimum procedure for the use of this fluosilicate

method as determined by a large number of individual experi=-
ments in which conditions werc studied is as feollows. To a
5 M FNOz solution containing Am(TII) and/or Cm(ITI) tracer,
add (in the form of a concentrated solution) 5-10 mg
ce(III)/ml of the 5 ] HNOz solution. feat to 35-40°C and
add 30% H,SiFg solution slowly and with stirring over a
period of 0¢5 to 1 hour until the total volume is 1 2/3

times the volume of the original 5 M HNOz solution (i.e.,

a final HoSiFg concentration of cae. 1 M)e Digest at
35-40° for an additional 0;5 to 1 hour.

After application of this procedure followéd by separa-
tion of the rare ecarth precipitate; the solution is usually
found to contain about 70-85% of the americium and/or
cerium and about 8-10% of the rarc earths; Americium and
curium may then be removed from solution by making the fluo~-
silicate solution 5 M in HF, whercupon residual rare earths
in the solution (0.5-1 mg/ml) precipitate as fluorides and
carry gé, 97% of the remaining americium and curium; If
necessary, Ce(ITI) carriecr may be added (C.5 mg ce(ITT)/ml
of fluosilicate solution) if the solution does not con;ain
a sufficient concentration of rare carth elements to act as
the carrier. If further separation of americium and curium
from the rare earths is.desired, additional fluosilicate
cycles may be used. The rare earth fluoride precipitate
(containing the americium and curium) is converted to hy-
droxide by‘agitation and digestion with hot concentrated

KOE solution for several minutes. Following centrifugation,

\
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the clear supernatant solution is withérawn, more KOH solu-
tion is added, and the above treatment repeated. Finally,
the hydroxide precipitate is separated, washed with water,
dissolved in.HNO3, and the resulting solution is used in
another fluosilicate cycle.

In a typical fluosilicate cycle, the com~leteness of
precipitation of rare earth elements increases with increase
in time of digestion but increased time also reduces the pro-
portion of americium and curium remaining in the solution.
This relationship is shown in Fig. l. After digestion for
two hours, about 75¢ of the americium and 4% of the cerium
remains in solution. Thé rate of precipitation of both
americium and rare earths increases with increase in tempera~

ture or decrease in the concentration of HNOz. Decrease in

the concentration of H,8iFg leads to poorer separation of
americium and curium from rare earths but the séparation is
not improved by making the stiFe concentration gregter t han
1 M, and effective separation is favored by slow rate of
addition of HgSiFg; 1a(IIT), Y(ITI) and Ce(IIT) are equally
good carriers and the rare earth carrier precipitates serve
to separate small amounts of Th(TV) and Pu(IV) rather com-
pletelys. Precipitation of the rare earth fraction is in-
hibited by Zr(IV) but is not significantly influenced by
the presence of Fe(ITI)-.

The experiments using fluosilicate solutions to separate
actinide and lanthanide elements suggest that rare earth
fluorides may be more insoluble than the fluorides of

Am(TIII) and Cm{III) although the differences may not be very
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large. It may also be true that complex fluorides of the type
AmF2+ are invoiVed in which a difference in the stability of
actinides and lanthanideé exists; It should be emphasized
that the fluoride system is one of very few where signifi-
carit differences between actinides and rare earths exists.

Jameé(l4) has extended this work.by eXxperiments showing
that exactly the same sort of precipitation curve is ob-
tained by controlled addition of dilute fluoride solutions
as is obtained with fluosilicate in the separation of a
mixture of element 61 and americium tracers using lant hanum
as the rare earth carrier. In fact, the points on the curve
in which the fraction of element 61 precipitated is plotted
against the fraction of the americium precipitated are es-
sentially identical for fluoride as compared with fluosili-
cate. James also found that similar separations could be
made by using fluoboric acide. The conclusion appears to be
justified that it is only the relative solubilities of the
actinide and rare earth fluorides that are important in this
separation. The use of fluosilicate 1s only to provide
fluoride in the optimum corcentration and in sufficient
amounts by hydrolysis; It may be taken for granted that
the strength of the fluoride bond is greater for rare earths
than for actinidese. It might also be expected that the
greatest differences in properties between the two series
would appear in reactions with a small negative ion such

as fluoride.

