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LIGHT ISOTOPES -OF BERKELIUM AND CALIFORNIUM
A. Chetham-Strode, Jr.

Radiation Laboratory
and
Department of Chemistry and Chemical Engineering
University of Californisa,Berkeley, California

June 26, 1956

ABSTRACT

An experimental study has been made of the light isotopes of
berkelium and californium. .The new isotopes Bkzuu, Bk247 Bk248,
and szlm were identified and their properties studied.

Radiations from the berkelium isotopes of mass numbers 2h4 through
249 and of the californium isotopes of mass numbers 24l through 247 ,
were investigated by nuclear spectroscopic and coincidence techniques.
Decay échemes are suggested for several of these isotopes, ahd observed
regularities in the decay patterns of analogous nuclides are discussed.

.Further information is presented on the production of americium
and curium target materials and the yields of berkelium and callfornlum

1sotopes from the hellum -ion bombardment of amerlclum and curium.



I. INTRODUCTION

The initial attempts to synthesize transcurium elements were
directed along two lines. One approach involved the bombardment of
americium and curium with charged particles in the cyclotron, while
the other involved the irradiation of plutonium with neutrons in a
reactor, leading ultimately to a beta-emitting isotope of curium.

The first of these approaches was carried out successfully by

Thompson, Ghiorso, and Seaborgl’2 in late 1949. The bombardment of

Amzul with helium ions was shown to result in the formation of an

243

Almost imme-
diately thereafter a 45-min californium isotope, thought to be szhh)
3,4

~ among the prod-

isotope of the new element berkelium, the 4.6-hr Bk

was found by Thompson, Street, Ghiorso, and Seaborg
ucts of a similar bombardment of szuz. In the following three years
some five additional isotopes of berkelium and californium were dis-

covered; BRZAB and Bk2u6 through the helium-ion bombardments,5’6’7

and Cf2u6, Cf2u7 and Cf2u8 by the bombardment of uranium with accel-

erated carbon nuclei.8’52

In the lattafpart of 1953, thé second of these approaches was
successful. In addition to a number of heavy isotopes of americium
and curium, several new isotopes of berkeldum and californium were
found in plutonium samples that had been subjected to the intense neu-

9

tron flux of the Materials Testing Reactor. Further irradiationslo

of these products and mass spectrographic studiesll resulted in the

identification of Bk249, BRZSO’ szug, szSo, szsl; and Cf252. More

1z,13 253 ana ce2t,

recent papers have reported Cf

As a further result of the neutron irradiation program, some

2L3 2Lk

of the heavier americium and curium isotopeé, notably Am and Cm B
were produced in suitable purity and isoclated in quantities sufficient
for cyclotron bombardment. The producté of such bombardments were
expeéfed to be precisely those berkelium and californium isotopes which
had been difficult or impossible to study previously with the limited
amounts of target material available. According;y, one of the purposes
of this work was the exploitation of these new supplies of targét iso-

topes in the search for new berkelium and californium isotopes.
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Simultanecusly with the production of new target isotopes, the
techniques .and instrumentation of heavy—element research had undergone
great dévelopment. New methods .for the use of the cyclotron and im-
proved chemical methods increased both the speed and sensitivity of
experiments in the heavy-element field. The application of nuclear
spectrometers and coincidence methods similarly plaqed new emphasis
on the detailed study of the modes of nuclear decay; and the devel-
oping systematics :of nuclear prcperties made it highly desirable to
.extend the knowledge of such properties to the isotcpes previcusly
only identified. '

The combination of these several factcrs resulted in the initi-
ation of the work reported herein, in which a systematic investigation
of the berkelium and californium isotopes was undertaken. vIn‘View of
the comprehensive recent studies of the heavier isotopes produced by
neutron irradiation, this work was limited principally to those berkelium
and californium isotopes which can be produced only by charged-particle
bombardments. Within theée limits ~- and the limits imposed by time
and techniques -- the production, characterization, and decay prop-
erties of the light isotopes of berkelium and californium have been

investigated.

-II. PRODUCTION AﬁD.PREPARATION,OF TARGET.MATERIALS

A. Production of Target Isotopés

Four isotopes of americium and curium were used as principal

241, Am243, szhz’ and szuuo Fach

of these possesses a conveniently long half life (the 162-day szhz is

target materials in this work, Am

the shortést),.and each can be produced in multimicrogram amounts and
in suitable isotopic purity. The production and isolation of these
matefials was a prerequisite fof the later investigations and consti-
tuted an important part of this work. o |

1. Americium-241

Americium-241 was obtained from the beta decay of Pu241 in samples

of mixed plutoniuﬁ isotbpes separated in the course ofvthe_rbutine

239

production bf Pu SincequZhl_is the_only beta emitter commonly

remaiﬁing,after initial chemical isolation of the plutonium, the
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americium which "gréws in"™ is isotopically pure Amzal. The amount of
americium formed by the decay may be calculated from the amount of Puzu;
present in the separated plutonium, the half lives of the isotopes in-
volved, and the period of decay. |

Several milligrams of Amzulvfor,target materials were obtalned
from plutonium solutions that had aged for several years. .&he americim
was chemically separated as described later and stored until needed.
Sincé-little time elagsed before use, no further separations of the
37

americium from its Np

2. Curium-242

daughter were required.

Curium-242 was prepared by neutron irradiation of a fraction of

the Amzul obtained as above. Radiative neutron capture by Amzul leads

mainly to the 16-hr isomer of Am?az, which beta decays to the desired

curium isotope.ll‘L The isotopic purity of the resulting curium, how-

ever, is strongly dependent on the duration of the irradiation,‘since

further neutron caépture by the intermediate Amz)+2 or by the szlf2

243

and szuu, according to the

reaction path shown in Fig. 1. In practice, the yield of Cm242 must

product leads to the formation of Cm

be balanced against the desired purity of the product. The quantities .
of the various curium isotopes produced in short irradiations of Am241
are shown in Fig. 2 as a function of ‘the time of irradiation. These

-data were calculated with the aid of an approximation method developed

15

by H. P. Robinson™~ and using the capture and fission cross sections

collected ‘by.Robinson.l6 A neutron flux of 3 x lOlu neutrons/cmz/sec
wag chosen as & typical value for the Materials Testing Reactor at Arco,
Idaho, in which all these irradiations were performed.

The szhz used in this work was prepared by a 24-hr irradiation

of Amz)+l and was estimated to contain less than 0.2% by mass .of other
curium isotopes. It was chemically separated from plutonium, americiunm,
and fission products and repurified before use to eliminate the Pu238

. daughter. '

3. Americium-243 and Curium-2hk

The two remaining isotopes, Am243,and.0m?u4, were produced by the

239

prolonged neutron irradiation of Pu , which ylelded, in addition to

americium and curium, several isotopes of berkelium, californium,



cm242 > Cm243

Am?24!

MU- 1 1692

Fig. 1. Reaction paths in the thermal-neutron irradiation of Amz"ll°
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Fig. 2. Yields in the thermal-neutron irradiation of Arn241.
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einsteinium, and fermium. = The reaction path leading to these isotopes
is complicated by a number of competing steps; however, the most impar -
tant reactions taking place in irradiations of several years' length
are indicated in Fig. 3. Although the direct calculation of the yields
of the higher-order products of these irradiations is extremely tedious,
this problem can be solved by means of an analogue computer with an
accuracy limited only by the accuracy with which the appropriate cross
sections and half lives .are known. The results of such a computation
of the production of Am243 and Cm?hu;as a function of irradiation time
are shown in Fig. L4, which was obtained by use of the cross sections
from the compilation by Robinson, as before.

.The isotopic compositions of the americium and curium from these
sources .depends again on the conditions of the irradiation. In long
irradiations .at high flux, however, the relevant parameters are such
that almost pure Am243 (>99%) and_Cm?hh (~95%) are formed; the principal

impurities in the latter are the heavier curium isotopes, Cnizl"5 and
246
-.Cm .

243 and.Cm.zLm used in these experiments were -among the prod-

239

.The Am
ucts of a two-year irradiation of 168 milligrams of Pu in the Materi-
aLsiTésting.Reaetof; Severalfmilligréﬁs,of americium and several hundred
micrograms<of curium were isolated from the sample and prepared for
use .as cyclotron targets. Mass spectrographic analysis showed the
isotopic compositions given in Table-I: The abundance of Cm.zu2 in this
material was reduced from its initial value of 0.6% at the end of
irradiation to that shown in the table by the 18-month decay period

which elapsed before the repurification and use of these fractions.
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puc3® py240 puldl

MU- 11694

Fig. 3. Reaction paths in the thermal-neutron irradiation of Pu239.
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Fig. 4. Yields in the thermal-neutron irradiation of Pu239.
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Table I
L3

Isotopic composition of_Am2 “and szhh target materials

Curium Sample

Cm242 ' 0.06%
243 : .

Cm ‘ <0.01% (estimated)

. 2kk

Cm 9l .1k,

Cm245 1.9 %

e Ry

szm7 0.05% (estimated)

Americium Sample

APt 0.02% -
2L2 P

Am , <0.01% (estimated)
243 »

a3 99 .98%

B.. Target Preparation

ExtehsiVe chemical processing of the various target materials was
required in order tc meet the stringent demands for chemical and radio-
. chemical purity and suitable physical form imposed by the bombardment
_ techniqués employed. 1In addition to the standard procedures of heavy-
element chemistry, several new methods Were developed to achieve these

ends.

1. Initial Separations

Americium and curium isotopes produced by the methods discussed
were isolated from fission products and miscellaneous induced activities,
and from other actinide: elements, by a combination of precipitation and
ion-exchange chémiétry. ' In brief summary, the rare-earth and actinide
fractions were initially separated from the bulk of the other elements
present by precipitation as hydroxides and subsequently as flourides.
After dissolution of the fluoride precipitate in boric acid, the rare
earths were separated from the actinidés by ohe of two lon-exchange
methods involving either elution from cation-egchange resin with 20%

17

ethanol solutions saturated with hydrochloric acid ' or elution from
anion-exchange resin with 10- molar lithium chloride solutions18 at

elevated temperatures. Either method results in a clean separation of

»
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-the two groups of elements.. Separations of the. individual actinide
elements from ohe another was éccompliShed by elution from cation-
exchange resin (Dowex-50) under carefully controlled conditions with
ammonium q-hydroxyisobutyrate or aﬁmoniﬁm lactate as the eluting agent.
Most of these procedures have been discussed in detail in the papers by

17 19,20

Thompson et al. and by Choppin et al.

2. Final Isolation

Final purification.of the desired isotopes from inactive contami-
nants introduced during chemical processing was effected by means of
an lon-exchange procedure developed for'this work. The americium or
curium sample was evaporated to dryﬁess, dissolved in 50 to 100 micro-
liters of 0.05 M hydrochloric acid, and adsorbed on the top of a 0.3-
by-10-cm column of cation-exchange resin (Dowex-50 x 4, 500-600 mesh).
The resin column waslihen washed with several drops of 1 M hydrochloric
acid in order to elute ammoniﬁm salts, and salts of the alkali and
alkaline earth metals. Finally, the americium or curium was eluted
gradually with 6 M hydrochloric acid at a flow rate of 1 drop (20 micro-
liters) every two minutes. Under optimum conditions; more than 95% of
the target material was collected in a volume of less than 60 micrb-v
liters and in a high state of chemical purity. Contamination of the
product in the éourse of the elution‘was minimized by using carefully
cleaned ion-exchange resin of spectroscopic pﬁrity'and by preparing the
eluant from washed, filtered hydrochloric acid gas and qondudtivity
water, subsequently stored in quartz befofe use.

