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The level scheme of doubly even 53° Cfis, has been studied from the 8~ decay of *°Bk. y-ray energy -ard
intensity measurements were made using Ge(Li) and Si(Li) detectors. Analysis of y-singles and -y
coincidence data has revealed the existence of ~ 46 vy-ray transitions. Approximately 40 of these, accounting
for % 99.97% of the observed 7y-ray intensity, have been incorporated into a level scheme for 2°Cf consisting
of 17 excited states with excitation energies up to 1695 keV. The following states, whose I™ values and
energies (in keV) are well known from other experiments, are observed: the 0*(0), 2*(42.73), and
4*(141.89) members of the ground-state band; the 27(871.56), 37(905.85), and 47(952.0) members of the
K™ =27 octupole band; and the 2*(1031.85) and 3*(1071.38) members of the y-vibrational band. In °
addition, evidence is presented which permits the following I, K™ assignments to be made with reasonable
confidence (the corresponding level energies—in keV—are given in parentheses): 1,17(1175.5);
2,21(1244.50); 2,0%(1296.64); 2,2 (1657.99); and 3,2*(1695.2). The half-life of 2*°Bk has been remeasured
and a value of 192.740.3 m obtained. The absolute intensities (in photons/100 ***Bk 8~ decays) of
the prominent 989- and (1028 4-1031)-keV 7y rays have been measured using a 4 B~y coincidence system
and values of 45.04 0.8 and 40.6 4- 0.7, respectively, have been obtained.

rRADIO_ACTIVITY 208k from ?Es « decay; measured Evy, Iy, vy, 4187y,
LTi/Z; 250¢f deduced levels, J, m, logft. Ge(Li) and Si(Li) detectors, chemical
separation.
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. INTRODUCTION

Until recently, relatively little information has
been available on the level scheme of 2°Cf. As
summarized in the Nuclear Data Sheets,! the
ground-state band up through the I " =6 member
and the 2* and 3* members of the y-vibrational
band are considered firmly established. This
information was derived from studies of the ~
decay of 2°°Bk,?3 the EC decay of the 2.1-h and
8.6-h isomers of **Es (Ref. 4) and the « decay
of 2%Fm.5

Recently, information on the properties of a
K™=2" octupole band and two-quasiparticle bands
with K" values ranging from 4~ through 6~ has
been obtained from studies of the single-nucleon
transfer reactions 2*°Cf (d, p) and 2*°Bk(q, ¢).° In
particular, these studies established the existence
of appreciable mixing between two-neutron and
two-proton configurations with K™=5" and pro-
vided information concerning the two-quasi-
particle makeup of the 2~ octupole band. Ad-
ditional data on these same energy levels in 2%°Cf
have been obtained from a recent study”’ of the
decay of the 8.6-h (I"=6") isomer of 2°°Es.

With regard to the 2Bk decay, in an early
study® the half-life and @ 5 value were measured,
in addition to the energies and intensities of the
more prominent 8 and y transitions. Subsequently,
the y-ray spectrum of Bk was measured® using
a Ge(Li) spectrometer. From this study, a de-
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termination was made of the magnitude of the
band-mixing parameter z y characterizing the
mixing of the ground-state and the y-vibrational
bands. Some additional information on the 2%°Cf
levels observed in the ?*°Bk decay has been given
in an unpublished report.®

In this paper, the results of a study of the 2*Bk
decay, carried out to provide a more complete
picture of the 2°°Cf energy-level structure, are
presented. We have measured the y-ray singles
and y-y coincidence spectra, the ?*Bk half-life,
and 4m -y coincidence relationships to obtain
absolute intensity values (photons/decay) for the
v radiation. During the course of these measure-
ments, a report appeared® describing the results
of a study of the 2°Bk decay. The results of our
study disagree in many significant respects with
those given in Ref. 9.

II. EXPERIMENTAL METHODS AND RESULTS
A. Source preparation

The ?°Bk activity was obtained as the daughter
activity from the « decay of an ~ 0.02-pg source
of **Es (T',/,=275.7 d). The source was acquired
through the auspices of the Transplutonium Pro-
gram Committee and was provided by ORNL. It
initially contained the following relative activity
levels, as determined by a-particle pulse analysis
at ORNL: 276-d ®**Es (87.2%), 20-d ?**Es (12.7%),
and 20-h 2**Fm (0.07%). A period of ~1 year
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elapsed between the receipt of the source and the
initiation of the measurements. The content of
the impurity activities 2**Es and 2*Fm was thus
negligible. This was verified by careful examina-
tion of the y-ray spectrum, which failed to reveal
evidence for even the more prominent y rays from
these two activities and their daughters.

For the study of the higher-energy (>0.5-MeV)
region of the ?°°Bk y-ray spectrum and for the y-y
coincidence studies, a source containing 2**Es
and 2%°Bk in secular equilibrium was used. For
the study of the lower-energy (<0.5-MeV) portion
of the spectrum and for the 47 S-y coincidence
measurements, where the presence of the ***Es
can markedly interfere, the 2°Bk was milked from
the Es. This was accomplished by oxidation of
the Bk to the +4 oxidation state using 10/ HNO,-
0.1M NaBrO, and extracting into an equal volume
of 0.1 HDEHP in heptane. Possible traces of
entrained Es were eliminated by washing the
HDEHP once with an equal volume of fresh 10M
HNO,;-0.1M NaBrO;. The Bk was then back-ex-
tracted into 6/ HNO, containing several drops of
30% H,0,. The Bk source was made relatively
massless using successively anion-exchange and
cation-exchange techniques.