Be. Attempted Oxidation of Am(IIT) and cm(IITI) in Agueous

Mediae. Demonstration of the existence of oxidation states
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other than three for americium and curium is of interest
not only in relation to possible methods of separation but
also because of its importance in connection with the ac-
tinide hypoﬁheéis; Sinbe‘americium and curium would be analo«
gous to europium and gadoliriium, respetctively; americium WOuid
be expected ﬁb be more readily convertible to other oxida-
tion states than curiume. Because americium is preceded by
actinide elements which exhibit oxidation states_higher
than are encountered among the corresponding rare earth ele-
ments, the probability of oxidation states higher than three
should be greater for americium than for europium. Such specu-
lations, however, should recognize the possibility of a
marked trend toward stabilization of the (ITI) statee.

These expectations are indeed borne out by the results
of tracer experiments. There is evidence that Am(ITT)
may be reduced in agueous solutions and that a hizher oxi-
dation state exists, but the se changes may be brought about
only through the use of the most powerful oxidizing and re-
ducing agents. Similar experiments involving Cm(ITI) pro=-
vided no evidence whatever of either oxidation or refuc-
tion. These results provide strong evidence in supnort of
the actinide hypothesise.

Attempts have been made to oxidize Am(ITT) and Cm(ITI)
through the use of the strongest oxidizing agents under a
variety of conditions. The best possibllity seemed to involve
the use of oxidizing agents such as peroxide and hypochlorite
in basic sélutions and several experimehts employing these

reagents have been performed. In basic solutions, however,
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there are few if any carriers which may be used to distinguish
between Am(TIITI) or Cm(IIT) and their oxidation products. if
the hydroxides of higher oxidation‘states are insoluble (as
might be expected by analogy with neptunium and protactinium)
these as well as the (III) state would most likely be carried
by any insoluble hydroxide carrier. Thus the identification
of hizher oxidation states of americium or curium would pro-
bably require the use of a selective complexing agent which
would exhibit stability in strongly basic media. The latter
requirement 1s unlikely to be satisfied, particularly by
organic complexing azents.

The first attempts involved the use of K5C0z as the com-

plexiny agent and peroxide as the oxidizing agent; It was
anticipated that an insoluble peroxide of am(>» ITT) might be

produced and might coprecipitate with perceric hydroxide

(Ce0,*2%,0) or thorium peroxide precipitated from the same
medium. At the same time it was expected that Am(ITTI) and
the rare earth elements would remain complexed in the car-
bonaté solution and consequently would not coprecipitate
with the carrier unless oxidation occurred. Treatment with
57 Hy05 by weight in 207 K500z solution over various periods
of time at various temperatures gave complete precipitation

of cerium as CeOz'Hy0 or of thorium as thorium peroxide but

these precipitates carried only a small fraction, usually
less than 29 of the americium. Thus it appears that an
oxidizing agent more powerful than alkaline peroxide is

required to oxidize Am in solutions of K5C0z
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tvidence for the conversion of americium to oxidation
states greater than IIT was obtained first by Cunningham(ls)
in ultramicrochemical experiments. He observed that a darken-
ing of the color of Am(0H)s in alkaiine suspension occurred
when i% was mixed with MaOCl or peroxide. Cunningham also
prepared some americium oxide ignited in air at 300°¢ which
x-ray analysis showed to be.AmOQ. The use of hypochlorite to
oxidize americium in K500z solutions has been investigated
by Werner and I. Perlman(le). Their first experiments in-
volved the use of weighable amounts of americium. 'They found

under these circumstances that americium was oxidized pre-
sumably to the +5 state, and that its solubility in the
K2005 solutions was lowe The compound which precipitates
appears to be KAmoz. Attempts to carry tracer amounts of
americium from such solutions, however, has met with slight
successs Plutonium carrier gave erratic results and there
are only a few elem~nts which are able to precipitate from
concentrated K,00z solutions under such conditions.