The.behavior of a number of likély»impurities in this separation
was inVestigatedbin a series of elution experimehts;_ It was found that
anionié species, such as silicates, are not absorbed by the resin and
pass through the column_dufing fhe washing step, while ammonium salts
‘and salts of the alkéli and alkaline earth metals‘are eluted by 1 M
HCl as mentioned. Ferric iron, aiuminﬁm,»énd platinum are eluted very
slowly'byrl M hydrochloric acid, but eluté more rapidly than the tri-
valent actinides with 6 M hydrochloric acid and thﬁs are geparated from
the latter. The separationvof these elements from americium is illus-
trated in the elution curve of Fig: 5.

The'elﬁtion positions of the rafe earths in this system were also

L g
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Separation of Am from some common impurities.

Fig. 5.
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Fig. 6. Elution positions of the rare earths, americium, and

curium.
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determined, with the results shown in Fig. 6. flere “the number of drops
(20 microliters per drop) of 6 M hydrochloric acid passed thrbugh the
resin column when the concentration of the particular element in the
effluent was at a maximum is plotted dgainst atomic number. Comparison
with the .elution positions of americium and curium, shown opposite their
laﬁthanide analogues europium and gadolinium, makes it clear that ex-
cellent separations of americium and curium from both the lightest and
the heaviest rare earths may be achieved. Although middie-weight rare
earths are not discriminéted against, they are ordinarily of little
importance és contaminants, since all but the heaviest rare earths .are
extremely well separatea by the other procedures and only lanthanum
and cerium occur in significant amounts in common laboratory reagents.

.-This procedure was used routinely in this work for the production
of concentrated solutions of the target materials in a high state of
chemical purity suitable for the preparation of cyclotron targets by
direct evaporation, vacuum sublimation, or. electrodeposition, as

required.

3. Direct Evaporétion

The direct bombardment of americium or curium in target holders
of the usual type places few special reQuirements on the form of the
sample other than limitation to a small area {usually a square centi-
meter or less) and conversion of the target material to a relatively
infusible form. These requirements were usually met by evaporation of
a solution of the target material directly ‘onto a gold or aluminum
plate followed. by ignition of the target ﬁaterial to the oxidé in a
‘..muffle furnace or induction heater. The solutions were evaporated
into the desired area a few microliters at a time by using a screw-
controlled syringe mounted on a micromanipulator. .After a few micro-
‘liters of solution were deposited, it was evaporated to dryness under
a'heat lamp before the next portion of solution was applied; the pro-
gfess of the e#aporation was observed.under a magnifying glass. Repe-
tition of this process and careful ignition of the supporting plates
and of the evaporated material rendered the target suitable for insertion

-

into the target assembly.
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4. Vacuum Sublimation and Electrodeposition

Targets intended for use with the recoil-collection equipment to
be described later presented more difficuli problems. The target area
was limited to a region 1.1 by 6 millimeters (~1/15 cmz), and the final
total surface density of the deposited tafget was required to be less
than about 30 micrograms per square centimeter at any point. Two pro-
cedures were found to yield targets that met these conditions of extreme
uniformity and thinness. ’

Conventional vacuum—sublimétion methods were modified for use with
actinide elements By‘providing for the high temperatures at which their
vapor pressures become significant and by the design of special filament
assemblies giving extreme collimation to the beam of evaporated. mole-
cules.21 Although these improvements provided targets of great uniform-
ity and thinness, these!édvantages could be obﬁained only under condition
of low yield. Consequently, this procedure waé used only in those cases
in which loss of target material was of little' importance.

Most of the recoil targets were prepared by a cathodic electro-
deposition procedure modified by B. G. Harvey and the author. In this
procedure, the target materials were evaporated to dryness, dissolved
in 6 M ammonium chloride solution adjusted to pH 1.5 with hydrochloric
acid, and transferred to the special cell shown in Fig. 7. The foil
on which the target was to be deposited served as the cathode and was
supported on a soft plastic backing strip to insure a watertight seal
around the base of the cell. .Gold foil ﬁas the usual cathode_material,
although platinum was also used successfully. The bottom of the cell
was shaped in such a way that its internal dimensions in contact with
the cathode foil were those of the desired target area. Electrolysis
of the solution at a current density of 1.2 ampiper square centimeter
of cathode area resulted in the deposition of the target matefial on
the cathode as the hydroxide. After 45 minutes, thé electrolyte was
made alkaline with excess ammonium hydroxide and electrolysis stopped.
The cathode was then removed from the cell, washed gently with water
and acetone,vand ignited in an induction heater or muffle furnace.

Since most of the elements that precipitate as hydroxides or

hydrous oxides are electrodeposited by this procedure, trace gquantities
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Fig, .7. Electrodeposition cell.
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 of these elements must be excluded from the electrode surfaces, electro-

lyte, and cell parts . as well as from the target material. With careful
attention to these points satisfactory targets were consistentiy obtain-
:ed. The over-all yield through the deposition procedure was commonly

80 to 85%.

III. BOMBARDMENT TECHNIQUES

A. Target Assemblies

1. "Mierotarget' Assembly

Several types of target assemblies have been developed in recent

years for the bombardment of radiocactive targets in a controlled and
safe manner. In general, these assemblies must provide for the confine-
ment of the sample to a small, leak-proof region, for degrading folls to
adjust the energy of the bombarding particles to the desired energy, and
for cooling of the target and degrading foils.

The "microtarget" assembly, which was used extensively in this work,
consists of a water-cooled aluminum collimator, an aluminum spacer lo-
cated between two degrading foils and provided with Jjets for directing
cooling gas on the foils, and a mounting block for the target and cover
which provides cooling water to the back of the target. The target
material is contained in a dishlike metal holder, several centimeters
in diameter, with a slightly recessed center. The holder is covered
with a thin foil, usually 0.00l-inch dural, and the holder and cever
clamped in the target mounting. After bombardment the target holder
and cover are removed and the target and products dissolved for recovery
and separation. Up to several milligrams of target material may be
accommodated in this type of assembly.

2. Deflector Channel Probe

During the course of this work, a new type of target assembly was

developed by Ghiorso, Rossi, and o'thers,22 in which the products of
bombardment were physically separated from the target material by the
recoil mechanism. Use of this equipment avoided the necessity for
separating the products of a bombardment from the target material,
permitting the search for short-lived isotopes and repeated use of a

single target.
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The essential features of the recoil-collection probe are indicated
schematically in Fig. 8. After passing through water-cooled collimators,
the beam is degraded to the energy desired by'passage through a degrading
foil and then through the target foil. TFinally, the bdmbardihg particles
enter the evacuated region behind the target and, after passing through
a very thin collector foil, are stopped by a water-cooled Faraday cup
which also serves to measure beam intensity; The degrading and target
foils are cooled by helium forced under pressure through the space be-
tween the two. ' |

When a reaction occurs in the target, the product nuclei are
driven forward as required by momentum éonser?ation and,'providing
that the majority of the linear momentum is retained by the product .«
hﬁcleus and that the target depeosit is sufficiently thin, the recoil
nuclei travel forward through the evacuated region and may be collected
on & thin foil and removed‘from‘tpe probe for examination.

Since the product nuclei are automatically separated from all the
target except that small.fraction transferred to thevcollector by elas-
tic énd inelastic scattering processes, the required chemical separations
are only from fission products and aétivities induéed in the catcher
foil. To some extent, fission-product collection may be reduced by use-
ing catcher foils thin with respect to the range of fission fragments.
Gold foils 0.0001 inch in thickness have been used successfully for this
purpose. : ' : .
Although recoil-collection efficiency was expected to approach 100%
under ideal conditions of probe alignment and_target thinness, 1t was
desirable: .to inveétigate‘this directly and to éstablish additional
characteristics,of'tﬁe recoil-collection ﬁrOCess.

a..Range-energy relation for recoil. nuclei

The stopping of recoil nuclei from regctions with helium ions in
the energy range used in this work differs essentially from the stopping
of fast light particles. -As discussed by Bohr,66 the principal stopping
process for slow heavy nuclei is the near-elestic "nuclear" collision
mechanism. While an approximate range may be estimatedffor recoils from
natural alpha decay stopping in & light element, for example, the concept

of range is-of little Significance for stopping by elements whose mass
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Fig. 8. Schematic diagram of the deflector -channel probe.
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ig comparable with that of the stopped nuclei. Under these conditions
the recoil nucleus may lose most of its energy in a single collision,

and the stopping process then resembles typical diffusibdn:. phenomena,

~in which a transport mean free path occupies a place analogous to the

familiar ”rangé”.

In spite of this and other large uncertainties in interpretation,
it was highly desirable to obtain an estimate of the '"range" of recoil
vnuclei.in heavy elements as a rough indication of maximum permissible
target surface densities for use with the recoil-collection equipment.

"Range'' -energy curves were determined for recoil particles over
the energy range corresponding to 25- to 48-Mev alpha particles for
'astatihe recoils in bismuth‘metal. VA stack consisfing of foils of
bismuth volatilized on aluminum and alternating with pure aluminum
foils was bombarded with 48-Mev helium ions. The evaporated bismuth
deposits were infinitely thick with respect to the range of the recoils,
but thin with respeet to the bombarding particles. After bombardment,
thevbismuﬁh foils and the aluminum catcher foils were counted for the
- alpha activity of Atle in equilibrium with its Pozll daughtero The
range of the recoiling astatine nuclei was computed from the known
density'bf the bismuth foils and .the ratio of total Atle - Po211 pro-
duced to the amount ejecﬁed:f?om the bismuth foils. The helium-ion
energy at each.foil was calculated from the known thickness of the
various foils in the gtack. ‘The reéults of these experiments are shown
in Fig. 9, in which fhe range in micrograms of bismuth per square centi-
neter is plotted against the energy of the bombarding helium ions. An
approximate reduction of these'data in terms of the energy of the re-
coils may be made by assuming that the neutrons emitted from the recoil
nucleus carry off hegligibié momentum.

b. Angular distribution‘of recoil nuclei

Rough measurements of the angular distribution of the recoil nuclei
wefe also méde, with a szML target of less than 5 micrograms per square
centimeter'sﬁrfacevdensity.v In'tﬁis7é£perimenf Cf2u6 recoils from szuu
(a, 2n) reaction were .collected on an aluminum foil located in the usual
position ~12 millimeters from & O.7-by-4.5-millimeter target. After

bombardment, the aluminum foil was sectioned into O.l-millimeter squares,
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which were counted for Cf246.: No appreciable dispersion of the recoil
beam was evident, an obseration consistent with calculations of.the

. dispersion that occurs owing to the emission of neutrons with a reason-
able energy spectrum-ffom the compound nucleus, the conditions of low
resolution obtaining in this experiment, and the short flight path of
the recoils. :

c. Recoil collection efficiency

Finally, comparison of the yields of several (o, 2n) reactions in -
the heavy-element region obtained by recoil-collection and direct-bom-
bardment methods were made. The two types of experiment were in con-
sistent agreemerit within the limits of error of the individual measure-
ments. It should be noticed, however, that non-compound-nucleus re-
actions; in which the majority of the momentum of the bombarding parti-
clevis not transferred to the recoiling product, may be important in
some cases, and would not necessarily lead to the high recoil-collection

efficiencies observed here.

