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ABSTRACT
A new and rapid method for the separation of americium and curium from the

rare earths has been develoned. Utilizing this method, two new activities have

been found; Amzss, decaying bv orbital electron capture with a half-life of ca.

1.2 hours, and an alpha emitting (energy 6.5 Mev.) curium activity with a half-

life of ca. 2.5 hours which is tentatively assigned to szss.

The 50-hour americium activity previously reported has been reassigned to

242

Am24o. The beta-particle decay of the long-lived Am has been demonstrated.

A limit of less than 20% has been rlaced on the possible orbital electron capture

branching of Cm24o.

The probable effect of fission competition on yields of alpha-particle and

deuteron bombardments is discussed.
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Introduction
The search for the transurenium elements and the elucidation of their chemical

(1) early attempt

and nuclear properties has had an interestines history. Fermi's
to produce elements of atomic number greater than 82 by neutron bombardment of
uranium resulted not in the production of transuranium elements but in fission of
the uranium nucleus, as was shown by Hahn and Strassmann(z) in 1939. The first
successful attempt to produce a transuranium element was made by HcMillan .and
Abelson(s) in 1940 when they discovered‘element 93, which they named neptunium.

The number of transuranium elements was extended once more by the discovery of
element 94 (plutonium) by Seaborg, “clMillan, Kennedy, and Wahl in 1940(4>.

With the development of chain reacting niles and the production of large quan-
tities of plutonium a starting material became available for the attempt to produce
the next higher elements. In order ot iscolate and identify any transplutonium
elements produced it was necessary to have some hypothesis as to the chemical
nature of these elements. This was essential because of the large number of fis-
sion activities produced and the high level of alpha radicactivity of the target

Pu239. A consideration of the chemical properties of the elements actinium through

(5)

plutonium led Seaborg to the.view that the heavy elements constitute a new "rare
earth" series in which the 5f shell is being filled. On this basis it was expected
that elements 95 and 96 would have very stable III oxidation states with higher

states being formed with great difficulty if at all, and consequently these elements

should coprecipitate with rarz earth fluorides.

In 1944, using this chemical hypothesis, Seaborg, James, and Ghiorso(6)working
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et the Metallurgical Laboratory of the University of Chicapo identified isotopes of
. 239
the element of atomic number 96 produced by the alpha-particle bombardment of Pu
on the 60-inch cyclotron at the Crocker Radiation lLaboratory of the University of
California. Later the same year the element of atomic number 95 was found by
Seaborg, James, and Mbrgan(7). Element 95 was named americium after the Americas
because of its analogy to the rare earth europium. The name curium was chosen for
element 96 honoring the Curies in a manner analogous to the naming of radolinium.

The status of the isotopes of americium and curium at the time the present

work was begun may be summarized briefly as follows:

241 238

Seaborg, James, and Mbrgan(7) obtained Am by bombarding U 3 with alpha-

241

particles to make Pu end isolating the Am241 which grows from the beta

decay of Pu241. Am241 is an alpha emitter with an alpha enerpgy of 5.45

Mev. and a half-life determined by Cunningham(s) to be 510 I 10 vears.

(9)

demonstrated the existence of & 17-hour beta emitting

241

Manning and Asprey

242

Am made by thermal neutron irradiation of Anm Lbrgan(lo) showed that

242

after the 17-hour Am had completely decayed from a neutron irradiated

241

sample of Am the purified americium fraction still contained a long

38

lived beta activity and that sz could be milked from this fraction

six months 2fter shutdown of the bombardment, thus proving the existence
of a long lived isomer of Am242. On the assumption that the beta-
particle observed belonged to the long lived Am242 Morgen calculated the
alpha branching as ca. 0.2%. Morpan also observed two orbital electron
capturing activities in americium fractions produced by bombarding Puz39
with deuterons and Np257 with alpha-particles. The 12-hour activity which
decays principally by'electron capture but which also emits alphas to the
239

extent of ca. 0.1% was tentatively assigned to Am and the 50-hour or-

bital electron capturing activity was tentatively assigned to An®%,
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Both‘these mass eassignments were made on the basis of the relative
yields of the two activities in a series of deuteron and alpha bom=-
bardments employing different bombarding enercies. The reassignment of
the 50-hour activity and a proposed explanation of lorgan's results are
both discussed in later sections of this dissertation.