B. Singles y-ray measurements

The y-ray singles spectra were measured on
three separate 4096-channel Ge(Li) detector sys-
tems, each of which had an energy resolution of
<2 keV at 1 MeV. A typical y-ray spectrum of
the chemically purified 2°°Bk source, emphasizing
the energy region below ~1.1 MeV, is shown in
Fig. 1. Because of the relatively short half-life
(~3.2 h) of 2Bk, four chemically purified sources
were required to produce this spectrum, which
represents ~24 h of counting. The high-energy
portion (E 2 1 MeV) of the y-ray spectrum from a
254Fg + 2Bk source in secular equilibrium is
shown in Fig. 2. A longer counting time (~90 h)
was employed in order to increase the statistical
quality of the data for the weak y rays which occur
in this region.

The energies of the more intense 2%°Bk lines
were determined from spectra containing these
lines together with those from suitable calibration
sources emitting y rays whose energies are pre-
cisely known.°"'2 These measurements included
two spectra calibrated above 1.1 MeV with sources
of 82Ta and 2°"Bi, three spectra calibrated from
0.8-1.1 MeV with sources of °Ag™ and *°"Bi, and
two spectra calibrated for the 99 and 160-keV y
rays with sources of 5"Co, °°Cd, **°Ce, '%3Gd,
203Hg, 21°Ph, and ?**Am, in different combinations.
In order to obtain a more precise value for the
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FIG. 1. Singles y-ray spectrum of a chemically puri-
fied %*Bk source, measured using a 55-cm? true-coaxial
Ge(Li) detector at a source-detector distance of 3 cm.
Sum peaks and peaks interpreted as background lines are
labeled below the spectrum. The symbols U and Th,
respectively, indicate that the associated peaks arise
from the natural uranium and thorium backgrounds.

energy of the 42-keV y ray, a separate calibration
spectrum was measured using a 30 mm?*X 3 mm
Si(Li) detector.*®* With the energies of these
prominent ?*°Bk lines thus determined, these y
rays were then used as secondary standards to
determine the energies of the weaker lines.

The analysis of the y-ray spectra to obtain peak
positions and areas was carried out using the
Gauss V program.* Corrections to the peak-
position values for nonlinearities in the detector-
amplifier-analyzer system'®!! were made. A
1/02-weighted average of the results of the.
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FIG. 2. High-energy
region of 'the y-ray spec-
trum of a ?*Es+ 2Bk
source in secular equili-
brium. The source-detec-
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analysis of a number of spectra (typically four)
was made to provide a “best” set of energies for
the 2Bk y rays. The uncertainties in these en-
ergy values were obtained by combining in quad-
rature those of the weighted averages with a
reference error (13 ppm below 350 keV and 20
ppm above 350 keV).*! Similarly, the relative
v-ray intensity values were determined from a
weighted average of the results of the analysis

of several spectra. The uncertainties resulting
from this procedure represent only those of the
respective peak areas. These were combined with
the uncertainty in the efficiency vs energy curve
to produce the overall uncertainties. The follow-
ing uncertainty in the efficiency vs energy curve
was used: <100 keV, 5%, 100-250 keV, 3%, and
>250 keV, 1.5%.

The y-ray energy and intensity data are sum-
marized in Table I. Several additional weak
rays are observed in the region above ~1 MeV
which can be associated with the decay of specific
fission-product activities, arising from the spon-
taneous-fission decay of the 25°Cf daughter in the
sample. y ray peaks associated with the decay of
1857, %4Sr, 138Cg, and '*°La are labeled in Fig. 2.
In addition, assignment of peaks at ~1525 keV to
the decay of *5Pr and ~1546, 2397, and 2542 keV
to *2La can tentatively be made. It should be
borne in mind that some of the weaker of the y
rays in Table I not placed in the 2°°Bk decay scheme

-

may be associated with the decay of other fission-
product activities.

C. Half-life measurement

The half-life of 2°°Bk was measured using a 47
B-y coincidence apparatus which employs a 47
gas-flow proportional chamber to detect the elec-
trons and a 7.6x7.6.cm NaI(Tl) detector for the
v rays. Following the preamplifier and fast dis-
criminator of each of these detectors are two
parallel systems for pulse processing. The first
system is a conventional 47 -y coincidence sys-
tem with fixed pulse widths (~4 us) for both g~
and y channels. In this system, there is a constant
dead time associated with each event. The second
system is a new design developed especially for
sources having high (>10%/s) disintegration rates.
In this system the pulse widths are kept at a
minimum and the associated dead times are mea-
sured. This is done with a gated internal 8 MHz
clock. )

The 2Bk activity was followed for over twenty
half-lives, counting the source for preset times
(600 s) alternately with the fixed-pulse-width and,
the variable-pulse-width systems. The time be-
tween the end of one count and the start of the
next was 300 s. Dead-time effects and background
were taken into account, yielding corrected values
for Ny, N,, and N, (the p-chamber, y-detector,
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TABLE I. Summary of the energy and intensity data on the photons associated with the 2Bk dec ay. Quantities in
parentheses represent the uncertainties in the least significant figure (or figures) in the associated values. Quantities
in square brackets represent tentative assignments.