B. Bombardment Chemistry

1. General Procedures

Separations of transplutonium elements from various other elements
and from oné another have been reviewed by many authors.l7’z_3’24 Most
of these methods are directly applicable to the  isolation of the pro-
ducts of cyclotron and pile bombardments with little modification and
need not be detailed here.. Several procedures, however, are particu-
larly suitable for the fast separation necessitated by short—liyed '
isotopes. v .

One of the most useful procedures involves the elution of actinide
elements from anion-exchange resins such as Dowex- A-1, by 6 to 8'M
hydrochloric acid at elevated,temperatures. As has been reported by

a5

Kraus and Nelson, very many. elements are present in 6 M hydrochloric
acid as aniqnic species-and may-be absorbed on anion-exchange resin.
Since the trivalent actinides are ‘adsorbed little if at all under these

17

conditions,™' a large fraction;oflthewfission products and induced
activities may be eliminated in & 'single-elution of this type. In many

experiments no other separation:of the products was necessary before
analysis. '
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Separation of the .actinides ffom.one another, when required, was
accomplished by elution from Dowex-50 cation-exchange resin with solu-
tions of ammonium a-hydroxy isobutyrates as described by Choppin et al. 1520

Using the techniques and equipment described by Thompson et al, L7 essen-
- tially complete separations were regularly obtained between neighboring
actinide. elements in total times of 30 to 40 minutes.

Rare earths,are.also’separated by this . method but, in general, not
from the actinides. Even‘without,preliminary group separations, how-
ever, a given actinide may usuélly be obtainéd free from &ll bﬁt one or
two rare earths. In many cages the presence of small amounts of the
Alatter activities is not bbjectionable. When it was necessary to elim-
inate rare earth activities completely, the separation was made by
elution_from:colloidal Dowex~50 caﬁiqn-exchange resin with 20% ethanol

solutidn saturated with hydrochloric acid.l7

2. Fast Electrodep051tlon o

Preparatlon of the vaflous samples for counting or pulse-height
analysis was usually done by evaporation of a solution containing the
activity onts platinum or aluminum foils. For the rapid preparation of
very.thin uniform samples, however, the electrodéeposition procedure
discussed previously was used in a modified form. The several drops of -
6 M hydrochlorlc acid solutlon requlred to elute the actinide elements
from an anlon exchange column, for example, were collected directly in
a cylindrical glass cell 1 centimeter .in dlameter, The acid solution
was then neutralized dropwise with‘alternétingvportions of .ammonium
hydroxide and hydrochloric acid of a series of concentrations, until
the solution was Just acid to.methyl red. Electrolysis of this solution
at'high current densities (2 émp per cmz) yielded thin uniform deposits
.of the actinide eléments in felatively high yield.

Some of the parameters affecting this electrodeposition were in-
vestigated, with the results shoﬁn in Figs;.lO and il. .Electrolysis
times of 1.5 to 2 minutes at ~2 aﬁp per cm2 were commonly employed,
although longer depositions'aﬁ lower current densit& were preferred
for the preparation of-plaﬁes of longer-lived activities. . The data of
Figs. 10 and 11 are interpretable.in terms of the formation of a cathode

layer of high pH and.the precipitation of the depositing element as a



-27-

100 T T T . T

4
o
=
[72]
S sof - -
e
.—
4
S
2 2.0 MINUTES
& .
0o N ‘ | ~ L
) L0 2.0
* CURRENT 'IN AMP /CM?
' MU-11701

Fig. 10. Electrodeposition yield as a function .of current density.



;28%

100 —1 i | T
Z
o
=
(73]
o 50} ~
a. |
w
(a]
-
z
o 2
2 1.75 AMP /CM
W
W
oL | | { | 1
) 1.0 o 2.0
 ELECTROLYSIS TIME IN MINUTES
MU-11728

Fig. 11. Electrodeposition yield.as a function of electr'olysis time.



-29-

hydroxide in this layer. Assuming such a mechanism, the rate of depos-
ition should be dependent on the extent of the cathode layer and the
rate of diffusion of the depositing element into that layer. Under the
conditions detailed here, however, violent gas evolution provides effi-
cient stirring in t@e electrolyte, supplanting diffusion in the transfer
of material to the .cathode layér. The smooth rise of observed yield
with current density and numerous observations of the effect of complex-
ing agent in the electrolyte, the types of metals that can be deposited,
and the redissolution of the deposit on interruption of the electrolysis

all support the suggested mechanism.

- C. Instrumental Methods

In addition to standard counting devices,.several instruments were
used in this work, including pulse-height analyzers and associlated de-
tection systems and coincidenceé ciréuits, and an alpha-particle spectro-
gréph. All these inStrumentS'have been reported in previous papers from
this laboratory. ‘

Alpha-particle pulse-height analysis was done principally with a
48-channel analyzer designed by Ghiorso and Larsh,26 in conjunction
with a gridded ionization chamber filled with a mixture of argon and
nitrogen. The resolution obtainable with this equipment was commonly
.30 to 40 kev (width at half maximum) at 45% effective geometry.
‘A similar analyzer, equipped with coincidence circuitry,27 was used
for the decay-schéme.studies. A variety of detectors was employed with
this equipment: thallium-activated sodium iodide crystals for gamma
rays, a xenon-filled proportional counter for soft radiations, anthra-
cene crystals for beta particles, and zinc sulfide screens for alpha
partiples. .Used singly or in combination, this range of available de-
tectors provided greét flexibility in the experiments. .

.Finally, alpha particles from Cf246 were studied in the alpha-

particle spectrograph described by Réy_nolds.z8

IV. -EXCITATION :FUNCTIONS
In the course of the work reported, several excitation functions
for reactions induced by helium-ion bombardments of americium and curium

were obtained. Not only is there intrinsic interest in the mechanism
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of nuclear reactions, but also.a kndwledge.df'such results proved ex-
ceedingly useful in the preparation of berkelium and californium iso-

topes and in the assignment of mass numbers.

A. Bxperimental Methods

A1l the reactions studied were‘ihduced by helium ions from the
60-inch cyclotron at the Crocker Iaboratory. Helium ions of maximum
energy of about 48 Mev are available from this source, although the
interposition of gdealirig foils and target materials usually reduced the
practical maximum energy to about hthev. -The lower limit of the energy
range available for study is determined largeiy by the'Coulomb,barrier
for helium dons on heavy elements,'(lh americium and curium this barrier
is at about 18 Mev.) Within this range, a number of reactions were
studied in a preliminary way. ' ‘

Depending dn_the nature of the farget material and the amounts
available, several expefiﬁental methods were used. Almost half of the
bombardments were made in -the COllimateddbeam.external to the cyclotron,
with the microtarget_assembly, The'reﬁaiﬁder of the bombardments were
made by the recoil-collection technigue with the deflector-channel probe.
The simplification in chemical pfocedufe permitted by the latter method
made itudistinctly advantageous Because of the uncertalntles in rec01l
ylekﬁddetO'quet thlckness, however,.several similar measurements were
always made by one of the other methods as a check of the equipment.

The energy of the bombarding parficles was_varied by thesinter-
position of weighedi aluminum foils between the collimating slits and
the target. The initial beam energy was‘known to within 0.1 Mev from
the operating parameters of the cyelotron and from.the frequeht measure-
ments by other groups using the-cyclotroﬁo The final energy of the
alpha partlcles was calculated from the 1n1t1al energy and the amount
of aluminum degrading foils, u51ng the range energy curves of Aron, Hoff,

29

and Williams. The 1nten51ty of the ‘beam was monitored contlnuously
by carefully callbrated equlpment and 51multaneously 1ntegrated
FollOW1ng 1rrad1at10n of the targets, approprlate chemlstry was
carried out to isolate the products in & form sultable for counting.
In thoee cases where-there were uncertainties in chemical yield, known

quantities of tracer were added and - the results adjusted to the measured
recovery of tracer. ‘
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Measurement of the disintegration rates of the products was done
by alpha-particle counting whenever possible. In every case further
identification was obtained by alpha-pulse analysis of the products.

The distinctive alpha-particle energies and chemical behavior of the
products provided a high degree.of certainty in their identification.

A few of the determinations of yilelds of electron-capture isotopes
were made by counting in a windowless proportional counter. These
.counters have an inherently high counting efficiency for electron-capture
isotopes, but are critically dependent on sample thickness, since they
are essentially sensitive only to electrons. Under ideal conditions of
infinitely thin deposits on a heavyoelemeﬁt support, the theoretical
efficiency for electron-capture isotopes nears 100%. In an attempt to
approach these conditions, samples for this type of counter were electro-
deposited over the surfaces of l-inch-diameter platinum counting plates.
The active deposits so obtained were invisible to the eye and apparently
uniform. Direct comparison of disintegration rates obtained in thls
manner for Bk 2k5 w1th disintegration rates determined by alpha countlng
agreed to within 10% in the few cases studied. Counting efficiencies

of 90% were accordingly assumed for samples prepared in this manner.

B. Excitation’ Functions

1. Helium ions on Curium-24k

The most nearly complete excitation functions were obtained for the

target isotope szhh- The results of these measurements are shown in

Figs. 12 and 13. The data for the (a, 2n) reaction yielding of Cf2u6
were obtained by the countlng of the 6.76-Mev alpha particles from this
isotope. The’decay of szl‘L6 SRR was assumed to proceed entirely by
alpha decay, in accordance with the work of Hulet6 and with the long
half.-life for electron capture expected on the ba51s of the estimated
30

electron-capture decay energy. The points shown for this reaction
include those from both direct and.recoil-collectien bombardments. No
systematic difference between these .sets of points is evident. The
limits of error shown are the standard deviation of the counting pro-
cedure and do not include other sources of error. While the individual

points refelct sources of variation other than counting statistics, the
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best curve through all the points is felt to be accurate to * 10%.
‘Excitation functions for the (o, 3n), and (q, 4n) reactions on

szlm were determined relative to the yield of the (a, 2n) product

Cf2u6. ‘These results are shown in Fig. 13. .The (@, 3n) product, szni

was determined by direct counting of its 7.1ll-Mev alpha particles.,31
The electron-capture branching ratio was determined in separate experi-
ments and used to calculate the cross sections shown. A smalil correc-
tion to the observed alpha disintegration rate of Cf’z45 was necessitated

31

by the presence of the 6.17-Mev alpha particles”  from the (o, 4n) pro-

duct szuu, No attempt was made to resolve these .alpha groups into

their components, since the small contribution from szhh could be
accurately subtracted.

The amount of szun produced in the bombardments was determined
from the alpha disintegration rate of its daughter CmZAO, measured after
complete decay of the parent isotdpe° From the measured 25€min half

2kl

life of Cf and its electron-capture decay energy estimated from closed

30 ancelectron-capture half life of 2 to 5 days was expectedo32

cycles,
_Accordingly, cross sections were -cormputed on the assumption of decay
only by alpha emission.