Seaborg, James, and Ghiorso(s) first produced sz42 by the alpha bom-

bardment of Pu239. This same activity was later produced by neutron

241 242

irradiation of Am to form Am“*“™ which decays by beta-particle emission

m242 (11)'

to C The mass assignment of this activity was definitely

established by milking its alpha decay daughter Pu238. Cm242 is an
alpha emitting activity with a half-life qf 150-days and an alpha energy
of 6.1 lev, Cm24o, also produced by alpha-particle: bombardment of Pu239(112
emits alpha-particles of energy 6.3 Mev. and decays with a half-life

of 26.8 days. The mass assignment of this activity was also definitely
established by milking its alpha decay daughter Pu236. In addition,
James observed an orbital electron capturing activity of 55-day half-
life, also formed in the alpha-particle bombardment of Pu239' which

he tentatively assirned to Cm241.

The aim of the present investiration was to attempt to clarify any doubtful
points in the previous work and to try to extend the known isotopes in the direc-
tion of higher masses and shorter half-lives.

EXPERIMENTAL METHODS

A. Bombardment Techniques. The bombardment techniques used in the bombard-

ments made on the €0-inch cyclotron at the Crocker Radiation Laboratory were es-

(11)

sentially the same as those employed by James . The plutonium targets were

prepared by slurrying approximately 10 mg. of Pu239 in the form of (NH4)2PuF :

6

into a rectangular platinum boat of approximately 1 sq. cm. area and evaporating
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to dryness. The boat was then covered with a cap made from 0.25 mil. tantalum

foil and su¢pended by water-cooled finger in the deflected beam of the 60-inch
cyclotron. As a further precaution to prevent contamination of the cyclotron, the
target was separated from the cyclotron by another 0.25 mil. tantalum foil and a
filtered air leak around this foil was provided %o allow evacuation of the target.

In the higher energy bombardments on the 184-inch cyclotron at the University

of California Radiation Laboratory, where it is necessary to introduce the target
directly into the cyclotron chamber, this technique could not be used. In these

bombardments the slurry of (NH PuF6 was placed in a welded platinum enwvelope,

4)2
.evaporated to dryness, and the open edge sealed by clamping between two copper
blocks. This whole assembly could be attached to the probe in the cyclotron

chamber.

B. Chemical Procedures. The chemical procedures used in isolating americium

or curium fractions from the bombarded target material may be conveniently divided
into three steps varying greatly in the degree of difficulty and the time required.
These steps are, (1) the dissolution of the target materiel, (2) isolation of a
rare earth fraction containing the fission product rare earths, americium, and
curium, (3) separation of americium and curium from the rare earth fission
products, and from each other. |

(1) Dissolution of the Target. The difficulty encountered in dissolving

the tarpet material depends greatly on the temperature attained during the bom-
bardment. In the bombardments on the 60-inch cyclotron, where the beam current
and consequently the temperature attained is high, it is usually necessary to fume
the target material to dryness with sulfuric acid and then dissolve the resulting
plutonium sulfete in dilute nitric acid.

In the bombardments on the 184-inch cyclotron, where the beam curfent is lower

by about a factor of ten, & very rapid dissolution of the target material can be
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effected by simply heating with concentrated nitric acid with a little boric acid

added.

(2) Isolation of a Rare Earth-Americium-Curium Fraction. The isolation of a

rare earth-americium-curium fraction is easily attained by precipitating lanthanum
fluoride from the solution after oxidizing the plutonium to the soluble VI oxida-

tion state. Several different oxidizing agents may be used for this purpose with
almost equal success: 0.1 N potassium dichromate and 0.1 N potassium permanganate
are examples. The precipitate contained the beta-active rare earth fission products
and the americium and curium. The precipitate is dissolved in & mixture of nitric
and boric acids, the hydroxide precipitated with NH4OH and the cycle repeated until
the plutonium is elimineted.

