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Identification of levels in neutron-rich 145Ce and 147Ce nuclei
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High-spin structures in the neutron-rich nuclei145Ce and147Ce produced in the spontaneous fission of252Cf
have been investigated by promptg-ray spectroscopy. A collective band structure in145Ce is identified.
Several sidebands along with the new high-spin states in147Ce are also identified. Particle-plus-rotor model
calculations indicate that the yrast bands in145Ce and147Ce most probably originate from coupling of then i 13/2

orbital to the ground states of144Ce and 146Ce. The ground state configurations of145,147Ce are (nh9/2

1n f 7/2) andnh9/2, respectively.@S0556-2813~99!05312-1#

PACS number~s!: 21.10.Re, 23.20.Lv, 27.60.1j, 25.85.Ca
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The neutron-rich odd-A 145,147Ce with Z558 and N
587,89 lie in a region where octupole correlations (Z;56
andN;88) have been reported. Recently, octupole corre
tions have also been observed in139Xe @1,2#,
1402144,146,148Ba @1,3–7#, 145,147La @8,9#, and 144,146Ce
@10,11#. A systematic study of the level structures of the od
A nuclei in this region can provide important information o
the nuclear shape changes, the single particle orbitals,
the octupole correlations. Since these neutron-rich nu
cannot be produced in (HI,xn) reactions, an effective
method is to measure the promptg rays of these neutron-rich
nuclei produced in the spontaneous fission~SF! of transu-
ranic nuclei@11#. In earlier work@12,13#, some low-energy
excited states of145,147Ce have been reported from th
b-decay measurements. Recently, the yrast band in147Ce
has been studied@14,15# by measuring the promptg rays
emitted by the fission fragments. So far, no collective ba
structure has been seen in145Ce. In this paper, we report o
our identification of the new levels in145,147Ce from prompt
g-ray studies in SF of252Cf.

The experiment was carried out with an'28mCi 252Cf
source sandwiched between two Ni foils of thickne
11.3 mg/cm2, then sandwiched between 13.7 mg/cm2 thick
Al foils and placed at the center of Gammasphere with
Compton suppressed Ge detectors. A total of 9.83109 triple
or higher fold coincidence events were recorded. The co
cidence data were analyzed by building ag-g-g cube using
RADWARE software@16#.

In SF, a pair of correlated partners is produced along w
several neutrons. For given fission fragment pairs, there
be several partner isotopes because 0 to 10 neutrons ca
0556-2813/99/60~6!/067303~3!/$15.00 60 0673
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emitted. Theg rays emitted by the partners during deexci
tion will be in coincidence with each other. If the transition
in one of the partner nuclei are known, one can ident
uniquely theg rays belonging to the other partner nucl
because one can compare the fission yields with calcul
ones from Wahl’s tables@17#. As an example, Fig. 1 show
two coincidence spectra obtained by double gating on
transitions. In Fig. 1~bottom!, a double gate on the 140.3 an
312.5 keV transitions in104Zr reveals several newg transi-
tions of energies 98.3, 381.0, 383.1, and 565.3 keV in ad
tion to g rays at 473 and 624 keV in104Zr as well as the
partner transitions 118.1, 283.5, and 251.4 keV
147Ce(1n), 259, 409, 503 keV in146Ce(2n), and 397, 541
keV in 144Ce(4n). From the coincidence relationship be
tween these newg transitions and the transitions with th
partner nuclei, we assigned 98.3, 381.0, 383.1, and 52
keV transitions to145Ce. In Fig. 1~top!, the spectrum for a
double gate on the 383.1 and 565.3 keV transitions showg
rays at 98.3, 381.0, 520.7, 673.3, and 738.5 keV in145Ce as
well as transitions in the partner nuclei104Zr(3n),
103Zr(4n), and 102Zr(5n).

The order of the transitions in the level schemes of145Ce
and 147Ce in Figs. 2 and 3 has been determined by cons
ering the transition intensities and the coincidence relati
ships between the newg transitions. The different band
observed in147Ce are shown in Fig. 2. All the levels in145Ce
were identified for the first time and no linking transition
were observed between the new levels and the earlier le
observed in theb-decay measurements@12#. In 147Ce, all the
transitions reported in Refs.@14,15# have been observed i
the present work. The 274.3 keV level is observed to de
©1999 The American Physical Society03-1



es

n

BRIEF REPORTS PHYSICAL REVIEW C 60 067303
FIG. 1. Coincidence spectra with double gat
on ~top! 383.1 and 565.3 keV transitions in145Ce
and ~bottom! 140.3 and 312.5 keV transitions i
104Zr.
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to the ground state by emitting twog rays of energies 156.2
and 118.1 keV. The 274.3 keV level and the transitions h
been reported in Ref.@12#, but not in Refs.@14,15#. A new
sideband~2! built on the 274.3 keV level with stretchedg
transitions of energies 360.6, 521.8, and 614.4 keV has b
observed. Two other new sidebands~3! and ~4!, along with
some weak transitions, also have been observed.