Y-ray energy Y-ray energy
(keV) Y-ray intensity ? Assignment (keV) y-ray intensity? Assignment
ce cee L x rays 1103.33(10) 0.0020(3) [1244 — 141]
42.740(15) 0.084(6) 42—0 1111.50(10) 0.0024 (2) [1253 —141]
99.166(9) 0.285(15) 141—42 1132.804(30) 0.0430(22) 1175— 42
109.84 (1) 0.654(20) Cf Ka, 1146.674(30) 0.0280(14) 1189 — 42
115.03(1) 1.02(3) Cf Ka, 1154.765(30) 0.0159(8) 1296 — 141
119.4(3) 0.0015(5) 4 1071 - 952 1167.247(31) 0.0614(31) 1209 — 42
126.01(3) 0.0140(12) 1031— 905 1175.50(3) &F {0.073(5)g 1175— 0
~129¢ 0.398(19) Cf KBy’ : 0.015(3) [1218 —42]
~134°¢ 0.152(14) Cf KBy’ 1201.791(33) 0.0105(6) 1244 — 42
160.259(@41) 0.0633 (44) 1031— 871 1223.922(36) 0.0062 (4) b
165.44(15) 4 0.0030(4)¢ 1071— 905 1244.416(71) 0.0029(2) 1244 —0
199.72(20) ¢ 0.0024(3)¢ 1071— 871 1253.820(66) 0.0037(3) 1296— 42
303.95(20) ¢ 0.0051(5)¢ 1175— 871 1279.21(23) 0.0018(2) b
555.22(10) 4 0.014 (1) %e b 1296.54 (13) 0.0015(2) 1296 —0
586.43(7) 0.014(1) 1658— 1071 1302.90(22) 0.0010(2) b
626.11(4) 0.052(3) 1658— 1031 1312.95(6) 0.0033(2) b
786.26(14) 0.011(2) 1658 — 871 1342.87(8) 0.0042 (3) 1385 — 42
828.812(25) 0.260(14) 871— 42 1368.613(54) 0.0070(5) 1411— 42
889.956(22) 3.40(5) 1031— 141 1385.420(57) 0.0045(3) 1385— 0
929.468(22) 2.74(4) 1071— 141 1411.60(39) 0.0013(3) [1411— 0]
989.125(21) 100 1031— 42 1516.22(7) 0.0027 (2) 1658 — 141
1028.654 (25) 10.9(3) 1071— 42 1553.37(18) 0.0012(3) 1695— 141
1031.852(21) 79.1(12) 1031—0 1615.295(40) 0.102(5) 1658 — 42
1047.514(53) 0.00503(36) 1189— 141 1633.18(24) 0.0012(2) b
1068.27(17) 0.0013(2) [1209— 141] 1652.40(10) 0.0022(2) 1695 — 42
1098.36(16) 0.0012(2) b 1658.002 (38) 0.0606(31) 1658— 0

2To convert these relative values to absolute values
(in % per decay) multiply by the factor 0.450 + 0.008.

®Transition not placed in the proposed decay scheme.

®Observed peak contains more than one component.
dEnergy and intensity determined from coincidence
spectrum.

Intensity obtained [relative to I,(160)] from the coin-
cidence spectrum. If this transition directly feeds the
905-keV, 3~ or the 952-keV, 4~ state, this value must be
further corrected for the branching of these states (see
Sec. III of the text for further discussion).

and coincidence counting rates, respectively). The
level of the residual 13.1-y 2%°Cf activity in the
source was determined four days after the last
half-life count was made. The half-life data were
analyzed using a nonlinear least-squares fit with
one exponential component. The data beyond ~32-h
decay were not included in these fits because of
their sensitivity to uncertainties in the background
subtraction.

Half-life values were extracted from the g~
chamber data for both pulse-processing systems
and from the computed disintegration-rate (V)
data from the fixed dead-time system. The re-
sulting three values were 193.15+ 0.18, 192.67
+0.06, and 192.70+ 0.10 m. These three sets of

fIn addition to two suggested ¥ rays from the %508k de-
cay, this peak contains a weak (~8%) contribution from
the 1173.2-keV ¥ ray from %Co, present in the back-
ground. The listed energy value may be affected by the
presence of this Y ray.

€Intensity of these two components obtained from com-
parison of singles and coincidence Y-ray spectra.

data included from 42 to 62 data points spanning °
21 to 31 hours, and the reduced X values for the
three fits were 0.5, 1.1, and 2.9, respectively.

The 1/0%-weighted average of these three values
is 192.71+ 0.09 m. In addition to this statistical
error, we assign a systematic error of 0.2 m,
which is intended to include possible errors from
the background subtraction and any rate-dependent
5~ chamber effects. This yields the final result
for the ?°°Bk half-life:

T,/,(*Bk)=192.71+0.29 m.

Our value for the 2°°Bk half-life is in good agree-
ment with the previously reported® value, 193.3
+0.3 m.
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D. Absolute y-ray intensities

We have measured the absolute intensities (pho-
tons/100 decays) of the 989- and the (1028 +1031)-
keV y rays. This was done using 47 8-y coinci-
dence-counting techniques (see, e.g., Ref. 15).
The conventional fixed-dead-time system was
used to measure the sample disintegration rate
and a 65-cm® closed-end coaxial Ge(Li) detector
was used to determine the absolute v-ray emission
rates of the same source.

For these measurements the 2°Bk activity,
chemically purified as described above, was de-
posited as a small droplet on thin conducting films
of VYNS (a polyvinylchloride-acetate copolymer)
and taken to dryness with a heat lamp. The VYNS
films were typically 40 ig/cm? thick and had layers
of Au 25 pg/em? thick deposited on each side by
vacuum evaporation. « counting for any residual
activity (i.e., ?°Cf and ?**Es) after the ?*°Bk de-
cayed indicated that the chemical separation was
quite good, with the ratio of the 2°Bk activity to
that of 2°*Es being >3 x 10° at the end of the separa-
tion. .