Attempts to convert Am(ITI) to higher oxidation states
in acid solutions has been subject to much investigation.
A wide varicty.of the most powerful oxidizinzy agents and solu—
tion conditions failed to give evidence for such oxidation
With one exceptions This was the case of KBrOz used in con-
centrated nitric aéid solutions. Ceric iodate precipitated
from such solutions carried a high fraction of americium but
the results wero orratlc and m:mht be exnlalned in othcr ways;

Ce 0x1dat10n of Am(ITI) and cm(ITT) by Pusion with
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Sodium Nitrate. Rare earth separations which depend upon

the production of higher oxidation states of certain rare
earth elements other than cerium (e.g., praseodymium and
terbium) have been reported in the literature. One such
method(17) involved oxidation by fusion with NaNOs followed
by dissolution in an acetate~buffered solution, which lecaves
the hizher oxides undissolved. Thus a reasonably good
separation of lanthanum from praseodymium may be accomplished.
According to the actinide hypothesis, one might expect
americium to follow praseodymium while curium would follow
lanthanum in such a separation. A scparation of americium
from curium was obtained by this method. The undissolved
oxide fraction contained a higher proportion of americium
than of curium, while the aqueous leachings contained a
higher proportion of curium than of americium. The change
in the americium/curium ratio, however, was not great enocugh
to provide a satisfactory separation of the two elements.

) In threce separate experiments, ecach using a different
rare earth carrier, the maximum chanze in the americium/
curium ratio was obtained using terbium as carrier. Ini-
tially, the americium/curium tracer ratio was 1l.14. After
fusion for l.5 hours at 46000 followed by leachiny, the
ratio in the TbOs was 2.0. With PrO, and ceog, the ratios
were 1.5 and 1.3 respectively. 1In all of thesec cxperiments,
lanthanum equivalent to the oxidizable rare oarth carricr

was mresent,

D. Reduction of Am(IIT) and Cm(IIT) in Aqueous Media.
1. Usg of Sodium Amalgam. Morgan(18) had found that
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Am(iII) is not reduced by Zn amalgam. In subsequent cefforts
to reduce Am(ITI), sodium amalgam was used as the reducing
ageht in a method similar to that employed by J. K; Narsh(lg)
in the separation of certain of the rare earth elements. A
sulfuric acid solution containing La(III), Sm(III) and
Tu{IIT) together with Am(III)\énd cm(ITI) tracers was shéken
with sodium amalgam. The resulting precipitate of BuSQ4
and SmS0; was separated and leached rapidly with cold dilute
nitric acid. (According to Marsh, this treatment digsolves
SmS04 and leaves most of the BuS0y; undissolved.) About 409
of the americium tracer and ZO%IOf the curium tracer were
found in the soluble fraction. The increase in the ameri-
cium/curium ratio in the samarium fraction suggests that Am(III)
may have been partially reduced to Am(II).

2. Usec of Barium. The results obtained by the use of

sodium amalgam suggestedcther experiments which might not
.only confirm the cxistence of Am(IT) but also provide a method
for the separation of americium and curium based on differences
in oxidation state. In the separation of americium and

curium following reduction with sodium amalgam, the carry-

ing of Am(IT) by the mixture of TuSO4 and SmSO, might not

be particularly selective in comparison with the carrying

of Am(ITT)s A better separation might be accomplished by

the use of a more selective carrier such as barium chloride.
 Barium metal and concentrated HC1l containing americium and
curium tracers were employed and a precipitate of BaCls

formed as the barium dissolved slowly over a period of about
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five mimtes. The americium/curium rotio in the original
HC1l solution was 0.9 whilec that found in the BaCly precipi-
tate was le.4. That such enrichment occurs, however, is not
proof that reduction of amcricium occurred. Recent experi-
ments by Ke Strcct using concentrated HC1l for c¢lution of
amecricium and curium from columns of Dowex 50 resin indicate
that in concentroted HC1l significont differcnces oxist in

the propertics of the two clements in their (ITI) states.