The few cross sections shown:in Fig. 14 for the (@, n), (a, p2n),
and,(d; p3n) reaction on szhh were determined by counting the sevéral
products in windowless proportional counters, assuming an arbitrary_90%
counting efficiency for.electrodeposited,samples on platinum backing
plates. 1In these experiments, the californium and berkelium fractions
were chemically isolated soon after bombardment. The initial disinte-
gration rates were determined by resolution of the decay curves for the
mixtures of berkelium and californium isotopes. The results shown here
are intended only as order-ofmmégnitude indications and should not be
compared with the more careful measurements of {q, 2n), (a, 3n), and

(a, 4n) excitation functions.

2. Helium ions on Americium-243

k3

A preliminary study of some helium-ion-induced reactions onAm2
was also undertaken in connection with the mass assignmént and identity
of the (a, 3n) product Bkzau, These results are shown in Fig. 15. The

yields of the several isotopes were determined by alpha-pulse analysis
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of the berkelium fractions. Cross sections were calculated by use of
the measured alpha disintegration rates and the appropriate branching
ratios. Owing to thé small alpha branching of BkZM and the close

similarity of its alpha-particle energy to that of the highest-energy

243, alpha particles of Bkzm‘L can be distinguished

alpha group of Bk
readily only in those bombardments in which little or no Bkzm3 is pro-
duced. Consequently, no measurements of the (q, 3n) cross section

above 31 Mev were obtained.

3. Helium ions on Americium-241 and Curium-242

Several isolated measurements have also been made on cross sections
for similar reactions on szhz and Amznl. "Although complete data are
by no means available, preliminary results indicate that cross sections
for the (@, 2n) reactions on these isotopes are one-third to one-half
as large as cross sections at the same'energy for the heavier isotopes

2l 2143
Cm and Am .

types for Amzul or

No information was obtained on the (o, pxn) reaction
2k2 ‘
Cm .o

1 - L o
sk P

C. Summary of Results

Although the data presented are incomplete in many respects, they
have proved useful in the preparation and identification of berkelium
and californium isotopes. In addition, however, a number of extremely
interesting features of excitation functions in the heavy-element region
are lllustrated. Among these featurés, three deserve particular mention.

First, the total spallation cross sections observed in americium,
curium, and other heavy elements are reduced to a fraction of the total
geometric cross section by competition with the fission process. Sec-
ondly, proton-emission products.compete very favorably with neutron-
emission products in spife of the Coulomb barrier tbward proton emission.
Finally, the pronounced high—energy tail observed in the (q, xn) ex-
citation functions for the heaviest elements has no obvious counterpart
in similar excitation functions on lighter target isotopes, of which

33

the work of Kelly and Segr% on bismuth is an example. No simple ex-

planation of these phenomena is available, but a number of interesting

3k

suggestions have been made by Seaborg, Glass, Carr, and Cobble.
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V. NUCLEAR PROPERTIES OF BERKELIUM AND CALIFORNIUM ISOTOPES

A. Berkelium Isotopes

1. Berkelium-243

Thompson, Ghiorso, and Seaborg2 discussed the preparation and prop-

erties of berkelium-243 in their paper on the discovery of the element.

These authorsvreported fhe half life; complex alpha spectrum, alpha-to-
243

electron-capture branching ratio, and mass assignment of Bk

the bombardment of Amzul with helium ions. Much of this work was re-

2k3

made by

peated by Hulet,6 using isotopically pure Bk from the (d,n) reaction
on szhz, with substantially identical results. The best values for
the half life and alpha branching from this work were taken to be 4.5

+ .1 hours and O.lS%'fespectively. - .

Berkelium-243 for the investigations described herein was obtained
either from the (q; Zn) reaction on An® 2kl or from the (o, 4n) reaction
on Am2u3. When the latter method of preparation was used the ratio of
Bk243 24l

to Bk could be varled over wide limits (as shown in the ex-

citation function of Figi 16), permitting the resolution of Bk243 and

2&4 radiations from one another. Berkelium from the Amzul bombard -~
ments, however, contalned larger amounts of Bk 43 per unit amount of
target materlal and was free of ‘heavier berkelium isotopes.

Electromagnetlc radlatlons of Bk 2h3 were examined by scintillation
spectrometer techniques in samples prepared by the Am 2kl (o, 2n) B 243
reaction. .Thé actlv;ty of these preparations was due about’?O% to
5x2*3 and about 30% to BkZT*

other berkelium isotopes. The separated berkelium fractions were pre-

, with little or no contribution from the

pared for use by evaporation 6n 0.00l-inch aluminum foil from solutions
of concentrated nltrlc acid. '
In the gamma spectrum of these mlxtures, 200-, T40-, 840-, 900-,

960-kev, and several higher-energy gamma rays were observed together

with K and L x-rays. Subtraction'of thie known spectrum of . Bkznu and

comparlson of c01nc1dence .spectra of thése samples with similar spectra

of Bk® 2kl permitted the a551gnment of the 740-, 840-, and 960-kev

43. The gamma spectrum of Bk 43 in this energy region
2k

radiation to- Bk
(after subtraction of the Bk contrlbutlon) is shown in Fig. 16.

Most of the radiation remaining at lower energies is accounted for by
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the Compton distribution from the indicated gamma rays; however, other
. radiation may be present in low intensity but unresolved in these ex-
periments. The energies and corrected relative intensities of three

2h3

are given in Table II. All three gamma

gamma. rays assigned to Bk
2k3

rays decayed with the 4.5 + 0.3-hour half life of Bk

Table IT

Gamma rays of berkelium-243

Radiation Corrected Relative Intensity

740 = LO kev - 1.0
840 + 4O kev - 0.3
960 + 40 kev 0.3

With the limited information available little can be said about
the decay scheme of this isotope. It is clear, however, that a cas-
cade arrangement of any two of the observed gamma rays is precluded by

the 1.5 Mev of decay energy available,3o

It was .also of interest to examine the alpha-decay scheme of.Bkzu3
from these sources. The energies, abundances, and assignment of the
alpha groups reported by Thompson et al,2 were confirmed in numerous
bombardments of Am241 as well as in the excitation-function experiments
on the target nucleus Am243, Alpha groups of 6.72 £ .02 Mev (30%), 6.55
+ .02 Mev (53%), and 6.20 + .02 Mev‘(l7%) were observed as reported.

The. electromagnetic spectfum.associated with the alpha decay of
Bk2h3 was studied by use of a zinc sulfide detector for alpha particles
in the coincidence equipment. In aadition td americium K x-rays, gamms
rays of 536, 187, 146, and 42 kev were observed in coincidence with alpa
particles (Fig. 17). The energies and intensities of these radiations,
after correction for geometry, counting efficiency, and a small contri-

2k

bution to the alpha_actiVity_due to. Bk , are givep in Table III.

Table III

Electromagnetic radiation in the alpha decay of berkelium-243

Radiation Abundance per alpha disintegration
536 + 10 kev 0.10
187 £+ 3 kev : 0.3k
146 £ 5 kev 0.08
K x-rays , ' 0.09

42 + 3 kev ‘ 0.0k
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These data, together with the élpha—particle‘energies, are incor-
porated in the decay scheme shown in.Fig. 18. The placement of the
536- and 187-kev transitions agrees well with the alpha-particle spectra.
The placement of the 1h6-kev transition is .subject to some uncertainty;
however, the arrangement indicated is preferred by analogy with other
heavy-element decay schemes. Rotational levels corresponding to those
indicated at ~40 kev are a common occurrence in this region.35_37
2. Berkelium-24k4

Hulet6 obtained indirect evidence for the production of Bk
-aloné with.Bk2u3 in the bombardment of Am241 with helium ions by com- |
parison of the curium decay products of such a bombardment with the

24k

curium fraction from the decay of isotopically pure Bk2u3. Since the

berkelium from both sources decayed with the same apparent half 1ife,

it was suggested that Bk244 decayed primarily by electron capture with

a half life.ver§.similar to that of Bk243. Abundant confirmation of -
this hypothesis was obtained in this work.

Berkelium-24k was prepared free of'Bk2$3 by bbmbardment of Am243

with Helium ions several Mev below the threshold for the Am2)+3 (a, k) .-
Bk243_reaction. The berkelium fraction from this bombardment contained
Bk246 (1.9-day), BkZLLS (5.0-day), and a new activity decaying princin

pally by electron capture with a half life of 4.35.+ .15 hours. The
' . 2hkh

new activity was assigned to Bk on the basis of the following argu-

ments. First, the 5.79-Mev alpha particles of szm'L were observed to

"grow into the separated berkelium ffaction,in amounts consistent with
the observed activity of the new isotope. Secondly, although a detail-
ed excitation_fuﬁhtion for the production of the 4.35-hour activity was

not carried out, the Alpha particles .and gamma rays assoclated with this

activity were observed in bombardment of Am?g3 with helium ions at

energies above the (a, 3n) threshold but not below this threshold.

Finally, the radiations of BkzmL were seen in berkelium made by the
bombardment of Am?ul with helium ions of various energies.  The only
assignment consistent with all these observations is to mass 24k,

~Electfomagnetic radiations from Bk244 were studied both in mixtures ‘

with B3 245 gna BK?*0. Essentially identical

results were obtalned in either case. The spectfum of Bk244

and in mixtures with Bk

is extremely
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complex; however,'its'prihcipal features are two intense gamma rays .of
200 and 900.key and highernenergy radiations of lower intensity extend-
ing‘to 1.7 Mev. In the region from 0.9 to 1.7 Mev no fewer than seven
distinct photon energies were observed with the energies and intensities

given in Table IV. All the gamma rays except the one at 1.72 Mev decayed

Table IV
. ' Nyznn
High-energy gamma rays in the electron-capture decay of Bk
Photon Relative intensity

.0.900 | Mev : 1.0

1.06° Mev 0.07

1.16 ~ Mev 0.11

1.23 Mev o 0.05

1.37 Mev v ' 0.007

1.50 Mev 0.02

1

.72 Mev ' » 0.002

STk

with a 3- to 5-hour half life consistent with their assignment to Bk
Counting statistics on the l.72-Mev gamms were>too poor to yield a mean-
ingful half life; however; this radiation was observed in coincidence

with K x-rays and therefore assigned to Bkz%u, since the othervberkelium

isotopes that could also have been present have insufficient decay

0
energy to populate such a level by K capture.»j

Coincidence experiments showed that the 200-kev and the 900-kev
radiations were in coincidence, with abundances of roughly 0.6 200-kev
gamme. per 900-kev gamma and about 1.0 900-kev gamma per 200-kev gamma.
These data suggest that the 200-kev tfansition lies above the 900-kev
gamma , although a somewhaf stronger argument.for this arrangement could
be based on the complete absence of nonrotational levels several hundred
kev above the ground state in any even~even nucleus investigated in the

af

heavy-element region.

246 and EZSO

Comparison with the somewhat similar decays of
also support this choice.

Although it is clear that a complete decay scheme 'for.Bk.zu4 cannot
be inferred from“the data given here, the salient features of its decay
are summarlzed in the partial -- &nd highly tentatlve -- scheme of Fig.
19. The decay of the 900-kev gamma to a 2+ level has been indicated
solely 1n analogy with the decay of Bk2u6, as discussed later. o

attempt has been made to as51gn the high- energy transitions observed or
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the low-intensity transitions that may be present at 490 and 630 kev.