Three samples were measured in this experi-
ment. Three somewhat different 47 B-y coincidence
techniques were used in order to provide some
information about the internal consistency of the
absolute-intensity data obtained. For the first
sample, the 47 B-y coincidence data were analyzed
in the conventional manner. The 8- and y-ray
counts were corrected for dead time andbackground
and the coincidence counts were corrected for
dead time, background, and random coincidences.
The computed f-chamber efficiency (i.e., the ratio
of coincidence and y-ray counts) was 95.5%. The
disintegration rate N, was then calculated from
the relation Ny,=NgN, /N,.*

For the second sample, the ratio NC/N}, was
varied by placing thin aluminum absorbers over
the source. In the analysis of this experiment
NgN, /N, is plotted as a function of N,/N, and the
disintegration rate N, is determined by extrapola-
tion of the individual NN, /N, values to N,_./N7 =1
(i.e., 100% chamber efficiency). This ratio,
NgN,/N,, varied by only 2% for variations of

Nc/Ny from 64% to 94.4%. This indicates that for
2%0Bk this extrapolation procedure provides a
precise estimate of the source disintegration rate.
(The small rate of change of efficiency with ab-
sorber thickness also provides justification for
the simple approach used in the analysis of the
data for the first sample.)

For the third sample, the ratio NC/N7 was varied
by changing the chamber bias. The data were
analyzed using the extrapolation technique as was
done for the second sample. In this measurement
the ratio NgN, /N, varied by only 1% for variations
of N,/N, from 57% to 97%.

In each of the three experiments, the y-ray
emission rates for the 989- and the (1028 +1031)-
keV transitions were determined using a Ge(Li)
detector. Since for these weak sources the sta-
tistical uncertainty in each of the y-ray peaks
was no better than ~2%, the 989/(1028+ 1031) in-
tensity ratio measured in this experiment was

- adjusted (with the total intensity a constant) to

correspond to the more precise data given in
Table I. These adjustments were 0.0, 0.15, and
0.5% in the three cases.

The resulting absolute y-ray intensity data are
summarized in Table II. For each of the three
samples the nonsystematic contribution to the
uncertainty in the absolute-intensity value from
the N, determination is 0.2-0.3%. Typical values
of the uncertainties from the y-ray counting con-
sidered in the individual values in columns 2, 3,
and 4 of Table II are as follows: statistical error
in the Ge(Li)-spectrum peak areas, 1-2%, source
position, 0.25%, adjustment to precise relative
intensities, 0-0.25%, and decay corrections,
0.08-0.50%. After averaging the three values,
an uncertainty of 0.5% was added to account for
the systematic error in the N, determination and
an uncertainty of 1.5% was included to represent
that of the Ge(Li) detector-efficiency curve. The
latter is the dominant single error in the resultant
absolute-intensity values.

E. v~y coincidence measurements

v-y coincidence measurements were made using
a 55-cm?® true-coaxial and a 50-cm? closed-end

TABLE II. Experimental results of absolute Y-ray intensity measurements for %0y,

Y-ray branch

Y-ray emission probability

E (keV) 1st sample 2nd sample 3rd sample weighted average adopted? value
989 0.450, (67)  0.456 (10) 0.4464 (69) 0.4494 (43) 0.450 (8)
1028+ 1031 0.405, (55)  0.410; (5;)  0.4014 (5) 0.405; (3,) 0.406 (7)

2The quoted uncertainty was derived by combining in quadrature the uncertainty in the
weighted average (see column 5) with systematic errors of 0.5% from the N, determination

and 1.5% from the Ge(Li) photopeak efficiency.



Ge(Li) detector. The measurements were carried
out in a 180° geometry. With the source mounted
on the face of the true-coaxial detector, an ab-
sorber consisting of a 0.9-cm thick piece of Pb
sandwiched between 0.05-cm thick sheets of Cd
was placed between the source and the closed-end
detector to reduce the effects of backscattering
between the detectors. The timing of the system
was determined by two constant-fraction timing-
single-channel analyzers and a coincidence circuit
whose resolving time 27 was set nominally at

80 nsec for the majority of the measurements.

In one detector, 4096 -channel y-ray spectra were
recorded in coincidence with the output of a
single-channel gate set on selected peaks in the
other detector. Such spectra were taken for
single-channel gates set on the L x rays and y
rays having the following energies: 42, 99, 828,
929, and 989 keV. (Because of the relatively low
intensity of the 42-keV y ray, the spectrum gated
by it yielded information only on the strong y-ray
peaks near ~1 MeV.) For the gates involving the
low-energy y radiation (100 keV) the true-co-
axial detector, because of its higher low-energy
detection efficiency, was used for the gating and
the coincidence spectrum was recorded in the
closed-end detector; for the higher-energy gates,
where the lower-energy region of the coincidence
spectrum is primarily of interest, the roles of the
detectors were interchanged. In several cases,
spectra coincident with regions above a peak were
also measured in order to ascertain whether cer-
tain observed lines were coincident with the gating
peak itself or with the background underlying it.

19 ENERGY LEVELS OF 250Cf POPULATED IN THE 8- DECAY... 193

In the coincidence spectra, a number of weak
transitions were observed which were not seen
directly in the y-ray singles spectrum. The ener-
gy and intensity values for these, listed in Table
I, were based solely on analysis of these coinci-
dence spectra.

Examples of the y-y coincidence spectra, those
coincident with the 828-keV y ray and with the
Bk+ Cf L x rays, are shown in Figs. 3 and 4,
respectively. The observed coincidence relation-
ships are summarized in Table III.

III. DECAY SCHEME
A. General considerations

The proposed decay scheme of ?*°Bk, based on
the results of the present study, is shown in Fig.
5. The 2* and 4" members of the ground-state
band and the 2* and 3* members of the y-vibra-
tional band (at 1031 and 1071 keV, respectively)
are well established from previous studies® and
are typical features of the level scheme of a
strongly deformed, doubly even nucleus. These
have formed a framework within which the y-y
coincidence data and y-singles data have been
interpreted. As noted in Table III, the placement
of all the stronger transitions is verified by the
coincidence results.