Te Separations Using fation Exchange Resinse. A method

for the scparation of rarc carth clecments hy adsorption on
an Ambcrlite IR-1 recsin followed by sclective elution with
ammonium citrate has been deviscd by W. Cohn and his asso-~

ciatos(zo). Turther development of the method by Cohn,

(21) and their co-workers has lecd to the e¢ffi-

Fe He Spedding
cicnt scparation of many of the rare earth clements by this
methode In view of the similarity between americium and the
rarc carth elemonts in othor systcms, it was obviouslj
worthwhile to study their behavior in the TR-l-citrate system
from the standpoint of possible scparationse.

Preliminary experiments cmployed a 12-inch column of 1
cm Ie De packed with 40-860 mesh IR-1 rrsin; The rcsin was
washed with Ol.1 1 HCL and the cxcess acid was removed by
woeshing with water. A mixturc of Am{ITT) and, for cxample,
Y(ITII) tracers was adsorbcd on the column from o O.1 M HCl
solution. After displacement of the residual acid with water,
5¢ ammonium citrate solution (pH = 2.75) was passcd through
the column and the elutricent wnos collocted in & number of
small fractions. Thesc werc annlyzed separatcly for both

amcricium and yttrium activitics.
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Frdm this and similar cxperiments involving comparison
of americium with other elements, the decrcasing order of
rate of elution was found to bel vy > 61 > am >Ce > Lae.
‘Americium falls between element 61 and element 58 (cerium)
and was more similar to element €1 in this system.

Other experiménts designed to separate americium from
several of the rare earth elements employed a € foot column,.
Somec separation was accomplished, and rare earth c¢lements
in the region of element 61 were separated by a factor of
approximately 2.

Poterson's'work(zg) on the adsorption and elution of ac-
tinium has shown that it is more slowly cluted from IR-1
with citrate than is lanthanum. Thus the decreasing order
of rate of elution of actinium in compari son with members
of the actinide and lanthanide series eleomcnts is as followss
Yl>'617> Am > Ce > ILa >Ac, Hence it appcars that the behavior
of the elements of the actinide series (with rcspect to ad-
sorption and elution) is similar to that of the rare earths.
Differences between individual mombers of cach scries must
be of about the same magnitude and in the same direction with
increase in atomic number.

The difference in behavior of actinide and lanthanide
elements in fluosilicate solutions suggested an experiment
in which a mixture of Am{IIT) and La(ITI) were adsorbed on
IR-1 resin and were eluted with fluosilicate. In this case
the two were removed from the column at approximatcely the
same ratee.

Since this work was done improved mothods have resulted



UNRL-149

from the use of Dowex 50 resin, as shown by the results of
. R. Tompkins, Cunningham, “treet, James and Thompson(23’24’252
However, the order of elution and relative positions of ac-
tinide and lanthanide clcments arc the same as thoée given

above.

Fo Solvent thractlon Methods for tho Scoaratlon of

Americium and CuWium from Fach Other and from Othor “lnmcnts

Separations based upon cxtraction of inorganic compounds from’
aguecous solutions into organic solvents arc known to be ad-
vant ageous from the standpoint of both rate and efficiency
of separation. Such methods may depend upon the formation
‘of a complex between the ion to be cxtracted and molecules 7
of the organic solvent into which thec complexed component of
the équeous solution is ecxtracted. Tfficient scparations of
other elements have becn made throuzh the usc of extraction
columns employing countercurrent flow.

In the carliest work on the scparation of americium
and curium by solvent oxtraction, agucous solutions containing
hydroxamic acids (gencral formula, R - 5 - NHOE) were uscede.
At Towa State College, Fe J. Wolters and H. D. Rrown(26)
have used these compounds.succcssfully in connection with
the extraction of other actinide elements into benzené. on
the basis of Prown's work and in vicw of the actinide hypo-
thésis, it was anticipated that Am(ITI) and Cm(III) would be
extracted similarly. =xperimentally, such was found to be
the case and a fairly good scparation of Am(III) from La(ITII)
was demonstrated. However, rarc earth clements (particularly

those in the rrgion of cloment 61) were not sconarated to any
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significant extent and development of thc mcthod was temporariiy
abandoned..