Alpha particles of energy 6.67 Mev were also detected in the
berkelium fractions containing only BkZMh’ Bk2457 and Bk2u6° The decay
of this alpha activity was followed over several half lives and found
to exhibit a half life identical with that of BkZhh. Further bombard-
ments of Am2h3

of the 6.67-Mev alpha particles and the gamma rays characteristic of

Bkzhh

at several energies established the parallel behavior

, thus providing strong evidence for the assigmment of these alpha

particles to this isotope.
24k

An accurate determination of the alpha-particle energy of Bk

5253

was made by comparison with the alpha groups from in a gridded

253

ionization chamber and pulse-height analyzer, With the E alpha-

particle energy of 6.642 Mev determined by the alpha-particle spectro-

38 the B2

graph as a standard, alpha energy was found to be 6.67 =

.0015 Mev. This alpha group was taken to be the ground-state transition
39

with reference to alpha-decay systematics and the alpha-decay energies

of neﬁghboring berkelium isotopes. No evidence for complex alpha decay
was obtained.
An alﬁha—to-electron—capture branching ratio was determined rough-

ly from the amount of szau resulting from the decay of Bkzlm and the

observed Bkzlm alpha activity. On the assumption that no other alpha

groups were present in significant intensity in the decay of BKEMM’ a
ratio of 6 x 10_5 alpha decay per electron capture decay was found.
This corresponds to a partial alpha half 1ife of 8 £ 3 years, in good

agreement with the value predicted from alpha systematics?9

3. Berkelium-245
' 245

Hulét et al.5’§ investigated the properties of Bk in some detail

and reported its 5.0-day half 1ife, complex alpha decay, branching ratio,

and gross gamma épectrum. The assignment of this activity to Bk:zl“5 was

zuz} szuu, Am241} 243

based on cross-bombardments of Cm and Am , and on
the szl&5 decay product'identified later. Much of this work has been
confirmed in the investigation reported here, and a detailed study of
the electron capture and alpha~decay 'schemes of this isotope has been
made.

Berkelium-245 is conveniently prepared by the Am243 (o, 2n) BkzlL5
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or szhh (o, p2n) Bk245 reaction. Either method results in a mixture
of Bk245 |

bombardments were employed in this work with similar results.

and Bk2u6 in roughly comparable.amounte, and both types of

The electromagnetic radiations accompanying electron capture in
Bkz)1L5 were examined, with coincidence eqﬁipment and scintillation de-
tectors as before. 1In addiﬂion to K and L‘X-rays, two gamme rays, with
energies 252 + 3 and 380 + 5 kev, were found in the sbectrum of BKZMS'
After carefully calibfating of the equipmentyand the taking of pre-
cautions to prevent the simultaneous arrival in the crystal of‘moretthan
one photon, the intensities of the electromagnetic radiations shown in

Table V were determined.

Table -V
. s . ‘ 245
Electromagnetic radiation in the electron-capture decay of Bk
Radiation Relative intensity
K x-rays 1.0
252 + 3 kev ‘ - 0.26
380 + 5 kev 0.037

An extended» series of coincidence experiments was next, carried
out in order to further investigate this decay. The radiations .coinci-
dent with K X-rays, 'the 252-kev gamma ray, and the 380-kev gamma ray
were examined, and accurate intensities, corrected for geometry, ab-
sorbers, and counting efficiencies, were obtained. . These data are sum-

marized in Table VI.

Table VI
Coincidence measgurements on Bk245 electron-capture decay
Gate K x-ray 252-kev 380-kev
K x-rays_ | 0.73* . 0.21% 0,03*
252-kev 0.70 0.038
380-kev 0.68% 0.30

* These abundances have not been corrected for the loss of K x-rays
due .to the simultaneous arrival of two or more K x-rays in the
- detecting crystal.

Because the samples used for these measurements usually contained

246

various amounts of Bk , most of the measurements were repeated after

246

further decay in order to minimize the effects of the Bk . In some
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cases, corrections were made for the contribution of Compton or photo-

26 '

‘peaks fromka to the.observed_specfra{_
Finally; an experiment was carried out in Which the electron specé
“trum in coincidence with K x-rays was observed with an anthracene scin-
tillation crystal. 'An electron line at about 127 kev was found in
coincidence with about 80% of the K x-rays, corresponding.to the ex-
pected K-conversion line of the 252-kev photon. An'L + M + N line
(with some possible contribution from the K line of the 380-kev tran-
sition) was also observed.
- The coﬁversion coefficients for the 252-kev gamma calculated from
the above data.are 1.9 and z2.3.for K and total conversion respectively.

.This was determined by coincidence measurements of the 252-kev gamma

with the K x-ray and with the 380-kev gamma. These data are shown in

‘Table VII together with the theoretical values of Slivho and Rose.41
Table VII
Conversion coefficients»of the Z252-kev transition in Bkz45
' '_Ei_ B2 _Ei; ML Ekperiméntal
a K 0.05-%27. 0.10 0.2k 1.83 1.9
aT 0.06 0.h4 3.1 2.3 2.3

The agreement with the thecretical conversion coefficient for a'pure
Ml transition is extremely good; however, the uncertainties in the.
experimental values would allow as much as 15% E2 admixture.

A decay scheme suggested by these results and consistent with most

of the data derived from other isotopes that decay to Cm245

is shown
in Fig. 20. The electron-capturé decay enefgy corresponding to this
scheme must be at least 0.76 Mev for K capture to occur to the 632-kev
levei, a value entirely consistent with the :calculated energy of 0.80
.Mev.30

.The Cf2h9 alpha decay scheme shown in Fig. 20 represents the data
from Stephen827 together with the-alpha‘grOups found by Ghiorso.%? It

should be noted that the 395-kev gamme transition in this decay is not
. . 2l5

identical with the 380-kev transition observed in Bk decay. Unfor-
tunately, because of the similarity in gamma energy, it would have been

difficult to detect a small alpha branching to the 630-kev level.
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Fields et al.)1L3 have reported photons of about 121 and 160 kev in
the beta decay of Am245- The radiations were also seen by Browne and
coworkers,uu who obéerved K and L conversion lihes from a photon of 255
kev in the decay of AmZhS. No other correspondence obtains, hbwever,
between the decay scheme presented by Browne et al. and the decay scheme
of Fig. 22. |

Since Bkz45 decays ~0.1% by alpha emission, it was also possible
to examine the gamma spectrum in coincidence with alpha particles from
this source. Photons of 110, 164, 206, and 480 kev were seen in these
experiments, with the corrected intensities given in Table VIII. These

-intensities were followed over several half lives without significant

change, and consequently were thought to be little affected by the

possible (but unobserved) alpha decay of Bk2u6.
Table VIII
. R . 245
Electromagnetic radiation in the alpha decay of Bk
Photon energy Photons per alpha
K x-rays ' 0.11
164 + 5 kev 0.07
206 + 3 kev 0.28
480 + 5 kev 0.18

These results are inéorporated in the decay scheme of Fig. Z2l.
The alpha-particle’ energies and abundances are .the best values from this
experiment and are in fair agreement with the energies and intensities

p)

reported by Hulet et al. Also shown is the electron-capture decay.

45

scheme for szul reported by Glass. His level assignments are con-
sistent with those derived from this work, with the exception of the
600-kev level:. .It has been suggested that the 600-kev photon observed
in the decay of szhl might have been due to the simultaneous arrival
in the crystal detector of the 480-kev gamma and K x-rays. On the other
hand, alpha population to a 600-kev level would be expected to be very
small and might well have escaped detection. |

Some uncertainty is again involved in the placement of the 16L-kev
transition. The choice was made largely because of the reasonableness
of a 42-kev state comprising part of a rotational band, as observed in

many otger nuclei in this region and as discussed in the similar case
of Bk .
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Fig. 20. Electron-capture decay scheme of Bkz'4
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4. Berkelium-246
: . 246 6,7
The 1.8-day half life of Bk was reported by Hulet et al.
along with observations of an abundant 800-kev gamma ray in its gamma
spectrum. While little doubt attaches to the identity of this isotope,
no conclusive mass assignment has been made as yet.
Berkelium-246 for these investigations was prepared both by the
24 243 246
(a, n) Bk

Cm t (a, pn) Bk2“6 and by the Am reactions. Yields
were somewhat higher per unit amount of target in the latter reaction;
however, the isotopic purity of the product is not markedly different

in either case. Practical considerations of ease of separation from

243

the target material and the availabillity of make this route the

more desirable, however.
Since the 5-day Bk245
246

Bk , the gamma spectroscopy of these two isotopes was .carried out

was always present together with the 5-day

simultaneously. Examination of the region from 200 to 400 kev always

2hs

required consideration of the radiations of Bk

246

solution of low-intensity gamma rays of Bk rather uncertain, A

, and made the re-

typical spectrum of the mixture of isotopes is shown in Fig..22. Care-
ful comparison of the 800-kev gamma ray with standards demonstrated

that the observed peak was due to a single gamma ray (>95%); however,

a similar comparison with the 1.09-Mev peak revealed a complex structure,
which was resolved as shown in Fig. 23. This resolution was further
supported by L x-ray-gamma coincidence spectra. It was, however, not
necessarily the only. resolution consistent with the data. Other likely
resolutions led to essentially equivalent results except for the relative
intensities of the three componenfs,

-The decay scheme for Bk2u6,shown in Fig. 24 was suggested by an
extended series of coincidence measurements .on this isotope. From the
intengities of the X and L x-rays in coincidence with the 800-kev
gamma ray, a K-to-L capture ratio to the level of about 3 was determined
together with a wvalue for the tbtal L vacancies per 800—kév'photon of
about 1.8. The excess L vacancies (~1 per 800-kev gamme) may be ex-
plained readily in terms of .an assumed decay to the second member of

the ground-state rotational band observedu6 in the szu6 nucleus from

the alpha decay of szso,and,indicated.in.Fig. 26. .The subsequent
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transition is commonly of . the EZ type, exhibiting very large L conver-
sion coefficients.

Similar reasoning applies to the gamma triplet observed at about
1.02 Mev. 1In coincidence with L x-rays, the lower-energy components
were definitely enhanced relative to their intensities in the gross
gamma spectrum, implying L-converted coincident transitions. The en-
ergies of the three gamma rays agree well with those expected for the
decay to rotational levels based on the ground state:,))5 A very similar

bt

complex group at about 1.04 mev has been observed by Asaro in the

decay of Bk25o.

iow—intensity radiation of ~250 kev was also observed in coincidence
with the 800-kev gamma ray ovak2u6, in insufficient intensity, however,
to lie below the 800-kev transition without invoking unréasonably large
conversion coefficients. The assignment of the 250-kev gamma ray is
indicated by the dashed line in the decay scheme.

Although the above datavare subjecf to several other interpretations,
those 6utlined here are felt to represent the extant data well within
the framework of other knowledge derived from a variety of sources on

the level patterns of similar nuclei.