(3) Separation of Am and Cm from the Rare Earths and From Each Yther. The -

separation of americium and curium from the rare earth fission products, and from
each other, presents by far the most difficult chemical problem encountered in the
work and consequently a great deal of time was devoted fo achieving a reasonably
satisfactory separation procedure. Americium, curium, and the rare earths all
have plus three oxidation stetes and the crystal radii of americium and curium
overlap those of the light rare earths, being about the same as neodymium. Thus
the solubilities of their compounds are very similar to those of the rare earths.
The only reasonably satisfactory group separation of americium and curium
‘from the rare earths known when the present work was undertaken was the procedure

w(11,12)

known as "the fluosilicate precipitation In this procedure LaF, carrier

3
is partially precipitated by accurately controlling the fluoride ion concentration.
The control of the fluoride ion concentration is attained by means of fluosilicic

or fluoboric acid. These acids hydrolyze to produce a small fluoride ion concen-

tration which can be accurately controlled by varying the hydrogen ion concentration.
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Under suitable conditions 80-90% of all the rare earths are precipitated while
only 30% of the americium and curium is found in the precipitate. The undesirable
features of the met!od are the very carefully controlled conditions necessary, the
large number of repetitions needed to achieve a high degree of decontamination,
the relatively long time required Qﬁi‘ 1 hr. per cvcle), and the low yield of de-
contaminated americium and curium.

The very successful separation of the rare earths by selective elution from
columns of cation exchange resins with ammonium citrate solution led Cunningham
et. al.(ls) to try this procedure for the separation of americium and curium. As
is shown in Fig. 1, 0.25 M ammoniﬁm citrate solution adjusted to pH 3.0-3.1 with
hydrochloric acid gives a satisfactory separation of americium and curium. It
will be no-ed that americium is eluted with element 61 and presumably curium with
samarium so that separation from these fission products is not obtainable by this
method. The most unsatisfactory part of this separation is the long time (EE° 12
hours) required.

For many of the experiments contemplated a good yield and a very complete
separation of americium and curium from rare earth fission products and from each
other was necessary, but because of the relatively long half-lives involved, time
was not é major consideration. In order to look for short half-lives a method
for the very rapid and complete separation from the rare earths and some fraction-
etion of americium and curium had to b2 found. Because a promising method of attack
was at hand, a solution to the first problem was sourht first, and very fortunately
in the course of its solution the direction of a satisfactory solution to the
second problem was indicated.

If a narrow band of catigns is ple ced on the top of a cation exchange resin
column, the volume of solution which must be passed throurh the column before the

band is eluted depends on the distribution of the ions between the liquid and the
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fixed resin phases. The larrer the fraction of the cations in the liquid phase
the more rapidly they will be eluted (i.e. smaller volume of solution needed).
There arevtwo ma jor factors that cean effect this distribution. There is the
natural order of replacement of cations in the resin. In general +3 ions replace
+2, +2 replace +1, etc., and with ions of the same charge those of larger crystal
radii replace those of smaller radii. Then there is the effect of complexing
agents in the liquid phase which reduce the activity of the cation and shift the
distribution in favor of the liquid. Thus the separation of two species of cations
bv elution from an ion exchange column depends on the existence of a difference
in their distribution coefficients. In the case of ions of similar charge this
difference may be caused by differences in their size, or differences in the
stability of their complexes with the eluting solution.

As was shown by Cunningham, et. al. the elution of americium snd curium with
ammonium citrate wives a satisfactory separation. However, due to the similarity
in size and stability of their citrate complexes, some of the light rars earths,
notably element €1, are eluted at the same time as americium and curium. Fig. 1
shows a typical elution of tracer amounts of americium, curium and several rare
earths using 0.25 M ammonium citrate adjusted to pH 3.05 with “C1.

There was no a prioro reason to believe that equally good separation of
americium and curium could not be effected with other elutinrs solutions. In addi-
tion the possibility existed that due to more subtle differences between the
actinides and the rare earths the time of elution of americium and curium with
respect to the rare earths might be shifted so that with a different eluting solution
a rare earth other than element 61 would be eluted at the same time as americium
end curium. Thus, although the time required might be long, a complete decontamina-
tion of americium and curium from the rare earths could be effected by elutins with
one solution then placing the material on a second column and eluting with a dif-

ferent solution.
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With this is mind a series of columns were run testing various eluting
solutions such as 2 M NH4NOS, various concentrations of HCl, HBr, and HClO4. With
all of these eluting arents the separation of tracer amounts of americium and curium
was essentially the same as with citrate. Fig. 2 shows an elution with ‘6 M HCl
run with the same column as that used for the citrate run in Fig. 1. Thus 6 M
HC1 affords an equally effective and in some respects more convenient method of
separating tracer quantities of americium and curium. The principal advantages
are the reproducibility of results, and the convenience of fhe HC1 solution for
rerunning or doing additional chemistry.