The extraction of americium into CHCl5 in comparison
with actinium and the rare earth elements has becn investi-
gated in experiments in which benzohydroxamic acid was used.
The mocedure was as follows: To an acid solution containing
the tracer activities to be separated, poﬁassium,benzohy-
droxamate (5 mg/ml) was added and the pH was then adjusted
toc 5-6 by addition of sodium acetate. The mixturec was shaken
and allowed to stand for about two hours at room temperature.
The agucous solution was then shaken with an equal volume of
chloroform, the two liguid phascs werc separated and ceach
was analyzed for the activitics in question. Although most
of the Am(ITT) was cxtracted into the CHClg, the rcsults
varied considerablye. These variations may have becn due to
failure to duplicate conditions oxact}y and to establish op-
timum conditions for this ecxtraction. As judged from separate
cxperiments which were not necessarily conducted under iden-
tical conditions, the approximate cxteont of extraction was
found to be as follows? Am(757), elemont 81 (65%), v (507),
La(40%), Ac(8¢)s The oxperimental valucs for eclement 61,
yttrium, lanthanum and actinium were converted to values
corresponding to 75% cxtraction of americium.

Although less satisfactory than certain other methods,
the foregoing exporirents show that americium may be separated
effectively from some eloments and scrve to demonstrate again -

the similarity botweeon the lanthanide and actinidec elcments.
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ITI. The Isotope Am242

By a commrison of the specific activity of americium
which had been subjcctcd to ncutron bombardment with that of
unbombardecd Am241, it scemed possible that the amount of
longer lived isotopes in the hombarded material could be
dectermined. If an isotope such as Am242 were present in
sufficient amounts, the bombardment of such material with
helium ions might producc dectectable amounts 6f transcurium
isotopecs. The following experiments were donc with this ob-
jective 1in minda.

A small sample of puro'Am241

was subjected to a long
bombardment with ncutrons in a #Wanford pile. Complete scpara-
tion of curium radiosctivitios from thc americium was made
by adsorption on Dowex 50 resin and clution with armonium
citratc solution and by rcpcating thesc steps a number of
timese The amcricium was procipitated as AmPz, dried, and
ignitecd in a platinum dishe. The resulting black americium
oxide was dissolved in nitric acid and cvaporated to dryncss.
The residuc was dissolved in water end further purificd.
Some purc Am241 which had not been bombarded with necutrons
was now oltaincd in a solution of the same charactcristics
a8 above. The following primary,stops'of purification were
carried out on-the two solutionss

(1) By passage of HpS into tho solutions all sulfide

insoluble impurities were scparated.
(2) Precipitation of Am(0W)=z was performed by the addi-

tion of NH5 £a8 .
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Removal of Pe(ITT) was accomplished by extraction
with ether from a solution of the Am(ITI) in 6 ﬁ

HC1l.

‘Am(OH)S was then precipitated with NH- gas and

was dissolved in dilute HNOS.

mach solution was divided into threc parts, the first being

used for spectrographic analysis to determine purity, the

sccond being uscd for specific activity determination, and

the third part held for further purification if neccssary.

The following main opcrations were pecrformed on the

two amcericium samples in order to dctermine the specific

activitiesas

(1)

(2)

(4)

Part. of the.dilute nitric acid solution of Am(TIT)
was transferred to a weighed Pt boat, thce watcr was
removcd by cvaporction under a heat lamp, and the
recipitate was ignited to the black oxide ef
amoricium.

The boat and sampie were weighcd on a calibrated
quﬁrtz fiber microbalance.

The amcricium oxide was then dissolved from the
boat by heating with several portions of dilute
nitric acid; The solutions and washings were
transferred to a volumetric flask and made to
volume with water. After mixing known aliquots
wers takén for counting.

The aliquot was cvaporated on a platinum plate,
ignited and counted in a low gecomectry countcre.

The geometry factor had been agcurately determined
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as 1677 to give alpha counts per minute at 52%
goomotry.