5. Berkelium-247

Attempts . to prepare this isotope were made with the first few

2ky

micrograms of Cm that became available in 1952,6 A continuing series
of bombardments succeeded only in setting lower and upper limits to . the
half life of the unobserved activity.
30

From closed-cycle calculations”  only 40 kev were estimated to be
available for the.electron-éapture decay of Bk2u7; however, it seemed
worth while to investigate the remote possibility of a short half life
for this isotope in view of the féilure of previous experiments. Ac-
cordingly, a helium-ion bémbardment of szuh was carried out in which
the ¢£2%7 dna c£2*® were isolated soon after the end of bombardment.
After the 2.4-hour Cf2u7 had been allowed to decay through one half life,’
the californium fraction was quickly milked for berkelium activity. No
activity was found in the berkelium fraction and it was concluded from
the times and activities involved that the Bk247 half life must lie

outside the region Y-min to 3.5-yr.
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Following this experiment, which effectively ruled out the possi-
bility of a half life shorter than many years, a large target containing
~100 micrograms of szMt containing ~2% C_m245 and ~3% szu6 was bombarded
for ~30 hours with an intense helium-ion beam of about 28-Mev. After
the decay of the szu? was allowed for, the berkelium fraction was se-
parated and set aside for several months to .allow for the decay of
Bk245 (5 days). Following this decay period a small amount of Cf252
was added to serve as a chemical yield tracer, and the.berkelium fracton
was subjected to intensive purification procedures to free it from the
curium alpha activity. Finally the berkelium was separated from the
californium tracer in two successive steps by the elution from Dowex-50
cation-exchange.reéin with ammonium ¢-hydroxy isobutyrate. -The elution
curve for this final separation is shown in Fig. 25.

Activity was observed in the berkelium position with both a window-
less proportional countér (~15 counts/min) and the alpha pulse analyzer
(~0.3 counts/min). Both types of activity were found to peak at the
elution position expected for berkelium, and hence were distinguished
from background contamination in reagents or counting instruments.

Examination of the berkelium sample with .a sodium iodide scintil-
lation crystal and a xenon-filled proportional counter failed to indi-
cate the presence of K or L x-rays. Although the possibility of pure

M (or higher) capture by Bkz%7

exists, K or L_x-fays in amounts corre-
sponding to the observed proportional counter activity would have been
observed easily. The most reasonable explanation for the activity ob-
served with the windowless proportional counter ascribes this activity
to Bk2“9, (280 d, 0.09-Mev B~) formed by the (a, n) reaction on the cm2”6,
which was present in the target material in 3% abundance. If the cross
section for this reaction is equal to the cross section for the (g, n)
reaction on.szuu, the observed proportional counter activity can be
accounted for in toto. It was concluded that no evidence was obtained
for electron capture in Bk2A7.

Examination of the 0.7 disintegrations per minute of alpha activity
found in the berkelium position revealed at least three alpha groups of
energiés 6.66, 5.50, and 5.30 Mev, as shown in the alpha-particle spec-
trum of - Fig. 26. Accurate determiné%ion of the relative intensgities of

the alpha groups was made very difficult by the low counting rates
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obtained. The best values, however, are shown in Table IX. -The 5.40-

2h9

Mev alpha particles of the Bk ~ contaminant would not have been ob-

served in these experiments, owing to the low alpha branching'(lo'3%)

of the isotope and the small amounts present in the-Bk247.

Table IX

Alpha particles of Bk247

Energy (Mev) Abundance %

5.30 £ .05 5
5.51 + .03 - 58
5.67 + .03 37

In view of the similarity in alpha-particle energy between the !
' 238
3° (5.50 Mev),

several separations of berkelium were carried out in which plutonium

main group of the new berkelium isotope and that of Pu

would have been removed. After these procedures, the alpha spectrum
of' the berkelium fraction was again examined and found unchanged. The
proportional-counter activity ascribed to BkzlL9 was found again in the .same
abundance relative to the new alpha activity. These experiments pro-
vide conclusive chemical identification of the new isotope.

The similarity in structure of the alpha groups observed in those
of other odd-mass berkelium isotopes made it desirable to carry out
alpha-gamma coincidence experiments on the Bk2u7. In coincidence with
the alpha particles, K x-rays and gemma rays of 84 + 3 kev and 265 * 10
kev were observed in corrected abundances of about 0.2, 0.4, and 0.3
per .alpha decay. The alpha-decay scheme that follows from these .ob-
servations and the alpha spectrum is shown in Fig. 27. No evidence for
other transitions was obtained, although gamma radiation from the 460-
kev state inferred from the alpha spectrum would not have been observed ®
owing “to ‘the low alpha population of this level and the reduced detect- |
ion efficiencies for 460-kev gamma radiation. Similarly, a 220-kev

243'and BkzuS, would have escaped

gamma ray éexpected by analogy to Bk
detection at these counting rates.
-The decay scheme shown is in good agreement with the data of

k9 on the decay of Pu243 by

Stephens and -Asa:.('ou8 and Engelkemeir.-et al.
beta emission, which is also indicated in Fig. 27. In particular, the

placement of the 8hk-kev level is supported by this work. The accurate
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energies shown were derived from the conversion electron data of Stephens
and Asaro. )

Since little possibility exists of detecting the 7600-year Am2h3
daughter ovak247, the half life:of the berkelium isotope was estimated -
from its yield in the original bombardment. This estimate is made
difficult by the fact that Bk2h7 can be made in several ways. When’ -
reasonable assumptions for the cross sections involved are made, how-
ever, the half life for alpha decay is estimated at lQ4 years. This
estimate is felt to be within a factor of two of the true value. Since
no evidence was obtained for electron capture, a branching ratio cannot
be determined. Even if all thé oObserved proportional-counter activity
is attributed to Bk?'l‘L7 rather than to Bk249; however; the half lifé for
Bkzu7 is in excess of 250 years.

.The»assignment of the new isotope to mass number 247 was based on
the known properties of all other berkelium isotopes that could have .
been made in the bombardment, the similarity in alpha decay pattern to

2k3 and BkzuS, and the production of BkzuB.by thermal

the isotopes . Bk
neutron capture as described later.

The alpha-decay energy calculated from the alpha spectrum and decay
scheme is 5.87 Mev. This is somewhat lower than the previous estimate

of 5.94 used by Glass et al,3o in closed-cycle calculations, and the

revised estimate of the decay energy available to the Cﬁzu? - Bk247
isobaric pair becomes ~40 kev in favor of the beta stability of Cm2h7.
Since the uncertainty in this value 1s considerably greater than the
7

decay energy, the beta stability of Cm? must be again considered an

open gquestion.

6. Berkelium-248 ,
Almost immediately after the identification of Bk2h7, a small

fraction of this activity was subjected to neutron irradiation in the

attempt to prépare the previously unknown isotope Bk2A8. About 107

atoms of the separated Bk247 were irradiated for five days in the

-Materials.Testing.Reactor at an average flux of 2 x lOl)1L neutrons per
square centimeter per second. The sample was received about 24 hours
after the end of bombardment and separated from fission products and

miSceliéneous induced activities. The separated berkelium fraction was
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found to contain about 800 disintegrations per minute of & new berkelium
isotope decaying by both electron capture and beta emissiQn with a half

life of 16 + 3 hours, in reasonable agreement with the ﬂélfuiife deduced
5y Hulet5o several days earlier from the growth of Cf2u8 into a mixture

of cyclotron-produced berkelium isotopes from the helium-ion bombardment
of szhh.

Careful measurements of the growth of Cf248 into the berkelium
sample served to establish the mass number of the new activity as 248.
The amount of Cf2u8 actually found was in excellent agreement with the
amount calculated from the observed berkelium activity and beta-to-
electron—capture branching ratio determined laterf

248

The beta-particle épectrum of Bk wds.obéerved with an.anthra-
cene crystal scintillation spectrometer in connection with a fifty-
channel pulse-height analyzer. The low counting rates and limited time
available for measurement prevented an accurate determination of the
beta end point; however, extfapolation of the spectrum shown in.Fig.'BB
gave a maximum beta energy of 650 + 50 kev. ‘Examination of the electro-
magnetic spectrum in coincidence with beta particles fevealed no gamma
radiation (< 10%) which finding, together with the beta energy, implies
that the decay is predominantly to the ground state of the daughter.
It is ihteresting to note that no L x-rays from the de-excitation of
the 2+ level of Cf2h8 were observed (< 3%), and hence only the first
member of the rotational band is populated by the beta decay. -

No photons other than K and L x-rays were seen in the gross gamma

248

~spectrum of Bk, and it was accordingly assumed that the majority of
the electron-capture decays are to the ground state of Cm248. From the
observed x-ray intensities, a K to L+M+...vcapture‘rétio of ~1 was cal-
culated. The uncertainties in this value are large, and perhabs suf -
ficient to account for the discrepancy between this number and the
theoretical values of Hoff " (2 to 5) based on the estimated 0.68-Mev
decay energy. v ] v ,

A beta-to-electron-capture ratio of 2.4 was determined from the
observed beta disintegration rate and K and L x-ray intensities, cor-
responding to log ft values of 6.75 and 6.7 for the electron capture
and beta decays respectively. The equality of these values is to be

expected for ground-state transitions to even-even daughters. This
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information is summarized in the decay scheme in Fig. 29.

7. Berkelium-249

Berkelium;249 is the principal isotope of berkelium made in the

9

prolongéd irradiation of plutonium with neutrons . It decays chiefly

by the emission of 90-kev beta particles with a half life of ~280 days,

.ll In view

and also by emission of 5.40-Mev alpha particles (10_3.%)
of the previous measurements on lighter berkelium isotopes, it was of
considerable interest to carry out similar studies of Bk249, particu-
larly alpha-gamma coincidence measurements. '

249

Alpha-gamma coincidence studies .of Bk are complicated by the
growth of. the 470-year szng into such samples. The low alpha branch-
ing of the berkelium isotope and the complexity of the alpha decay of
Cf2u9 combine -to limit observations of pure Bk249 activity to.a few
hours following its separation. 1In the experiments reported here, due

k9

allowance for the known radiations of sz was always made, while ac-
curate intensity measurements were restricted to times shortly after
separation.

249’ a 320 + 10-kev

In coincidence with the alpha particles from Bk
gamms ray was observed in addition to K x-rays and copious L x-rays.
,The.correéted intensities are given in Table ¥. Taking first the 320-
keV'photoh, if it is assumed that all the K x-rays arise from conversion
of this gamma ray, we find that the alpha population to the 320-kev
level may be estimated as ~6%. No contradiction with earlier WOrkll is
involved here, since a 5.08-Mev alpha grouplinvthis abundance would not

| .
have been observed in an ion chamber because of experimental difficulties

connected with the very high beta-to-alpha ratio of Bk |
_ Table X
Electromagnetic radiation in the alpha decay of Bk449
Photon Photons per alpha
L x-rays ~209%
‘K x-=rays ‘ 3%
320 + 5 Kev , -4 oq

-The L x-ray spectrum was observed both with a sodium iodide
crystal and a xenon-filled proportional counter. Although the energies

of the La’ L 27 and LY phbtons were in excellent agreement with

1’ g



-66-

EC 30 %

LOG ft = 6.75
K/L4M+ ~ |

o+ : o
Cm 248

Fig. 29. Beta and electron-capture decay scheme oka2

Bk 248

g~ 70%
LOG ft = 6.75
0.65 MEV

o+
cf 248

48

MU-11719



-67-

those expected for americium, their relative intensities were unusual
in comparison with the L x-ray spectra of lower-mass odd-proton alpha
emitters. The observed L x-ray dietribution was quite similar, however,-
to that fOund'in.EZS; decay in which rotational levels de?exciting by
'Ml transitions have been observed, and a similar situation may prevail
in the Bk249 decay.