Because of the large L -shell conversion coef-
ficients of the 42- and 99-keV transitions (and
the absence of K-shell conversion) and their over-
all strength, the y-ray spectrum gated by the
L x-rays effectively represents that in coincidence
with either the 42-keV y ray or both the 42- and

555 FIG. 3. y-ray spectrum
coincident with the 828-keV
transition measured using
a 55-cm? true-coaxial
Ge(Li) detector. Contri-
butions to this spectrum
from random coincidences
and from coincidences with
the Compton distribution
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FIG. 4. Portion of the
y-ray spectrum in coin-
cidence with the L x-ray
region. The spectrum
was measured on a 50-cm
closed-end Ge(Li) detec-
tor with a backscatter
shield (0.9-cm Pb+0.10-
1596 cm Cd) placed between
| source and detector. Con-
o tributions to the spectrum
I from random coincidences
| and from coincidences with
the Compton distribution un-
derlying the peaks in the
gating channel have not been
removed. As discussed in
the text, the presence of
the 1596-keV peak is cur-
rently unexplained.
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99-keV y rays. Thus, a selective enhancement

(of roughly a factor of 2) in the L x-ray coincidence
spectrum is expected for y rays that feed the
141-keV rather than the 42-keV level.

In the spectrum coincident with the L X rays
(see Fig. 4), peaks can be located corresponding
to the 1103- and 1111-keV y rays. Although the
statistical quality of the data in this region of the
coincidence spectrum is rather poor, the in-
tensities of these “peaks”, relative to those of
near-lying y rays known to feed the 42-keV level,
appear to be larger (by a factor of roughly 2)
than what is observed in the singles spectrum.
We have thus tentatively placed these y rays as
transitions feeding the 141-keV level. This place-
ment of the 1111-keV y ray suggests the existence
of a level at 1253.4 keV. Since this is the only
evidence we have for the existence of this level,
we have chosen not to show it in Fig. 5.

Evidence for the presence of at least two y rays
(in addition to the 1173-keV y ray from the °°Co
background) in the 1175-keV peak is provided
by the spectrum in coincidence with the L x rays
(see Fig. 4). An 1175-keV y ray is present in
this spectrum, although its intensity, relative to
those of the near-lying y rays, is much smaller
than in the singles spectrum (Fig. 2). This sug-
gests that there is a transition feeding either the
42- or the 141-keV level in this peak, in addition
to a ground-state transition. The absence of an
1175-keV transition in the spectrum coincident
with the 99-keV y indicates that this y ray feeds
the 42-keV level. The existence of a state at
~1218 keV is thus suggested. We have indicated

3500

on the level scheme that this state is only tenta-
tively established, since we cannot exclude the
possibility that this coincidence results from
feeding of the 1175-keV level by a highly L -con-
verted transition unobserved in this study and
since no other y rays are observed to feed or to
depopulate this state. No appreciable displace-
ment of the 1175-keV peak with respect to those .
of the near-lying y rays is observed in the singles
and coincidence spectra. Consequently, the “two”
transitions are assumed here to have the same

TABLE III. Summary of ¥-Y coincidence relationships.
Parentheses indicate a tentative coincidence.

Gate ‘energy Coincident y-ray energies
keV) (keV)

L X rays? 626,828, 889,929, 989, 1028, 1047,
(1068),1103,1111,1132,1146,1154,
1167,1175,°1201, 1342, 1368, 1596,°
1615

992 889,929,1047,1154

828 42,119,126,160,165,199,303,555,786

929 42,99,586

989 42,626

2Because of the presence of a thick Pb backscatter
shield between the source and the detector used to re-
cord the coincidence spectrum, information about the
low-energy portion of the coincidence spectrum was not
obtained.

®Only a portion of this peak is present in the coinci-
dence spectrum.

¢This 7Y ray is not included in Table I or the decay
scheme; see text for comments.
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FIG. 5. Decay scheme proposed for ?'Bk from the results of this investigation. The log ft values of the B~ transi-
tions and more precise values of the level energies are given in Table IV. Circles at the heads of arrows representing
the y-~ray transitions indicate that the placement is based on coincidence information; filled circles indicate definite
assignments and open circles indicate a tentative placement. The stronger transitions, indicated by the broader
arrows, are all placed in accordance with the coincidence data; and no circles are shown for them. Tentatively placed

v rays and levels are shown as dashed lines.

energy, and the energy value given in Table I is
that determined from analysis of the singles spec-
trum.

The 1596 -keV peak observed in the singles spec-
trum results, at least in part, from the decay of
4013, a product of the spontaneous fission of
250Cf. The presence of a 1596-keV peak in the
L x-ray coincidence spectrum (Fig. 4) may in-
dicate that there‘is also such a transition in the
250Bk decay (implying a possible level at 1638 keV).
However, we have not included this y ray in Table
I or in the level scheme.

The 555-keV y ray is in coincidence with the
828-keV y (see Fig. 3). It can feed the 871-keV
level either directly or through the 905- or the
952-keV levels (since the decay of these latter
states proceeds primarily to the 871-keV level).
Lacking other information we are unable to pro-
pose a unique placement for this y ray.

A set of “best” level-energy values for the 2°Cf
states was obtained from a least-squares fit of
the y-ray energies. In this fitting process, the
v-ray energies listed in Table I were used as
input and those transitions were excluded whose
placement in the level scheme was regarded as
uncertain. The effect of nuclear recoil on the y-
ray energies was taken into account. The adopted
final-state energy values and their estimated un-
certainties are given in Table IV. The reduced

x? value of the least-squares fit was ~1.3, in-
dicating a fairly consistent set of input energy
values.