Several small samples of both the ncutron bombarded
americium and the unbombarded americium were carried through
essentially the same steps as mentioned above. In some
cases the purification was more rigorous than described above
and in some cases there Wasua final precipitation of the
amoricium as fluoride. In such cascs a slurry of the_AmF5
was transferrced to the platinum weighing boate

In only onc case¢ was the néutron bombarded americium
very purce as shown by the spectrographic analyses, and this
sample was rcported as containing about 37 of aluminum as
the only detcctable impurity. The unbombarded amcricium
contained no dgtectable impuriticse. It should.bc notcd that
3% of aluminum would account for about 67 of the weight of
the ignited oxidc.

There is another corrcction to be made in the measurce
mont of the.spccific activity of the neutron bombarded

americium which is due to the growth of omS2<

and its alpha
radibactivity. As mentioned previously the long lived iso-
mer of AmS4R decays as followss$
242 8~ (~600 yr.) 242

S8,
~\‘K105

J
208

Tven though the americium had oncc been complotoly free of

4
cm24? alpha a ctivity, differcntial pulsc analysis showed,

at the time of specific activity detormination, that 1.29
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of the alpha disintegrations in the sample were due to Cm242.
Neglecting the presence of the aluminum impurity which
is believed to‘be doubtful and corrccting for the prescnce
of cn?%2 tho spocific activities of the two amoricium
samples were as follows:?
Specific Aéfivity (counts

per minute per microgram
at 529 gcometry)

6#’

Neutron bombarded americium 3.30 x 10
Unbombarded americium 3.61 x 10°

The prescnce of aluminum in one of the samples and not
in the other is difficult to understand since the samc steps
of purification were performed on boths The aluminum content
of the bombarded sample cluted from Dowex 50 resin with ammo-
nium citrate, and precipitated as fluoride should be very low
since aluminum should not follow cither step. Thereforc it
scems8 morc rcasonable to assume that the aluminum was intro-
duced in some way during the analysis or preparation for
analysis, when the two samples were not handled iﬁ the
same way;

The_ratio‘of the specific activiﬁies is as followsa

Specific activity of bombarded Am = 0.914
Specific activity of unbombarded Am

The limits of error in the spectrographic detormination
of aluminum content of the small sample submitted for analye-
sis is about 50%. Strictly speaking, thercforc, as much as

9¢ of the weight. of the AmOo. could: be duc to Alg0s and within

¥ Apverage of four determinations of 0.57 maximum difference -
different samples, two weighings.
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the limits of the other crrors of thec oxperiment (~2%) it:is
possible that the change in specific activity was necglizible.
Tt 1is also possiblc.to cstablish a maximum value of 119 for
the change in specific activity, if we assumsc that 2ll of
the impurity was introduced at some time after tho spcecific
~ctivity determination;, and if, at the same time 2 maximum
crror of 2% is allowed. WNevertheless, for the rcasons mcn-
tioned previously, it is Belioved that the most probable
value for thce actual change in specific activity of the
americium is about 8¢, The dcercasc is belicved to be due
to the presence of Am242 in the amount of 8¢ by weight which
is produced by the following rcactions ‘

me 41 (n,Y) Ame%2 (long lived isomer)

A

The maximum error of the experimental determination of
the specific activity aside from crror duc to purity is
about 2¢. 1In calculating this maximum error, thc following
factors have been taken into account?

(1) stotistical fluctuations in counting (0.19).

(2) Geocometry of low geomctry counter (0.5%);

(3) calibration of quartz fibre microbalance (0.3%).

(4) vVolumctric equipment (0.57),

(5) Actual weighing (1.0%).

However,; since thc samc cquipment was used for both
samples, most of thcso crrors cancel out in calculation of
the ratio and the mein errors arc thosc arising from crrors
in tcchnique which are more difficult to evaluate.