~The pertinent data on the decay of Bk2u9 are shown in the decay
scheme in Fig. 30. As indicated there, no gamma radiation was observed

in coincidence with the beta particles from this isotope (< 1%)

B. Californium Isotopes

1. Californium-2kh

The reassignment of the 4h-minute californium alpha emitter to mass

number 245, as described later, 1mmed1ately prompted the search for

2&&

. The first evidence for its existence came from helium-ion bom-

bardments of Cﬁzhu at energies sufficient to yield the (a, 4n) product.

No new alpha groups were observed at first in these bombardments; how-
ever, the 2'7-day alpha- decay daughter of szuu, namely CmZhO; was ob-

served., Although no reasonable reaction path other than Cm 2 (a, hn)

C_le’dL (a) szuo could lead to this 1isotope, an_excitation function -
24& alpha decay was obtained.

Further work led to the direct observatlon of Cf 2hly amOng.the

(Fig. 13) that confirmed its origin in Cf

products of the helium-ion bombardment of the lighter curium isotope
22 2kl 245

. In these experiments, in which the ratio of Cf :to Cf
more favorable, a new alpha»group decaying with & 25 = 3-min half life
was seen at very slightly higher energy than the 7.1l1-Mev alphas from
zhs

Milking experiments established the genetic relationship be-
tween the new isotope and szho’ and permitted the unambiguous assign-
mentvof the new isotope to mass.number 24L4. This conclusion -could also
have been reached from the shape and-threshold of the excitation function.

Careful measurements of the alpha-partlcle energy of szlm were

.made by alpha pulse-height analysis and comparison with E253, Cm 242
2#9 and szSu. The energy obtained was 7.17 £ .0l Mev. A somewhat
’ 2
more precise value of 55 £ 5 kev was found for the szlm - Ctf 45 energy

difference by direct comparison.

. In view of the small amounts of activity that were produced in
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these experiments, no studies of - the electron-capture decay of the new
isotope were attempted. Closed-cycle calculations30 indicated an elec-
tron-capture decay energy. of ~0.6Mev. fo‘r:.-;:C'f 2 lﬂt correspording to a partial
half life of from sevefal hours to several days. Electron-capture
branching, accordingly, is expebted to be small.

2. Californium-245

Californium-245 was first produced in 1950 by Thompson et al.,)+
who identified the new isotope chemically and showed it to decay with
a 4h-minute half life, principally by the emission of 7.l-Mev alpha
particles. The original tentative mass assignment was to 2kk, a choice
based on alpha-decay systematicsvand the short half lives for electron

2k3 and szuS

of the limited target materials available in 1950, attempts to establish

capture that were predicted for Cf at that time. Because
a genetic relationship to szho were inconclusive.

In an extended series of bombardments of curium isotopes with
helium ions of various energies, several types of evidence for the.
assigrment of this isotope to'maéé number 245 rather than 244 were
obtained. This evidence may be summarized as follows.

(a) 1In four separate experiments the caiifofnium,fraction from
the bombardment of szML with helium ions below the (q, 4n) threshold
was separated chemically, and .the decay of the T7.l1-Mev alpha emitter
was followed by counting in a grid ionization éhaﬁber connected to a
48-channel pulse-height analyzer. After the Lh-minute activity had
decayed for several half lives, a careful search was méde for the 6.26-

4o

Mev alpha particles of the 27-day'Cm2 In every case less than 9% of

the amount of szuo that would result from the decay of the Mh—mingte
activity was found.

(b) An excitation function for the production of the 4i-minute
activity by the (o, xn) reaction on szlm was determined by alpha-pulse
analysis of the californium fractions from a. number of such bombardments.
The excitation function so obtained is shown in Fig. l3,lin which the
Cross ééctions'reported were calculated from the observed‘alpha activity
and the branching ratic determined in a separate experiment. The mag-
nitude of the cross sections is such that any contribution of szhh to

the alpha activity ascribed to»sz)'L5 was negligible under the conditions
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of the experiments. The excitation function for the fermation of the
4l -minute activity exhibits quantitatively and qualitatively the be-
havior of an (o, 3n) reaction.

(c) Crcss bombardments of szuu‘at energies well below the (a, b4n)

‘threshold and of CmEAZ were shown to produce the 4h-minute californium

215

in high yield. Only Cf .could have been produced in.both types of

experiments.
In order to examine some features of the alpha decay of this iso-

-tope, a sample of californium containing approximately 1200 disinte-
grations per minute of'C’fz45

minute of Cf246 (6.76 Mev, 35.7 hours) was investigated by alpha-gamma

and approximately 750 disintegrations per

coincidence techniques for the presence of L x-rays in coincidence with
alpha particles. No such L x-rays were found that could be attributed
to szus and, by direct comparison with the'Cf246‘present.in the sample,
an upper.limit to their abundance was set at 2% of the alpha decays.
Since .every even-even alpha emitter that has beén studied in the region
above uranium decays about 20% to an excited state with attendant L
x-rays in 10% to 15% abundance, this is additional strong evidence that
the-hh-minute activity is not an even-mass californium isotope. No
other photons of appreciable intensity: were seen in this experiment,
and the szuS,was assumed to decay almost exclusively to the ground
- state of ey _ '
Since szusvwas expected to exhibit appreciable decay by electron
capture, an experiment to measure .the alpha-to—electron—éapture ratio
was carried out. The californium fraction resulting from the bombard-

ment of Cm244 below. the (@, 4n) threshold was isolated soon after the

245

end of bombardment, and the amount of Bk that grew from the electron-
capture decay of Cf245_wasdetermined° From the results of this experi-
-ment, szus was found to decay about 70% by electron capture. .The
partial’half lives . for alpha decay and eiectron capture are, then,
about 100 minutes and 60 minutes.respectively, in excellent agreement
with the half lives predicted by alpha-decay systematics39 and the
recent electron-capture - systematlcs by Hoff and Thompson.32
An accurate -determination of the alpha-particle energy of . Cf k5

was made by comparison with several other alpha emitters by alpha-pulse
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analysis, ylelding the value 7.11 £ .01l Mev. As mentioned previously,

this energy differs from that of szuu by only 55 kev.

3. Californium-246

pY: by

Californium-246 was first produced by Ghiorso and co-workers
the bombérdment of natural uranium with carbon ions accelerated in the
60-inch cyclotron of the Crocker Iaboratory. Further studies carried
out by Hulet et al.5’6 identified the isotope by chemical.separation
and subsequent growth of the- szhz daughter. A half life of 35.7 hours
vas measured by this group, as was ‘the alpha-particle energy of 6. 76
Mev. No ev1dence was obtained.for electron capture decay, although
spontaneous fission was observed (~10~ %

The work reported herein centered about the excitation function
for the formation of Cf2u6 by the (@, 2n) reaction on Cm?uu (reported
in an earlier sectibn)'and the detailed inveéstigation of the alpha
decay of this isotope. o

Two bombardments of szuu’were made, which resulted in about 10
disintegrations per minuté of .the californium isotope. In the first
of these experiments . the alpha spectrum of Cf2u6 wasJexamined by use
of the alpha—partlcle spectrograph described by Reynolds?8 Under the
extremely hlgh resolutlon available with this instrument, two.alpha
groups were observed, at 6.753 and 6.711 Mev with intensities of 78%

and 22% respectively. Alpha-gamma coincidence exﬁeriments revealed
‘gamma rays of 42, 96, and 146 kev in_addition to L x-rays. In the
second experiment the coincidence measurements were repeated with much
larger samples of Cf246 in greater isotopic purity.  The results of

ﬁhesevmeasurements are shown in Table XI and in the spectrum in Fig. 31.

Table -XI
. . , 246
Electromagnetic radiation in the alpha decay of Cf
- Photon Inten51ty per alpha
42 + 3 kev 1.k x 107 %
96 + 3 kev Soll2 x 107 -3 %
146 + 5 kev 3.5 x 10~ %

The interpretation of these data53 followed thé pattern established
for rotational bands based on the ground state of even-even nuclei found

uniformly throughout the heavy-element region...The various%gamma,rays
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were assigned to 2+ to O+, M+ to 2+, and 6+ to U+ transitions, as shown
in the decay scheme in Fig. 32. The several alpha populations-calcula-
ted from the spectrographic results and the coincidence experiments are

in excellent agreement with one another and with the predictions of the

unified collective and individual-particle model of heavy nuclei.5u
4. Californium-247

The 2.5-hour C:f’zu7 was 1. first found by Hulet et al.,7 who pre-
pared the isotope by the (o, n) reaction on CmZAu. It was reported to

decay exclusively by electron capture, and a 295-kev gamme ray was Ob-
served in its spectrum. Earlier indication of a californium isotope
with these properties8 had been cbtained in the bombardment of uranium
with carbon ions accelerated in the 60-inch cyclotron of the Crocker
laboratory. 1In the series of studies here reported, these results were
confirmed and extended by the.production of largér amounts of the iso-
tope and the application of coincidence techniques to fhe study of its
decay. 1In every case, the method of production was the helium-ion

2kl

bombardment of heavy curium 1sotopes, principally Cm . The yield of
2&7 in these bombardments has been indicated in Fig. 1k.
Several measurements -of the rate of decay of'Cf247vwere made on a
number of samples preparéd as above.  The resultant best value for the
half life of this isotope, 2.45 + .15 hours, agrees ciosely with that
given by Hulet. ' '
No difect mass assignmént of this acti?ity.has been carried out;

however, several lines of evidence support the assignment to mass 247.
-In the milking experiment, mentioned in connection with the search for

Bkzu7

; no activity was observed in the separated berkelium fraction re-
sulting from the decayvof Cf2u7. Since. BkzuS, Bk2u6 nd Bk2u8 (but
not Bk247) could have been detected easily under the condition of the
experiment, the failure to observe activity argues strongly for the

’ usual assignment. Further-évidence consistent with the mass-ZMY‘as-
signment derives from the known properties and mass assipnments of the

24y 253

other californium isotopes from Cf to Cf , and the rough excitation
function obtalned for Cf 2hT production.
The gamma spectrum of Cf 2h7 was found to consist of peaks at 295

and 417 kev in addition to K and L x-rays with the relative corrected
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2h7
246

served in the presence of much larger amounts of Cf , L x-ray inten-

intensities of Table XII. 8Since the spectrum of Cf was always ob-
sities were obtained by resolution of the L x-ray decay curve and are
accordingly somewhat uncertain. As indicated in the spectrum of Fig.
33, the high-energy gamma peak was clearly complex and could be re-
solved into two gamma rays of 417 and h6Q kev. This resolution was
further supported by the spectrum observed in coincidence with I, x-rays,
in which the 417-kev peak was greatly enhanced relative to the 460-kev'
component.

Following examination of the gamma spectrum, anc. extended series
of coincidence mea surement s were made in which the radiations in coineci--
dence with L x-rays, K x-rays, the 295-kev gamma, and the 4l7-kev gamma
were observed. The results of these experiments are summarized in
'Table XIII, in which the intensities have been corrected for geometry,
absorbers, and counting efficiencies as required.' The intensities
found in the L x-ray coincidence experiments are subJject to error as
mentioned above. It should also be noted that the K x-ray - K x-ray

abundance shown must be divided by about 2 in order to get the true

Table XIT
Electromagnetic radiation in the electron-capture decay of szLL7
Photon energy Relative intensity
L x-rays 1
K x-rays 1.00
295 + 5 kev 0.020
417 + 8 kev : 0.013
460 + 10 kev 0.009
Table XITI
o N ' 2h7
Coincidence measurements of Cf electron-capture decay
Gate L x-rays K x-rays 295 417
L x rays -— 46 .0031 .01
K x-rays - .025 .0076 .0021
295 kev ‘ : kb2
L00-480 kev .10

coincidence rate, since either coincident photon may appear in the
gate detector. .