In the earlierb-decay studies@12,13# the spin and parity
(I p) of the ground state of the145Ce and147Ce were tenta-
tively assigned as (3/22) and (5/22), respectively. Based on
the internal conversion coefficients, branching ratios, a
triple angular correlation measurements, theI p of yrast lev-
els in 147Ce up to (33/21) have been assigned by Hoelling
et al. @14#. We agree with these assignments. Based on
structural similarity with 147Ce, the I p’s of the levels at
946.3 and 1044.6 keV in145Ce are assigned as (9/21) and
(13/21), respectively. It is suggested that the four transitio
of energies 383.1, 520.7, 673.3, and 738.5 keV in145Ce form
a collective rotational band built on the 13/2 level.

The yrast bands built on the (13/21) level in 145Ce and
147Ce have similar structures. The moments of inertiaJ1 vs
the rotational frequencies,\v, plot ~not shown! show that

FIG. 2. Partial level scheme for145Ce.
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with increasing\v, the J1’s decrease, and then increase
the highest observed states for\v.0.27 MeV in 147Ce and
\v.0.36 MeV in 145Ce. Since the average moment of i
ertia (J1) for 147Ce is larger than that of145Ce, theb2 of
147Ce (N588) may be larger than that of145Ce (N587).

Hoellingeret al. @14# proposed that the yrast band~1! in
147Ce could be built on an i 13/2 state at 485 keV. The new
collective band~1! observed in145Ce could also be built on
a n i 13/2 state at 1044.6 keV. In order to interpret these ba
built on the 13/21 levels in 145Ce and 147Ce, the particle-
plus-rotor model with variable moment of inertia~VMI ! of
the core@18,19# has been performed. The negative and po
tive parity states are calculated, separately. That is, first
performed the negative parity state calculation, then do
positive parity state calculation. As no experimental«2 val-
ues in 145,147Ce are available, we take initial«2 values
around 0.10– 0.20 from systematics in this region. Then,
varying the«2 value, and by carefully comparing the calc
lated energy levels with the corresponding experimen
ones, we arrived at the value for«2 used in this calculation.
The parameters used in the calculations are as follows«2
50.14 (b250.17), «450, g50 for 145Ce and «2
50.16 (b250.25), «450, g50 for 147Ce, respectively.
The calculations indicate that the energy levels and confi
rations are very sensitive to the parameter«2, but not to«4.

FIG. 3. Partial level scheme for147Ce.
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The«2 values in our calculations are close to those expec
from calculations in this region@8,19#. Another parameter
sensitive to the calculated results is the Coriolis attenua
factor x. These parameters were determined by a met
similar to that used in the case of«2. The parameterx has
different values for the negative and positive bands. They
as follows:x50.200,0.650 for negative and positive pari
states in 145Ce, and 0.750,0.820 for negative and posit
parity states in147Ce, respectively. Other parameters we
taken as standard. The results of our calculations and c
parison with the experimental data are shown in Fig. 4. T
general good agreement between theoretical and experim
tal results indicates that the yrast bands built on the propo
13/2 levels in145Ce and147Ce most probably originate from

FIG. 4. Calculated~PRM! levels ~band i 13/2) and comparison
with experiment for145Ce and147Ce.
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the mixing of an i 13/2 single particle orbital with a very weak
component ofng9/2 coupled with the even-even nuclea
cores of 144,146Ce. These results support theI p assignments
of the 13/2 band in145Ce. On the other hand, the energ
spacings of then i 13/2 band in 145Ce are close to those of th
yrast band in the144Ce core@2,11#, and show almost com
plete decoupling with similar characteristics discussed
147Ce @14#. Our calculations also indicate that the grou
states (3/22) and (5/22) in 145Ce and147Ce may originate
from (nh9/21n f 7/2) and nh9/2 configurations, respectively
The I p of the 381 keV level in145Ce is tentatively assigned
as (7/22) as the level is close to the calculated 7/22 level
(375 keV) and only this assignment allows this state to c
nect to 9/21 and 3/22 levels. TheI p of the new weak side-
bands~2! and ~3! cannot be determined by our experimen
The band~3! is supposed to be theh9/2 band, since it is
similar to theh9/2 band in the neighboring nuclei@20,21#.

Although no obvious octupole correlations in145Ce and
147Ce are observed in the present work, the weak sideb
~3! in 147Ce may be of negative parity and the bands~1! and
~3! may show some weak octupole correlations. The tran
tions in band ~3! are too weak to determine th
B(E1)/B(E2) values.
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