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Octupole correlations in neutron-rich 145,147La nuclei: Coriolis-limit-coupling bands
with aligned h11/2 proton
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Several new high-spin states are observed in the promptg-rays emitted from the neutron-rich, odd-Z
145,147La fragments produced in the spontaneous fission of252Cf. Alternating parity bands are extended up to
spins 41/2 and 43/2 in145,147La, respectively. A new band completes the evidence for two sets of parity
doublets expected for octupole correlations. EightB(E1)/B(E2) ratios~four new! between two bands in145La
are all essentially constant and somewhat larger than similar ratios in143,144Ba, where stable octupole defor-
mation and/or correlations are reported. The new ratios out of the 31/22 levels in both nuclei show a sharp
spike compared to other states, presumably from a strong reduction inE2 strengths in this backbending region.
In 145La, collective bands show competition and coexistence between symmetric and asymmetric shapes. Band
crossings occur in both nuclei around\v'0.26–0.30 MeV. Their backbends are associated with the align-
ment of twoi 13/2 neutrons according to cranked shell model calculations.@S0556-2813~99!08402-2#

PACS number~s!: 21.10.Re, 23.20.Lv, 27.60.1j, 25.85.Ca
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I. INTRODUCTION

A nucleus with octupole deformation has an asymme
shape in its intrinsic frame. Theoretical calculations in t
deformed shell model suggest the existence of an islan
stable octupole deformed nuclei aroundZ556 andN588
@1–3#. Strong evidence of stable octupole deformation and
correlations have been reported in142,143,144,146,148Ba and
144,146Ce@4–12#. Recently, Garrote, Egido, and Robledo@13#
analyzed the transition to reflection asymmetric shape
N588 nuclei at high angular momentum in the frame wo
of the cranked Hartree-Fock-Bogoliubov approximatio
They found good agreement for the energy splitting of
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even- and odd-parity states andB(E1) transition probabili-
ties. The interweaving of odd-spin, odd-parity levels with t
ground rotational bands usually occurs only for spin 7 a
above. Thus the lower spin states may be considered
octupole vibrators, with mean octupole deformation exce
ing zero-point amplitudes for the higher spins. Neutron-r
145,147La with Z557 lie between the Ba(Z556) and Ce(Z
558) nuclei, where stable octupole deformation and/or
tupole correlations is found, and so are expected to be c
didates for octupole deformation. From earlierb-decay mea-
surements, some low-lying levels were reported in145La @14#
and 147La @15#. The high-excited states in these ve
neutron-rich nuclei are difficult to populate in (HI ,xn) reac-
tions. However, they are accessible through spontaneous
sion ~SF! and evidence for octupole correlations in145,147La
up to intermediate spins was reported from SF studies
248Cm @16#. In previous work we have identified many high
spin states in several neutron-rich nuclei in this and ot
regions@7,9# populated in the SF of252Cf. Here we extend
the data to give more definitive evidence concerning stro
octupole correlation and its variation with rotation
145,147La.
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FIG. 1. ~a! Partial g-ray coincidence spectrum obtained by double gating on 304.6- and 635.8-keV transitions, and~b! partial g-ray
coincidence spectrum with double gates on 366.0- and 477.9-keV transitions in145La.
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II. EXPERIMENTAL TECHNIQUES

A 252Cf source of strength 25mCi was sandwiched be
tween two Ni foils of thickness 11.3 mg/cm2, and then
sandwiched between 13.7-mg/cm2-thick Al foils and placed
at the center of the Gammasphere. This experiment was
ried out with 72 Compton-suppressed Ge detectors. The
were recorded in an event-by-event mode. Thr
dimensional histograms~cubes! of triple coincidence events
~with the threeg-ray energies as axes! were then constructed
and analyzed using theRADWARE software@17#. The width
of the coincidence time window was about 1ms, but nar-
rower time gates could be implemented in software at
cube generation stage. Most of the data analyses prese
below were performed on a cube with a 100-ns-wide coin
dence requirement. New transitions were identified and
signed in the present work by setting several double gate
known transitions in145,147La and their Nb fission partners
ar-
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Newly assigned transitions were then used as gates to i
tify additional transitions. Further experimental details c
be found in Refs.@6–10#.