The reasonable assumption was made that all the X x-ray - Kix=ray
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.coincidences arise from conversion of the 295-kev gamma ray, and the K
conversion coefficient was calculated from the K x-ray and 295-kev
gamma abundameces in colncidence .with K x-rays. The experimental value,
~1.3, agrees closely with that expected for an Ml transition of this
energy.no '

A decay scheme consistent with the data obtained is shown in Fig.
34, together with populations and K-to-L ratios calculated from the
appropriate measurements. The K-to-L capture ratio to the ground state
should be regarded as a rough estimate only, because of the uncertainty
in the L x~ray intensities. The value obtained, however, is not un-
reasonable for an allowed or first-forbidden transition, as indicated
in the cbmparison of Table XIV with the theoretical predictions by
Hoff .7t

| ‘ Teble XIV

K/L_capture ratios and log ft values for the decay of Cféﬁ7

Transition Allowed 1st forbidden 2nd forbidden Experimental Log ft

K/L to 07 kev k4.3 2.5 1.1 ~2-5 5.6
K/L to.295 kev 3.5 Bt .5 0.75 6.6
K/L to 460 kev 3.0 .95 .24 0.1 6.8

VI. DISCUSSION OF RESULTS

A détailed interpretation of the decay data presented here lies
considerably outside the limits imposed either by the experimental re-
sults or the present state of theoretical development. Nevertheless;
it seems worth while to attempt a brief discussion of some of these
results in terms of their empirical correlations, both within the
series studied and with other data in the heavy-element region. -It is
to be hoped that such correlations .may provide the basis for continued
inﬁefest in and further investigations of these nuclides.

A. Orbital Electron Capture in the Berkelium Isotopes

Since Bk2h9 is stable with respect to. electron capture -and Bk21+7

has yielded no information on this mode of decay, the odd-mass berkelium

isotopes are represented only by Bk2u3 and Bk2h5. In gross features,
these two decay schemes appear to be.quite unrelated; however, this
may be due in large part to the large differences . in the decay energies

available. Levels analogous to those responsible for the intense Tho-,
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840-, and 960-kev gamma rays of Bk243, for example, could not be pop-

245 30

ulated by K capture in Bk with only 0.80 Mev of decay energy.

Similarities,'if any, between the decay schemes of these isotopes must

243

be sought in low-energy low-intensity transitions in the Bk spectrum,

about which there is no information at present. _
The absence of the ground-state transition in the elecﬁron-capture
decay of BkzuS requires some mention. Log ft values for decay to the

252- and 632-kev levels .are both about 7, corresponding to the first-
25

forbidden [AT =.0,1 yes] classification of Hoff and Rasmussen?’ Failure

to observe the ground-state transition in these experiments requires

a log ft for this decay of ~8.6. While this value does not permit the
assignment of higher-order forbiddenness, it would be desirable to‘
obtain further data on this point.

Ih,contrast to the odd-mass case, the decay patterns observed for

ahk

Bk and Bk?h6 are quite similar to each other and to other decay
schemes to even-even nuclei. Seéveral level diagrams of even-even

nﬁclei‘are shown in Fig. 35 for comparative purposes. The data for

the Pu238 56,57

nucleus are from the work of Rasmussen et al. on the

decay of Np23'8

: o2k 8
“~ and from Asaro's‘studies of sz 2 alpha decay,5 while
the data on the Cf

250 7

nucleus is from work by Asaro .and others on the

220 and the beta decay of BkZSO.59
238

electron capture of E '
The various features of the Pﬁ nucleus, as a representative
example of this type, have been discussed by Rasmussen in connection
with the Np238 57
established series of O+, 2+, and 4+ rotational levels based on the

ground state and the levels.at 1029 and 1073 kev, which have been

decay. Of particular interest here are the well-

assigned spins and parities of 2+ and 3+ respectively. There is some
evidence that these latter levels may be members of another rotational
band based an a vibrational excited collective.state which hag been pre-
dicted in heavy»even-even.nuclei at about 1 Mev.60 ‘The ground-state
rotational band is elearly implied in all -four of the illustrated de-
cays, and it is tempting to assume fhat‘some“of the levels-that.decay

246 250

characteristically to this band in Cm and Cf nuclel are members
238

of a 2+, 3+, ... series analogous to that in Pu Some of the high-
energy transitions observed in Bkzuu decay may also originate in such

levels.
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-The gamma transitions of 70O to 900 kev shown in Fig. 35 seem to

be populated erratically in beta decay. No evidence for the 890-kev

has observed population of this.level in sz42 alpha decay to the same

238. 9 of B2
, although this level is heavily populated in

ol ofszso, though perhaps not directly. On
the other hand, the 800- and 900-kev gamma in Bkzua»and Bk2u6 decay

58

state was obtained from the beta decay , although Asaro

nucleus, Pu does not go to the
850-kev state of Cf

the electron-capture decay

‘8imilarly, beta decay
250

are among the.most intense in the spectrum, and the 800-kev gamma has
also been observed6:L in high abundance in the decay of Am246. While
no explanation for this apparently typical sﬁate or its erratic popu-
lation is readily available, some of its characteristics seem well
established. The decay of this level seems to be principally to the
2+ level, with very little branching to the ground state. .The observ-
able consequences of this type of decay are the lack .of complexity in
the gamma peak and the presence of L x-rays in coincidence with the
gamma ray. Further identification of this type of transifion in other

even-even nuclei would be desirable.

B. Alpha Decay in the 0dd-Mass Berkelium Isotopes

The series of odd-mass berkelium isotopes provides an almost
unique opportunity for the study of albha decay by closely related
nuclel in the heavy-element region. -The various data recorded for - .
these isotopes have been reported earlier without, however; emphasiz-
ing the similarity that exists between their decay patterns. .The
.alpha-decay schemes for_Bk2u3, Bk245, Bk247, and Bkzug-have been col-
lected in Fig. 36, together with additional information derived from
the previous data. Conversion4coefficients for the highest-energy
gamma rays were calculated from the experimental alpha populations to
,thé levels .and the gamma ray abundances in Bk243,and.Bk2u5° . The .con-
-version coefficient for the 320-kev gamma of Bkzl'L9 decay was obtained
.directly from the gamma and K x-ray intensities,-assuming no other
source .of K.x—rays. All these coefficients are consistent with an ML
assignmentuo for the transitions. Hindrance factors. for the alpha
decay to the various.levels are indicated as underlined values above

the -daughter levels. "Hindrance factor" as used here is the ratio.of
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the experimental half life for a particular alpha group to the theoret-
ical half life expected from spin-independent alpha-decay theory.62
The choice of nuclear radius was determined by extrapolation from the
neafest even-even alpha emitters.

Although considerable continuity of energy.levels 1s indicated by

the comparison of the figure, the quantitative demonstration of the

-similarities is difficult, as uncertainties exist in both alpha and

gamme abundances from the experimental data. - The highest states in
these 1sotopes share several common features, such as comparatively
low hindrance factors, a fairly smooth dependence of energy on mass
number, and decay by ML transitions_to the ground state. None of these
points provides certain identification of the levels involved; however,
thelr sum is strongly suggestlve of a common classification. It should
be noted that the absence of a level in Bk 2h9 decay analogous to the
187-, 206~, and 265-kev levels of the lighter isotopes is not neces-
sarily anomolous. Extrapolation of the energy trend in Bk243, Bk245,
and Bk:z)+7 places this unobserved level very close to the 320-kev state.
In view of the relative hindrance factors involved, popuiation by alpha
decay would be almost entirely in favor of the 320-kev,level.
The states observed at 84 kev in Bk2u7 decay and at an undetermined

eneigy in Bk 249 decay have no obvious .counterpart in the schemes .of

2h3

It is possible that these levels may be similar to.those giving

rise to low-energy El transitions in the odd-mass neptunium isotopes,

. as discussed by Stephens.

As a first rough indication of the level sequence that may obtain

in some of these. nuclel, reasonable spins have been assigned to the

hl levels observed in the alpha decay of Bk245_

The argument that
1eads to this assignment assumes a rotational band based on the ground
state (known to have spin 5/2), and the applicability of the gamma-
1nten51ty formulae of Alaga et al. to M1 transitions. Combination of
this treatment with conversion coefficients estimated from intensity
measurement: results in the spins shown in Fig. 36. The parity of the

206-kev level probably differs from that of the ground state.
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C. Decay Energies:

_ Alpha-decay energies of the berkelium and californium isotopes
show two special features of interest. The first of these is the extra
stability of thgvlSB-neutfon configuration, as pointed out by Ghiorso
et al.65 Of the isotopes studied in this,work,‘only B.kzl+9 and perhaps
.Bk2u7_partake strongly of this extra stability, as refelected in their
alpha-decay energies. The second point of interest is the much smaller
departure from a smocth trend of alpha-decay energy with mass number,
indicated by the very slight energy differences between the alpha-decay

2h3_, 2kl 24l 2k

energies of the Bk and Cf -Cf pairs. Both of these effects

.are illustrated in Fig.. 37.

As indicated in the f.gure, the decay energies of the Cm2u2—0m2h3

30

pair are also unusually close, and the difference between the two,

60 kev, is almost identical with the corresponding 55-kev difference

in berkelium and californium. Since neither the szho or Pu238

.alpha-
decay energies seems unusually large, the above observations probably
imply an extra stability of 100 to 150 kev associated with the 146-
neutron configuration. ZEnergy differences of this magnitude are on
the order of those expected from pairing energies in this region; how-
ever, other explanations.are by no means precluded.

The electron-capture and beta-decay energies . found in this study
are all in reasonable agreement with the estimates and closed-cycle

30

.calculations of Glass et al. The -few modifications required by the
experimental values have been incorporated in the revised tables of
.Foreman, from which. the data of Table XV were compiled. The source of
the values (calculated, estimated, etc.) is indicated by the convenﬁbns

of Glass.3o
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Table XV

Decay energies of the berkelium and californium isotopes

Isotope Q, 9 Q.
Bk2“3 6.83 stable ‘1.54 c
Bkzlm 6.77 stable 2.32 ce
Bk2”5 6.4k stable 0.80 ¢
Bk2u6 6.15 e stable 1.34 ce
Bk247 5.85 stable 0.04 ce
By 2*0 5.52 c 0.66 0.65 ce
Bk2“9 "5.51 0.10 stable
Bk 5.73 ¢ 1.90 0.00 e
.szlm 7.29 . stable 0.60 ce
Cf:a)1L5 7.23 stable 1.64 ce
,szu6 6.86 stable 0.12 ce
szu? 6.62 e stable 0.77 ce
Cf?l+8 6.36 stable stable
cr?¥ 6.31 stable  stable
o220 6.12 stable stable
créot 6.32 e stable stable
rCfZSB 6.28 stable stable’
,Cf253 6.20 e 0.54 ce stable
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