In addition, increased concentrations of HCl showed a very marked effect on
the time of elution of americium and curium with respect to the rare earths. This
is illustrated in Fégs. 3 end 4 which show elutions with 9M HC1 and 13.3 M HC1
respectively. It will be noted that with 9 M HC1 americium and curium are eluted
with the heavy rare earths while with 13.3 M HC1l they have moved out well ahead
of all the rafe earths. The effects hoted were of a much pgreater magnitude than
anything anticipeted when the experiments were undertaken. Thus a single fast
elution.with 13.3 M HC1 separates americium and curium from all the rare earths.

Examination of Fi~s. 2, 3, and 4 will also revzal another striking fact. It
will be noted that with 6 M HCl americium and curium are eluted in their normal
order; that is, curium is eluted before americium in the order that would be pre-
dicted from their sizes and the order of elution of the rare carths. In 9 M HC1
the order of elution is reversed, the americium coming off slichtly ahead of +the
curium while the rare earths maintain their normal order throughout the whole
renge of HCl concentrations.

In addition to the very useful nature of the previous result in the bombard-
ment work, this very anomolous behavior of americium and curium sugzests some very

interesting speculation. A more detailed investigation of the phenomena involved
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Pigure 1 Elution of Am, Cm, Lu, and element 61 tracers with 0.25 M
ammonium citrate solution adjusted to pH 3.0-3.1 with hydro-
chloric acid. The column used was 1 mm. in diameter, 10 cm.
long, and packed colloidal agglomerates of Dowex 50 cation
exchange resin.
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Figure 2  Elution of Am, Cm, Lu, element 61, and Ce tracers with 6 M
HC1. The column used was the same es in Fig. 1.
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Elution of Am, Cm, element 61, and Ce with 9 M hCl.
used was the same as in Fig. 1.

The column
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Figure 4 Elution of Am, Cm, Lu, and element 61 with 13.3 M HCl. The
: column used was the same as in Fig. 1
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is in proeress so that only an outline of the working hypothesis will be given here.

On elution with sqlutions of HCl of increasing concentration americium and
curium behave as tﬁough‘at high concentration there are'on.the average several more
‘chloride ions involved in the éomplexes of americium and curium than in those of
the rare earths. In view of the similarity in size and charre of the americium
and curium and the rare earth ions this sugrests that in addition to the inter-
actions which the rare earths show with chloride ion perhaps americium and curium
form weak covalent cosrdination complexes involving large numbers (say 6) of
chloride ions. That is, covalent complexes in the sense of the transition series
chloride complexes.

"One of the most obvious différences between the actinide and the rare earth
elements is the relative stability of the f electrons and orbitals. Thus in the
actinide series the 5¢ orbitals have probably just become stable with respect to
the 64 orbitals at uranium and are only a little more stable at americium and
curium. While in the rare earths the 4f orbitals are already stable with respect
to the 5d orbitals at cerium. This suggests that perhaps the 5f electrons and
orbitals of the actinides can contribute to hybridized covalent bond orbitals,
while in the rare earths the very stable and deeply buried 4f clectrons and or-
bitals are not available. Thus if the covalent complex of americium were slightly
more stable than that of curium, elution with increasing concentrations of HC1
would result in both americium and curium moving up with respect to the rare earths,
but ameficium movihv slightly faster, as is observed to be the case.

As an example of the ion exchange column techniques used, a typical cyclotron
‘bombardment will be outlined briefly. A rare earth fraction containing the ameri-
cium and curium is isolated as'described previously using from 0.2 to 0.5 mg. of
lanthanum as a carrier. The La(OH), is dissolved in ca. 100 ul. of 0.5 ¥ HCIO,

and eguilibrated for 5 minutes With ca. 25 ul of resin in three batches. The resin
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fractions are combined and slurried on tq the top of the column. The columns
used are 2 mm. in diameter and 5 cm. lon~, and arc packed with colloidal aéglo-
merates of Dowex 50 cation exchange resin. On elution with 13.3 M HCl the americium
and curium ar~ eluted after ca. 0.7 ml. of solution have passed through the column.
The tiﬁe required is approximately 30 minutes. Separation from the raré earth
fission products is‘complete, and in addition there is enough separation of the
americium and curium so' their radioactivities can be distinguished.

C. Alpha Enerpy Measurements. A1l of the alpha-particle energy determinations

(14)

in thesc investiratioﬁs wore made by means of a multi-channel pulse analyzer® 7.