From the spccific activities of two chemically purec

americium samples, it is not difficult to deduce that the
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242 in one and not

difference is due to the presonco.of Am
the other. In bombarding Am24 with neutrons, the following
possible reactions may occurs

(1) an24l(n,¥) amR42 ~ﬁ£40m242

hr o/
241(n{T) Ame42 {long lived isomer)

(2) Am

(3) amR42 (long) (n,¥) Am=4d

(4) amR%l (n,2n) amf40

Although adjacént isotopes might cmit alpha particlcs of
}ange 30 noar to those of Am241 that thelr presence would
not be dotectable in the chemically pure americium, an examina-
tion of the daughters in cquilibrium with this amcricium
fraction essentially rules out this possibilitye. Otherwisc,
the specific activity might be increascd by the presence of
one of thesc inactive isotép"s and an cerroncous valus for
the weight of isotopes othor than Am241 might be obtained.
The chemlical separations of Cm from Am werc made after the
17 hr. beta emitting Am242 had decayed, thus climinating
Interference from this species. It is known that the long
lived AmP42 isomor is present in the americium, and that it
decays both by alpha and heta emission. The daughter of the
alpha deccay is the well known beta emitting Np258 of 2.0 day
holf life. The alpha‘docay of Am243 and of Am24o would
similarly give well known beta emitting dauvghters. Morgan
(thesis) has examinodithose dauvughters, and found that they
consist mainiy of‘Np258 which is produced by the decay of
Am42 Morgan and strect(27) found furthbr that at equili-

brium the ratio of the number of beta disintegrations due to

necptunium isotopns to that of the americium alpha disinte~
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grations in the amcricium uscd above for specific aétivity
was one part in 104, Thercfore 1t may be calculated that
less than 01% of the alphao disintegrations in the amcricium

fraction are duc to isotopes other than Ame4l 242

and the Am
contont of chamically pure amcricium should be calculable
from the specific activity as compared with that of pure

A4l

The value for the specific activity of Am24l

given above
allows a direct calculation of its half life and gives a
value of 474 years. The valuc reported originally by

Cunningham(ZS)

is 510 '20 ycars. The two values, howcver,
may approach agrecement within the experimental error of the
dctormination. Allowing a 2.57 maximum crror for the valuc
of 474 ycars gives an upper Llimit at 4386 yecars, while
gunninghomt!s lower limit should be 490 ycarse It might then
appearﬁthat a half lifc of about 490 yecars is a better value
than cither of thce othorse. Part of the diffcrences might be
accounted for by the assumptions made as to the oomposition
of the ignited black oxide of americium. In 2all specific
activity measurements made to date the assumption is made
that its composition is AmOo. It is likecly, however, that
this oxide 1s & mixture containing emcricium in at lcast two
oxidation states and the composition could vary considerably
debending on the conditions of ignition.

III. The Isotope cme43

The isotope Cm243 was found as a reosult of the bombard-

mont of Am241 with 40 Mcv helium ions. The total bombard-

2

ment was about 1 microampcre hour on a target of Q.1 cm® arca.
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The americium oxide was dissolved in nitric acid. The
hydroxide was precipitated by the addition of Vilz and was
dissolved in 45% KoCOz. The amoricium was precipitated by
the addition of NaoCl and by hcating the solution to give the
insoluble americium(V) compound which presumably is KAMOz
gurium is not oxidized to a higher oxidation state and is ﬁot
carried by this compound. The americium and curium rcmaine
ing in the solution were then scparated as hydroxides by tho#—
addition of concentrated XKoW, and the above cycle was re-
pecated. Thesc two steps scparatced the amcricium from the
curium by a factor of -~2000. Turthor secparation of the
americium from curium was made by adsorntion of the mixturc
on a 15 cm column packed with Towex 50 rcsin and clution
with ammonium citfate solution. The fraoctions taken every
15 minutes were counted for alpha activity ond the clution
peaks for curium and amcricium were dotormined. Diffeorcntial
pulse analysis of the alpha radioactivities in the curium
poak rovealed that most of the activity was that of gmo-o
of cnergy 6.08 Mev corrcspording to a disinbtegration cenergy
of 6.18 Move There was, however, 2 small percentage (fVS%)
of alpha radioactivity of cnergy 5.78 Mcv as shown in Fig. 2.