III. RESULTS

A. 145La

Figures 1 and 2 give examples of double-gatedg-ray
spectra. The level scheme of145La is shown in Fig. 3 based
on our new data. All the new transitions observed in t
present work are marked with an asterisk. In Fig. 1~a!, the
g-ray spectrum is obtained by double gating on the n
304.6- and the known 635.8-keV transitions in145La. One
can clearly observe the known 232.9-, 366.0-, 475.6-,
563.2-keV transitions in band 1~see Fig. 3!. In addition, one
also observes two new transitions of energies 446.0
556.7 keV. Figure 1~b! is a g-ray spectrum obtained by
FIG. 2. ~a! Sum of several possible double-gated spectra from transitions in bands 1 and 3 in145La, with gating transitions indicated.~b!
Sum of several possible double gated spectra from transitions in bands 4 and 5 in145La, with gating transitions indicated.
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FIG. 3. Level scheme of145La. New transitions are indicated with an asterisk.
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double gating on the known 366.0 keV, and another n
transition of energy 477.9 keV. One sees clearly the tra
tions in band 1 reported earlier@16#. In Fig. 2~a!, we show a
coincidence spectrum obtained by summing several dou
gated spectra for bands 1 and 3. The gate energies are
in the figure. One sees the transitions that belong to ban
and to a new band 2 in the level scheme of145La ~see Fig. 3!.
Similarly, in Fig. 2~b!, we show a coincidence spectrum o
tained by summing several double-gated spectra of tra
tions in bands 4 and 5. One sees the new transitions
belong to bands 4 and 5 in the level scheme of145La.

In the earlyb-decay experiments, the spin and parity
the 145La ground state were assumed to be (5/21,7/21) @14#.
Based on systematics, the ground state of145La was assigned
as (5/21) by Urban et al. @16#, and we concur with tha
assignment. Based on internal conversion coefficie
branching ratios and triple angular correlations, a pa
change between bands 1 and 3 and the spin sequenc
levels including a 13/21 assignment to the level at 622.2 ke
in 145La were established@16#. The I p assignments for the
newly observed levels in this work are based on assum
stretchedE2 transitions in each band andE1 interband tran-
sitions. The total internal conversion coefficient of the 143
keV transition was measured to be 0.0560.05, in agreemen
with an E1 value of 0.08 but not with anM1 value of 0.40.
This establishes the parity change between bands 4 and
145La, 11 new levels and 22 newg transitions, mostly at
high spin, were identified. Of particular interest is the d
covery of a new high-spin band 2 beginning at 2186.0 k
w
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with intertwined crossing transitions to band 1, as shown
Fig. 3. At low spin, the 192.0-keV transition between t
572.4- and 380.4-keV levels was identified and of particu
importance, and the 365.6-keVM1 transition between the
17/22 and 15/22 members of the two parity doublets wa
observed. Similar crossing transitions at the bottom of
two parity doublet structures are also observed in143Ba @9#.

B. 147La

In Fig. 4, we show a coincidence spectrum obtained
summing several double-gated spectra in147La. The gate
energies are listed in the figure. One sees the new transit
that have been assigned to147La ~see Fig. 5!. In Ref.@15#, I p

of the ground state and of the 167.7- and 120.8-keV lev
were tentatively assigned as (5/2)1, (3/2)2, and ~3/2,
5/2)1, respectively. Ref.@16# proposed the spins and paritie
of 7/22 and 11/22 for 167.7 and 230.0 keV, respectively, o
the basis of theE2 character of the 62.3-keV transition an
theE1 character of the 167.7-keV transition. Also, the sp
and parities of band 1 starting with the 230.0-keV level a
assigned under the assumption of stretchedE2 transitions, as
determined by angular correlations. We concur with all the
assignments, and propose tentative spins and parities of
2 in 147La based on comparisons with the analogous ban
in 145La. In 147La, six new levels and nine new transition
primarily at high spins, were identified as shown in Fig.
including the 210.0- and 233.3-keV transitions which we
identified only tentatively in Ref.@16#. A new level observed
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FIG. 4. Sum of several possible double-gated spectra in147La, with gating transitions indicated.
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at 1031.6 keV is linked by a 589.4-keV transition to t
442.2-keV level, with a tentative 327.3-keV feeding tran
tion. No evidence was found for a tentative 668.7-keV tra
sition from a 1109.2-keV level as given in Ref.@16#.