With this inétrument avthin sample is placed in an ionization chamber ih.which the
total ionization of an alpha-particle can be measured as a voltege pulsece Indivi-
dual pulses are sorted electronically and recorded on a number of fast mechanical
registers in such a way as to separate the individual ainhé-particlé eneréies in
a mixture of alpha emitte;s.

DISCUSSIJN OF RESULTS

(10)

A. Reassignment of the 50-hour Americium Activity. Morgan assigned the

12-hour and the 50~hour orbital electron capturine activities which he observed in

59 239 angd Am258 respectively. His assignment

deuteron Eombardments of Pu2 s, to Am
was based larpely on the very nearly equal yieldé of the 12 and 50-hour activities
found in a series of bombardments in which the deuteron energy varied from 13 to
19 Mev., and on the fact that as the bombarding energy increased, the yield of
the 50-hour activity increased véry slightly relative to the 12-~-hour activity.

The arsument used was.that in this ranre of bombarding enerries the {d,2n) and the
(d,Sn) reactions should rive comparable yields while the.(d,n) yield should be
much lower, and that the (d,3n) yield should increase with respect to the (d,2n)

yield with increasing bombarding energy. The evidence that this situation probably

does not hold in cases where fission is a possible competing process and a possible
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explanation of it will be discussed in section G.

(15)

James and Yrth have shown that with 10 “ev. deuterons the yield of the

(d,Sn) reaction on'U235 is verv low if indeed the reaction soes at all. Thus in

the same type of bombardment on Pu'z39 one would not expect to make an appreciable

vield of Amzse. The Geiger counter decay of the americium fraction from a 10 lMev.

239

deuteron bombardment of Pu is shown in Fig. 5. Both the 12-hour and the 50-hour

activities were formed in good yield and thus are probably the products of the (d,n)

and (d,2n) reactions rather than the (d,2n) and (d,3n) reactions. Therefore these
e . 239 240 . .

activities should be assirned to Am and Am . This assipnment was further

substantiated by the discoverv of a shorter lived activity which is best assigned

to Am> 38 (section D).

Fig. 6 shows the Geirer counter decay of the americium fraction from a 9 lev.

39 239(p n)
. s

240

proton bombardment of Pu2 With 9 ilev, protons the yield of the Pu

259<p
s

Am239 reaction should be very much larger than the yield of the Pu Y ) Am

. reaction. _In view of the verv clean l2-hour decay observed this activity must be

239 yhile the 50-hour activity must then be Am2C,

B. Alpha Energy of Amzsg. Mbrgan(lo) reported the iact that the 12-hour

assigned to Am

Am239 decays by alpha-particle emission %o the extent of ca. 0.1%. However the
chemical methods he used gave relatively thick samples which were not suitable for
an alpha enerrv determination. The ion exchange procedures used in present work

give carrier free samples. Fig. 7 shows the alpha decay of the americium frac-

239

“tion from the 10 Mev. deuteron bombardment of Pu menfioned in section A.

Fig. 8 shows an alpha-particle pulse analysis of the same sample, giving an energy

of 5.8 Mev. for the alpha-particle of Am?%9,

242
C. Growth of Cm from the Long-Lived»Am242. As mentioned in the introduc-

(10)

tion, Morpan had demonstrated the existence of a long-lived Am242 decaying at
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Geiger counter decay of the americium fraction from a bombard-
ment of Pu239 with 10 Mev. deuterons. The counter used was of
the cylindrical glass type with a window thickness of ca.
20 mg./bm.z -
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Figure 6
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Geiger counter decay of the americium fraction from a bombardment
of Pu239 with 9 Mev. protons. The counter used was the same as
in Fieg. b.

'
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Figure 7
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Decay of the alpha activity in the americium fraction of a
bombardment of Pu239 with 10 Mev. deuterons.
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Figure 8 Alpha-particle pulse analysis curve of the americium fraction the
decay of which is shown in Fig. 7.
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238 241

least partially by alpha emission. Ie did this by milking Np from Am ir-

radiated with thermal neutrons long after the 17-hour Am242m had completely decayed.

He also observed a lonp-lived beta activity in the same americium fraction and con-

cluded that Am242 probably decayed also by beta emission to Cm242.