The difference between the energy of 1103-keV
transition and the corresponding level-energy
difference is ~6 times the quoted uncertainties.
The origin of this discrepancy is not clear; it may
reflect a nonstatistical error in the energy value
itself (possibly indicating the presence of ad-
ditional components in the peak corresponding to
this y ray) or it may indicate an incorrect place-
ment. In the following, however, we assume that
our proposed placement is correct. This place-
ment is of some interest in that it permits us to
make a unigue ] " assignment, namely 2%, to the
1244 -keV level.

The intensities of the 8~ transitions were de-
duced by requiring at each level a balance between
the intensities (y-ray+ conversion-electron) of
the feeding and the de-exciting radiations. These
data are summarized in Table IV and shown in
Fig. 5. This procedure gave well-defined values
in all cases except for the division of the §~ in-
tensity between the 871- and 905-keV levels and
between the ground and first excited states. The
problem with these former two states arises pri-
marily from the fact that the intensity of the 34.3-
keV transition connecting them is not known.
However, the total B feeding of both levels is about
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TABLE IV. Summary of energy and intensity data on the g~ transitions from the decay of
. %9BK. The Ig values were obtained from Y-ray + conversion-electron intensity-balance con-
siderations, assuming the validity of the decay scheme shown in Fig. 5. Approximately
0.015% of the Y-ray intensity is not placed in this scheme, and this may significantly affect
the quoted intensities and their uncertainties for some of the weaker branches. Quantities in
parentheses represent uncertainties in the least significant figure (or figures) of the associ-
ated value. Square brackets around a level energy indicate a tentative assignment.

Final-state
energy Eg? I

(keV) keV) % perB:iecay) log fit log fit
0 1775 4.8° e 9.7
42.730(13) 1732 4.8° 8.7 9.6
141.894(15) 1633 0.33(19) e 107504 ¢
871.562(27) 903 0.04¢ 9.8 e
905.848(37) 869 0.02¢ 10.0
1031.854(16) 743 83.4(14) 6.2
1071.382(23) 704 6.21(17) 7.2
1175.52(3) 600 0.0610(26) 9.0
1189.407(32) 586 0.0149(7) 9.6 o
1209.986(37) 565 0.0282(14) 9.3 9.3
[1218.2] 557 0.0068(14) 9.9 9.9
1244.505(35) 530 0.0069(3) 9.8 9.8
[1253.4(1)] 522 0.0011(1) 10.6 10.6
1296.639(33) 478 0.0095(4) 9.5 9.5
1385.49(5) 390 0.0039(2) 9.6 e
1411.35(6) 364 0.0037(3) . 9.5
1657.991(25) 117 0.116(4) 6.5(1)¢
1695.17(10) 80 0.0015(2) 7.9(1)¢

#Eg values calculated assuming a value of 1775 + 8 keV for the g-decay energy of %08k, (See
Ref. 1).

PIntensity of this g branch was not determined in the present work. The listed value was ob-
tained from our measured value of (9.7 + 1.4)% for the sum of the intensities of the g transitions
to the ground and first excited states, assuming that the two branches have equal intensity (see
Ref. 2).

¢ Uncertainty derived from the listed uncertainty in the intensity of the g branch to this state.

dSee the text for a discussion of the basis for the choice of this value.
®The listed uncertainty is that resulting from the uncertainty in Qp-

0.06%, and this value is relatively insensitive to
any placement of the unplaced 555-keV y ray. The
split of this B intensity, given in Table IV, was
made arbitrarily and merely reflects the pre-
dictions of the Alaga rules.!” The problem re-
garding the B~ intensity to the ground and first-
excited states involves the intensity of the highly
converted 42.7-keV transition. The total intensity
of this transition, calculated using the y intensity
given in Table I and either the measured’ (1100

+ 140) or the theoretical’® (1300) value for the
total internal-conversion coefficient, is not large
enough to yield a realistic (i.e., positive) value
for the B~ intensity to the 42-keV level. To obtain
the quoted values of the 8~ intensities feeding the
ground and first-excited states, we subtracted

the total B intensity feeding the higher excited
states from 100%. The difference, 9.7+ 1.4%, was
split equally between these two states, as sug-
gested by the measurements of Vandenbosch

et al.?

The logf,t values given in Table IV for the B
transitions were calculated from the data in that
table, using the computer program described in
Ref. 19. A Qg value of 1775+ 8 keV (Ref. 1) was
used. Since the I, K" values for the 2*°Bk ground

state are 2,2 (see Ref. 1), B8 transitions to K"

=0" states in 2°°Cf are expected to have first-
forbidden unique character. For those cases,
log f,t values were also computed.

B. Spin and parity assignments

The I™ assignments shown in Fig. 5 for the
states at 1031 and 1071 keV, as well as those for
the members of the ground-state rotational band,
appear well established from the available data,
as summarized in Ref. 1. The 27, 37, and 4~
assignments for the 871-, 905-, and 952-keV
states, respectively, are based on the results of
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single-nucleon transfer-reaction studies® and de-
cay-scheme studies” of 8.6-h 2°°Es and appear
to be similarly well established.