IV. DISCUSSION

Bands 3 and 4 in145La, from the ground state up to th
I p5(21/21) level, appear to form a mildly aligned ban

FIG. 5. Level scheme of147La. New transitions are indicate
with an asterisk.
-
-

~probably mainly Coriolis mixed 5/21@413# and 3/21@422#).
These two signature partner bands with stretchedE2 transi-
tions within the band are linked byM1/E2 transitions at
least up to 21/21. This strong-coupled collective structur
represents a well-deformed symmetric rotor shape in145La.
The cluster of even-parity levels near the 5/21 ground state
in 147La has uncertain spin and band structure. Plots of
kinetic moments of inertia (J1) versus\v for each band are
shown in Fig. 6. Up to\v50.27 MeV (I 523/2), bands 3
and 4 in 145La have identicalJ1’s. This also supports the
above interpretation of their symmetrical rotor shape. T
strong-coupled ground band in145La is assigned ag7/2 pro-
ton configuration@15#. The signature splitting at the low en
of this band~3-4! implies predominantg7/2 character, with
the d5/2 admixture becoming comparable at higher spi
Based on the energies in band 1, the deformation is slig
larger in 147La (N590) than in 145La (N588).

It is clear from the strong backbend at the 25/21 level and
only an upper limit for a (25/21)→(21/21) transition con-
necting bands 2 and 3 in145La that a real change in structur
occurs at this point. This is the reason we have separated
higher-energy states labeled band 2 from band 3 to emp
size this change in structure. Likewise, band 4 shows a sh

FIG. 6. Plot ofJ1 vs \v for bands in145,147La.
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upbend beginning at the 23/21→19/21 transition that is not
seen in band 5. This suggests that the 23/21, 27/21, and
31/21 levels are not a continuation of band 4, even though
appreciableE2 strength connecting the upper and low
states of what is called band 4 is observed. The nega
parity bands 1 in145La and 147La have very similarJ1’s
from (11/22) to (27/22). A backbend occurs at abov
(31/22) in both 145La and 147La. In the positive parity band
2, the J1’s again indicate a change in structure from t
lower spin states in band 3 in145La around the (25/21) state.

The B(E1)/B(E2) ratios shown in Fig. 7 are given i
Table I. For bands 4 and 5, all eight ratios are remarka
constant from the 19/21 level to the 33/22 level. These ratios
indicate that there is a shift from a symmetric shape t
stable asymmetric octupole-quadrupole interaction aro
spin (19/21) in 145La.

In Fig. 8 we plot our plateau values of intrinsic electr
dipole momentD0 for the 145,147La bands. They are com
bined with data from Fig. 11 of Urbanet al. @16#, which
shows their correspondingD0 values for the even-even B
nuclei, in essential agreement with the theoretical value
Butler and Nazarewicz@18#. It is interesting that the La nu
clei also show the sharp dip inD0 at 90 neutrons that occur
for the bariums, if we use plateau values away from the s
31/2 backbend whereB(E2) values may drop.

The B(E1)/B(E2) ratios in bands 4 and 5 in145La are
comparable to or larger than those found in its144Ba core
and in the octupole parity doublets in143Ba, where experi-
ment and theory are in agreement with stable octupole de
mation in these nuclei. The large~larger than in143,144Ba)
and essentially constant values of theB(E1)/B(E2) ratios
over this extended spin range support an octupole correla
at higher spins. One sees quite different behavior betw
bands 1 and 3 at low spin and bands 1 and 2 at high spi
145La. TheB(E1)/B(E2) ratios at low spin for bands 1 an
3 are a factor of 4 smaller than for bands 4 and 5; we
tribute the low values of band 3 to its configuration mixin
For bands 1 and 2 at higher spin in145La, the ratios start a
a factor of 6 higher than for bands 1 and 3, then peak,
lowed by a sharp drop of more than a factor of 5 at
highest spin. Likewise in147La, the ratios for bands 1 and
start out with the first two ratios low as for bands 1 and 3
145La, show a sharp peak at the same transition as in145La,
and then drop more than a factor of 6 to a level below
initial values but similar to those in145La. The sharp peaks

FIG. 7. Plots of theB(E1)/B(E2) ratios vs spinI in 145,147La.
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in both cases are likely due to a strong reduction inE2
strength related to a change in structure between bands 2
3 in 145La around 25/21 and a similar change at the sam
spin in 147La, rather than to a sudden increase inE1
strength. It is most likely that bands 1 and 2 have very sim
lar structures in145,147La, at least at the higher spin wher
band 2 emerges in145La.