242

To prove the beta decay of the long-lived Am it is necessary to demonstrate

242 242

the erowth of Cm in a sample of the Am after the 17-hour isomer has complete-

ly decayed. This experiment was undertaken. Fie. 9 shows a beryllium absorption

curve of the americium fraction from a thermal neutron irradiation of Am24l. The

sample contained 1.30 x 106 alpha disintegrations per minute of Am24l and the

absorption curve was taken at 10% zeometry. Direct decay measurements on the
heta-particles showed no detectable decay over a period of 18 months. Thus if all

the beta-particles observed belong fo.Am242 one would expect to grow 2.9 alpha

disinterrations per minute of Cm242 (Tl/:2 = 150 days) at equiliﬁrium for every

100 alvnha disintegrations per minute of_Am241. To observe the growth in a satis-

factory .manner it was necessary to remowe the Cm242 until the alpha activity due

to it represented only about 0.1% of the alpha activity due to Am241.

41

. . 2
The neutron irradiated Am initially contained many times as much alpha

R 24
activity due to Cm 2 as that due %o Am241. Three successive ion exchange column

separations of americium and curium reduced the CUF42 alpha activity to the de-

. 2
sired 0.1% of the &m 41 activity. Fig. 10 shows an alpha-particle pulse anelysis
of the americium fraction run 8 days after the final separation from curium.
Additional pulse analyses were run at intervals over a period of 10 months

242

in order to follow the growth of the Cm Three different samples were fol-

lowed to lessen the possibility of accidental contemination spoiling the experi-
ment. Fip. 11 shows the pulse analyses taken 307 déys after separation and demon-
strating the definite growth of alrha-particle with the energy of Cm242 alphas.

242

The erowth of the Cm alphas is plotted in Fig. 12, the solid line indicating



Figure 9
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Geiger counter beryllium absorption curve of the long-lived
beta activity in the americium fraction from Am24l irradiated
with thermal neutrons. The absorption curve was taken at 10%
geometry on a bell tvpe counter with a mica window of ca.

3 mg/cm? thickness. The sample contained 1.30 x 106 glpha dis-
integrations per minute of Am24l,
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Pigure 10 Alpha-particle pulse analysis curve of the americium fraction
: from Am24l irradiated with thermal neutrons taken 8 days after
the final separation from curium.
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Figure 11 Alpha-particle pulse analysis curve of the americium fraction
of Fig. 10 teken 307 days after the final separation from

curiume
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Figure 12
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The growth of the sz42 alpha-particles. The solid line indicating

the growth expected on the assumntion that all the betas observed
in Fig. 9 are associated with the decay of Am242, The experimen-
tal points are indicated for three different samples followed.
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the smrowth expected on the assumption that all the betas observed are associated

242

with the decay of Am242. These results prove that Am decays by beta emission

to Cm242 and indicete very strongly that the 0.5 Mev. beta-particles observed in the

americium fraction are associated with this decay.

238

D. The Isotope Am With the development of the more rapid chemical separa-

tion discussed in the section on chemistry it became feasible to look for americium
isotoves of shorter half-life. The Geiger decay of an americium fraction isolated
from the bombardment of Puz39 with 50 Mev, deuterons is shown in Fig. 13. The
decay was followed down and showed the presence of the 12 and 50-hour americiums.
Subtraction of these activities shows very clearly an americium activity of ca.

1.2 hours half-life.

A subsequent bombardment with 17 Mev. dcuterons showed the same half-life in
good yield. Differential countine with beryllium and lead absorbers indicate that
the decay is accompanied by the emission of conversion electrons and x-rays. The
production of this activity with 17 Mev. deuterons indicates that its mass number

(16,17)

must be greater than 237, since there is pood evidence that even with

the heavy elements the (d,4n) yield is very small at 17 Mev, if indeed it woes at

all. In view of its half-life and method of formation this activity is best as-

signed %o Amzss.

E. The Isotope szss. The curium fraction of a bombardment of Pu238 with

80 Mev. alpha-particles showed the pres~nce of about 30 al»ha counts/hinute with an
enerpy of 6.5 Mev. Fig. 14 shows an alpha pulse analysis of this curium fraction.
The decay of the 6.5 ilev. alrhas was follow=d by taking successive pulse analyses
and as is shown in Fie. 15 pives a half-life of ca. 2.5 hours.