From its observed decay modes, the 1175-keV
level can have I"=1", 1, or 2*. We prefer the
17 assignment since we believe that the 303-keV
transition from this state to the 2~ state at 871
keV is M1. Evidence for this multipolarity is
derived from the photon spectrum in coincidence
with the 828-keV y ray (see Fig. 3). The con-
tributions to the K x rays in this spectrum come
from K conversion of the 160-, 303-, 555-; and
199-keV y rays. From its placement in the level
scheme, the 199-keV transition should be E1;
the multipolarities of the 303- and 555-keV y’s,
however, are not known. The smallest inferred
value of ax(160) is 0.17+0.02 and is obtained if
both the 555- and 303-keV transitions are assumed
to be M1 (the allowed choices being E1, M1, or
E2). This value is in reasonable agreement with
the theoretical'® one of 0.14 for an E1 multipolarity.
Any other assumptions concerning the multipo-
larities of the 303- and 555-keV transitions lead
to unreasonably large a(160) values. [Fof ex-
ample, if the 555- and 303-keV transitions are )
assumed to be M1 and E1, respectively, an ax(160)
value of 0.29+ 0.02 is deduced. This is much
larger than the theoretical values® of 0.14, 0.16,
and 0.17, respectively, for E1, E2, and E3 multi-
polarities, and implies an M2 admixture of ~0.5%.
We believe that such an admixture would be un-
reasonably large since, for reasonable estimates®
of the lifetime of the 1031-keV (y-vibrational)
state, the transition probability of this M2 com-
ponent would be ~6 times the single-particle esti-
mate as given by Moszkowski.?® Not only is this
extremely large in itself but also examination of
the expected?* two-quasiparticle makeup of the
initial and final states reveals that none of the
larger components can give rise to M2 radiation
at all.] Consequently, we believe that both the
555- and 303-keV transitions are, at least
largely, M1. The I™ assignment of the 1175-keV
level is thus 17. This assignment has appeared
elsewhere in the literature (see, e.g., Refs. 24
and 25), but the experimental basis for it has not
yet been reported.

Since de-exciting y rays to the 0*, 2", and 4"
members of the ground-state band are observed
from the states at 1244, 1296, and 1657 keV, I ™
assignments of 2 can be made to each of them.

The decay of the 1189-keV state suggests I ™
=3* 4%, or possibly 2*. It is tempting to inter-
pret this state as the 3 member of the K"=1"
octupole band, whose band head is the 1175-keV
state. However, such an identification presents
difficulties in-quantitatively describing the y-ray

branching of these two states, as discussed below.
From the present data, definite I " assignments
cannot be made to the remaining states. The ob-
served y-decay modes, however, permit some
restrictions to ke placed on them. The state at
1218 keV appears to decay only to the 2* member
of the ground-state band. Although several I"
assignments are possible, this apparent decay
pattern is what would be observed from states
with I"=0% or 27, and we have indicated only these
two possibilities in Fig. 5 for the 1218-keV state.
Very weak evidence (see Sec. IIIA) exists for a
state at 1253 keV, decaying to the 4* member of
the ground-state band. If this level exists, its
apparent decay mode is consistent with an 1 "=4"
assignment (although, of course, other possibili-
ties are not excluded). The tentative 3* assign-
ment to the 1695-keV level, consistent with the
observed de-exciting y rays, is based largely on
our assumption that this level is a rotational state
whose band head is the 2* state at 1657 keV. The
3* assignment for the 1209-keV state is consistent
with the proposed y branching. However, the elim-
ination of 0* and 2~ as possible I " values for this
state is dependent entirely on the placement of the
1068-keV transition from this state to the 4* mem-
ber of the ground-state band. This placement is
based only on an energy combination and is tenta-
tive. The small intensity of this y ray relative
to that of the 1167-keV y ray (a factor of roughly
50) raises questions about this placement. At
present, these two assignments (0* and 2~) cannot
be regarded as being definitely eliminated; in
view of this former possibility we have included
in Table IV the calculated logf,t value of the g
transition to this state.

IV. DISCUSSION

Although many features of the 2Bk decay scheme
require additional information for their clarifica-
tion, a number of conclusions can be drawn from
the data obtained from this study.

A. I™ =2% and 3" states

Table V presents a summary of the relative
B(E2) values for those y rays which depopulate
excited states whose I " values are believed to
be 2* and 3" to the ground-state band. (All the
transitions listed are assumed to be pure E2).

We have carried out a simple one-parameter two-
band mixing analysis (see, e.g., Refs. 26 and

27) of these B(E2) ratios to extract values for

the band-mixing parameter zx for assumed initial-
state K values of 0 and 2. The zx values obtained
from this analysis are also summarized in Table
V.
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TABLE V. Summary of band-mixing parameters zx deduced from the measured relative
Y-ray intensities. Where more than one initial-state K value is believed possible, zx values
for both possibilities (K=0 and 2) are given. Y-ray transitions for which AK=+1 are as-
sumed to be E2. Quantities in parentheses represent uncertainties in the least significant

digit (or digits) of the associated value.

Initial state Transition Deduced z value
I™; E (keV) ratio E2] 2
20_. +
2731031 md 0.64(1) +0.015(3)
2,2
2 % 17.3@) +0.011(2)
2y—4g
25— 0%
A 4 . +0.012(1
D= 11.1@2) 0.012(1)
+_, ot
3%, 1071 32 2.40(8) +0.003(3)
3y—4g
. 2*— 0} + 0.071(4)2
; = 232 +0.20@2
2*; 1244 = 0.23(2) 0.20(2) +0.262(4)
2t — 2% —~0.043(7)2
=k . +0,
o4 3.4(6) 0.34(8) —0.1001)
2*— 0} —0.016(4)2
79(1 +0.24 (2
2 — 43 0.79(13) 0.242) —0.17(2)
.. 2% — 0% +0.13(2) 2
2";1296 Tz 0.336(48) _4.4(12) +0.051(8)
2% — 2% —0.752)?
. .153(14 +0.065(6
DT 0.153(14) _0.39(1) 0.065( ).
2*— 0} +0.61(3)2
- +
= 0.052(7) +2.3(2) 0.058(4)
2*— 0} +0.023(5) 2
*. _— +0.051(12
2*;1658 o 0.521(37) 0.051(12) +0.311(3)
2t — 2} ~0.061(3)2
—f . —0.02
=4 27.5(25) 0.020(5) —0.082(3)
2°— 0} —-0.056(1)?
. —0.0014 (44
2% — 43 14.4(13) 0.001444) —0.090(1)
3*;1695 S % 1.32(36) +0.051(24)
3 —4;

2For these cases, no basis exists for rejecting one of the two possible z values obtained
from analysis of the B(E2) ratios. Consequently, both are shown here.