That the isotope in question is a curium isotepe is
cssentially proved by the fact thaot it was removed from the
resin in the curium pecak. It is, howecver, barcly possible
that elecment 97 could be removed in this samec position. It
is not difficult to dcecducc the mass assigmment of such a

243

curium isotope. The production of Cm should occur by both

of the following mechanismss
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Am24l(a,2n) 97243 K caota Cm245
Am241(a,pn) cmee S
According to James (thosis)(293 Cm240 dccays by thec cmission

of alpha particles of cnergy 6.26 Mcv, and ame41

probably
dccays by orbital clectron capturce In thc bombardment of
Am241 with 40 Mev helium ions, the production of significant

amounts of isotopcs of mass numbcr less than 240 is improbable

0f the two remaining possibilitics in the curium isotopes,

243
m %%, the om®%® is the best possibility since

C and ¢
the vicld of reactions involving the cmission of 2 or 3
particles from the compound nuclcus as cbove arc higher than
those involvinz the emission of onlj one particle such as
the a,p and a,n rcactions. Strictly specking, however, the
possibility cannot be rulecd out thet the isotope discoverecd

above is Cm244

or cven the lesser possibility that it is an
isotopc of clement 97 Trom a considceration of alpha

particle cnecrgy as a function of mass numbers(so) for iso-
topes in the heavy region an alpha encrgy of about 5.8 Mev

would be predicted for Cmg45

and of course this is what was
found above, élthough the irreguiaritics arc such that it is
not out of the question that this cnorgy would corrcspond

to cme44,

It is possiblc to make an cstimate of the half 1life of
the omP%3 so assigned, from a consideration of the yiclds of
nuclear reactions in the heevy region. In this rcgion the

sum of the cross scctions for the «,2n and the «,pn reactions

for bombardments of the type in guestion, is gonerally of the
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samc order of magnitude as the gum of tho a,3n and a,p2n
renctions and is generally of the order of ;Ol barn; Since
therc was about 59 os much alpha activity from Cm243 as from
Cm242 and the number of atoms producced should be about the

seme, the half 1ife of Gmoao

should be 20 times as long as
that of cm2%2 or about cight years. Prodiction of the half
life from the cxtension of a modified J. Schintlmeistor(31)
nlot for isotopes in the hecavy region gives a value of about
10 ycars;

From bthese considerations, we belicﬁe it is recasonable
to tentatively assign the new curium isotope to Cm245.

Investigation of the chemical propertics of elemonts 95
(emericium, Am) and 96 (curium, Cm) by means of tracer tcch-
niques has led to the following conclusions. TIn aqueous
solutions, both elemrnts cxist predominantly in the triposi-
tive oxidation state and cxhibit a high degrce of similarity
to the tripositive rarc earth clements, particularly those
in the range of atomic numbers 60-64, (By taking advant age
of small differences in chemical propcrtiecs, two mcthods
for the secparation of amcricium and curium from the rare
carth clements have bgen deovisede) T7vidence for the oxida-
tion and reductiocn of Am(TITII) is obtained only through the
use of the most powerful oxidizing and reducing agents and
even these are inceffective in the case.of ¢m{ITI). 1In

general, the rcsults of thesc studies support the view that

americium and curium are members of an " actinide scriest
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of clements related to 2ctinium in the samc sensc that the
rarc earth elements arc rclated to lanthanum.

Dotermination of the specific activity of Ame?l which
had been bombarded for a long period of time with néutrons
in a Hanford pile showed that not more than 1194 of other
americium isotopcs had been produced.s The spccific activity
.detormination along with other considcrations suggested that
obout 87 by weight of the long lived isomer of Am242 wa s
prescnt‘in this materiale The spccific activity of unbom-
barded amcricium, deteormined at the same time for comparison,
gave a valuc of 474 years for the half lifo of ame4l,

An 1isotope of highest known mass numbor, namely Cm245,

has beon discovered as the result of the bombardment of Am241
with 40 Mev helium ions. This isotope decays by alpha cmisw-
sion with a half lifc cstirated by vicld consideorations to

be of the order of ten years. Thc-oncrgy of its alpha par-

ticles is 5.78 Mev as dectermined by differcntial pulsc

analyscs.
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These rescarches werc carried out under the auspices of the
Manhattan District, Corps of =Enginecers, Unitecd States Army,
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