Another bombardment was made the object of which was to make enouch of the

234

activity %o milk its alvha decay daushter Pu and thus definitely establish the

mass assignment. However the results of the bombardment were nearly identical
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Figure 13 Geiger counter decay of the americium fraction from a bombardment
of Pu239 with 50 lMev deuterons. The counter used was the same
as in Fig. 5.
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Figure 14 Alpha-particle pulse anslysis curve of the curium fraction of a
bombardment of Pu239 with 80 Mev. alpha-particles.
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Figure 15 Decay of the 6.5 ™ev. alpha-particles followed by taking successive
nulse analyses.
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with those obtained in the first case aend the low yield precluded the identifica-

tion of its deurhter.

In view of the method of formation, the half-life, and the alpha energy, this

activity ib best assirned Yo szss althourh this assignment must be regarded as
very tentative.
F. Limit on K-Capture Branching of Cm240. The alpha decay of sz40 to
236 (11)

Pu was definitely established by James James also found that the decay was
accompanied by an unusually large amount of electromaznetic radiation. This
suegested the possibility that Cm240 decays also by orbital electron capture to
Am240.

To check this possibility e sarple of Cm240 was completely separated from
americium and allowed to stand for two weeks. Subsequent milking of an americium
fraction from 3000 alpha disintegrations/hinute of Cm240 gave less than 10
counts/minute of Geiper activity counted at 307% geometry. If one takes Morman'élo) |

240 then the brahching decay

value of 0.06 hard electrons per disintecration of Am
240 . 240 »
of Cm by orbital electron capture to the 50-hour Am must be less than 20%.

G. Effect of Fission Competition in Alpha and Deuteron Bombardments. One of
9

with 36 Mev. alpha-
239

the most striking facts noted in the bombardment of Puz3

particles is % e very nearly equal yields in' 10"3 barns) of the Pu

239(@,5n)0m240. The threshold of the Puzsg(a,Sn)

(18)

(a,n)Cm242 reaction and the Pu

cm240

reaztlon is somewhere between 25 and 30 ¥ev. .and thus the yield of this
reaction is expected to be at a maximum at about 36 Mev.

This situation is in direct contrast to that which nrevails in bombardments
in which fission is not a competing process. Thus, for example, in the rare earth
region when the bombarding enerey is such that the yield of the (a,3n) reaction is
somewhere near its maximum the yield of the (a,n) reaction has alreadwv dropped to

from 1% to 0.1% of the yield of the (a,3n) reaction(lg)'



»
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If one neglected the effects of fission one would expect to have an excitation
function for the bombardment of Pu239 with alpha-particles about like the one shown
in Pip. 16A. But if we make the very likely assumption that fission competition
takes a much larger fraction of those nuclei which ordinarily go to the (a,2n)
product than of those which ordinarily go to the (a,n) product, and a still larger
fraction of those which usually give the (a,3n) product, we obtain an excitation
function more like the one shown in Fig. 16B. These curves were constructed from
the corresponding‘ones in Fig. 16A by assuming that 90% of the (a,n), 99% of the
(a,2n), and 99.9% of the (a,3n) products have been taken by the fission competi-
tion. This type of excitation function fits the observed facts that the (a,xn)
yvields in the Pu239 bombardments are all low (23. 10-3 barns) and that the relative:
yields of the (a,n) and (a,3n) reactions chanre only sloﬁly with a change in bom-
barding energy(ls).

That fission should take a much larger fraction of those nuclei which ordiﬁ-
arily give the (a,3n) product is very reasonable and probably arises from a com-
bination of two effects. First, those nuclei which usually give the (a,Sn)
prdduct are ones that remain excited even after the emission of two neutrons
(i.e. they emit slow neutrons) and since they remain excited longer the fission
competition should be greater. Secondly, with the emission of each successive

20
(20) parameter Zz/k increases slightly making the

neutron the Bohr-Wheeler
probability of fission at a given excitation energy somewhat greater.

Deuteron excitation functions for bombardments of Pu239 undoubtedly show
similar effects since fission is a competing process. Fig. 17A shows the type of
excitation functions expected if fission is neglected and Fir. 17B the probable
effect of fission. DMorgan observed nearly equal yields of the (d,n) and (d,2n)

products, with a slight increase in the (d,n) relative to the (d,Zn) on increasing

the bombarding energy from 13 Mev. to 19 Me¥. Fig. 17B accounts for dorsan's
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Figure 16 Hypothetical excitation function for the bombardment of plutonium
with alpha-particles; A neglecting fission, B including the
probable effect of fission competition.
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results guite satisfactorily.
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