Inspection of Table V reveals that the three
transitions from the 2* member of the y-vibra-
tional band can be quite well described by a band-
mixing parameter, z,, whose value is +0.013.
For the transitions from the 3* state, however,

a much smaller z, value is required. The reason
for this apparent discrepancy is not known at the
present time. The assumption that the transitions
from the 3* state have a significant M1 admixture
is not entirely satisfying, since this would imply
the existence of an M1 component in the 2y — 2,
transition as well. In the conventional two-band
mixing analysis summarized in Table V, it is
implicitly assumed that the intraband E2 matrix

elements of the two bands are equal. If these two
quantities are significantly different, the form of
the expressions for the band-mixed E2 transition
probabilities is modified. The expressions for the
B(E2) values in this case have been presented else-
where?® in the context of an analysis of the E2-
transition data involving the well-studied y-vi-
brational band in ***Er. In the spirit of the analysis
presented in Ref. 28, we have investigated the
extent to which the different deduced z, values for
the 2* and the 3* states could be accounted for in
terms of different E2 matrix elements within the
two bands. The results of this analysis, however,
do not provide definite information either for or



against this assumption.

If the 1296-keV state is assumed to have K=0,
its B(E2)-ratio data can be well described by a
single value of the band-mixing parameter, namely
z,~ 0.058, whereas, if it is assumed to have K=2,
no single z value can be found to describe these
data (sge Table V). Consequently, the 1296-keV
state is most likely the 2* member of a K=0 band.
This finding implies the existence of a 0* band
head approximately 30-40 keV below this 2* state.
A 1223.9-keV y ray, currently unplaced in the
level scheme, is observed in the y-ray spectrum;
this might represent the transition from this 0*
state to the 2* member of the ground-state band.
However, in the absence of additional information,
this placement is only a conjecture.

Similarly, the 1244-keV state is most likely the
band head of a K™=2" band; the B(E2) data can be
rather well described with z,~ 0.24. Although not
excessive, the spread in the values of this pa-
rameter deduced from the various B(E2) ratios
can be explained if it is recognized that, relative
to those of the 2* - 0; and 2* - 2; transitions, the
strength of the 2* — 4; transition is somewhat
large. Since the 2% states at 1244 and 1296 keV
are most likely mixed to some extent (which mix-
ing is not included in the simple analysis sum-
marized in Table V) and this mixing will have a
greater influence on the 2* —4; transition than
on the other two, this possibility of a somewhat
enhanced strength for the 2% — 4/ transition is not
unreasonable. [Note, however, the discussion in
Sec. III A above regarding the placement of this
1103-keV transition, upon which this analysis is
partially based.] Our deduced z, value for these
transitions is considerably larger than those
commonly observed for collective transitions be-
tween y-vibrational and ground-state bands and
may simply indicate a relatively small intrinsic
E2 matrix element between the 1244 -keV band
and the ground-state band in 2°°Cf.

The apparent lack of a consistent z, value for
the transitions from the 1657-keV, 2* state to
the ground-state band can be traced to excessive
strength in the 2* - 2; transition. From the B(E2)
ratio involving the 2* -~ 0; and 2* - 4; transitions
(which must be pure E2), a z, value that is es-
sentially zero is deduced. This suggests to us
that the assumption of pure E2 multipolarity for
the Al =+ 1 transitions from the members of this
band to the ground-state band is not valid and
casts doubt on the B(E2) data listed in Table V
for the 3*, 1695-keV state. However, at present
it is not known whether these AI =+ 1 transitions do
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in fact have significant M1 components and that the
E2 components can be adequately described by a
z, value that is essentially zero.

B. Octupole-vibrational bands

From the present study an interesting, although
as yet only tentative, picture of the octupole-band
structure in 2%°Cf can be inferred. The assign-
ment of the states at 871, 905, and 952 keV as the
27, 37, and 4° members, respectively, of the
K™=2" octupole band presents no problems and
has been proposed from other studies.®” The
1175-keV level is most plausibly assigned as the
band head of the K" =1~ octupole-vibrational band.
The other members of this band cannot be definite-
ly assigned from the present data. The 1189-keV
state, if its I " value is in fact 37, is a candidate
for the 3~ member. The relatively small spacing
(~14 keV) between the 1~ and 3~ band members
implied by this assignment can be accounted for
fairly easily in terms of the expected strong
Coriolis coupling between the K"=0" and 1~
octupole bands if, as seems reasonable, the 0~
band lies above the 1~ band.?®* The I ™=2" band
member, unaffected by such a coupling, will lie
higher in the spectrum. Possible candidates for
this state are the levels at 1209 keV (if the weak,
tentatively placed 1068-keV transition in fact
occurs elsewhere in the level scheme) and 1218
keV. One of the potential problems raised by the
above interpretation of the 1189-keV states lies
in quantitatively describing the y branching of
the 1175- and 1189-keV states to the ground-state
band. The E1 branching of the odd-spin members
of K"=1" octupole bands is expected, and general-
ly found,® to be strongly influenced by Coriolis
mixing with 0 octupole bands because the in-
trinsic E1 matrix element with AK=0, introduced
by the mixing, is much larger than that with
|AK|=1. While it is not difficult to describe the
relative B(E1) values from either of these states
separately, we have not been able to reproduce
both ratios with the same set of assumed intrinsic
E1 matrix elements.
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