Even though theB(E1)/B(E2) ratios are different by a
factor of 2 in bands 1-2 at highest spin and 4-5, these ba
are likely to form a set of two bands of parity doublets e
pected when octupole correlations are present, as foun
143Ba. Since bands 1, 2, 4, and 5 have different moment
inertia, this suggests that the deformation may not be sta
The s51 i bands 1 and 2 in145La and 147La have similar
structural features. Both the negative parity bands 1 m
have the odd proton in anh11/2 spectator orbital, and the
bands 2 have energies suggesting Ba core octupole b
built on theh11/2 proton spectator. For the ground band
146Ba, J1 backbends at 0.28 MeV, which agrees with t
value of 0.27 MeV for the backbend of the (11/22) band in
147La ~Fig. 6!. The (11/22) band in145La does not backbend
until 0.30 MeV, which is consistent with the upbend in144Ba
at this same value. A comparison of thes51 i band levels in
145La and 147La with those of theN588 and 90 isotones
144Ba and 146Ba is shown in Fig. 9, where the bandhe
energies are normalized to zero. The energies of both
positive and negative bands between the isotones are q
similar to each other. Thus thes51 i bands in 145La and
147La most probably originate from the single-particleph11/2
orbital coupled with the144Ba and 146Ba even-even cores
respectively. Indeed, Fig. 9 level patterns point to a textbo
example of a Coriolis-limit coupling scheme. At smaller d
formations and smaller moments of inertia at the boundary
a spheroidal region, Coriolis mixing of Bohr-Mottelso
strong coupled orbitals can lead to a limiting couplin
scheme where the high-j orbital, hereh11/2, couples to the
core spinR to a resultant spinI. The residual interaction with
the prolate deformed field should make the stretched b
I 5 j , j 12,j 14 . . . , lowest in energy.

The difference between a decoupledh11/2 scheme and a
Coriolis-limit-coupling scheme is that the former would ha
considerable degeneracies among all couplings of core r
tion and decoupled particlej, whereas Coriolis-limit cou-

FIG. 8. Plots of intrinsic electric dipole momentsD0 for Ba and
La nuclei.
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TABLE I. Electric dipole transition strengths in145,147La. B(E2;15/22→11/22)'0.253104e2 fm4 for
145La and 0.303104e2 fm4 for 147La, respectively. A constant quadrupole moment was assumed for
nucleus, although an increase with spin is possible.

Eg(keV) I i
p→I f

p I g B(E1)/B(E2) (1026 fm22) D0 (e fm)

145La 503.7 19/21→15/21 36~3! 1.3~1! 0.19~1!

Bands 4 143.2 19/21→17/22 5.7~3!

and 5 427.1 21/22→17/22 11~1! 1.0~1! 0.14~1!

284.3 21/22→19/21 24~2!

547.9 23/21→19/21 14~1! 1.4~1! 0.20~1!

263.6 23/21→21/22 9.3~5!

518.6 25/22→21/22 10~4! 1.3~5! 0.17~3!

255.0 25/22→23/21 7.3~3!

564.6 27/21→23/21 8.9~4! 1.0~1! 0.17~1!

309.6 27/21→25/22 6.0~4!

597.2 29/22→25/22 6.0~4! 1.1~1! 0.17~1!

287.9 29/22→27/21 2.8~3!

571.3 31/21→27/21 3.7~3! 1.6~2! 0.22~1!

283.9 31/21→29/22 2.8~3!

675.8 33/22→29/22 2.0~1! 1.4~1! 0.19~1!

392.0 33/22→31/21 1.5~1!

Bands 1 232.9 15/22→11/22 50~2! 0.15~1! 0.035~2!

and 3 183.1 15/22→13/21 85~7!

472.9 17/21→13/21 32~4! 0.21~3! 0.075~5!

289.8 17/21→15/22 9.0~2!

531.4 21/21→17/21 7.1~4! 0.30~2! 0.092~3!

455.2 21/21→19/22 6.2~3!

Bands 1 501.6 29/21→25/21 1.0~1! 1.5~2! 0.22~1!

and 2 477.5 29/21→27/22 6.7~3!

635.8 31/22→27/22 11.0~5! 1.9~4! 0.22~2!

157.6 31/22→29/21 1.0~2!

462.2 33/21→29/21 3.6~2! 0.90~7! 0.16~1!

304.6 33/21→31/22 5.6~3!

446.0 37/21→33/21 3.4~2! 0.37~7! 0.11~1!

185.9 37/21→35/22 0.6~1!

147La 371.8 25/21→21/21 1.2~1! 0.27~2! 0.097~4!

Bands 1 487.9 25/21→23/22 6.9~2!

and 2 386.6 29/21→25/21 1.9~2! 0.31~4! 0.104~7!

345.7 29/21→27/22 3.6~3!

539.0 31/22→27/22 4.6~3! 1.8~2! 0.24~2!

193.3 31/22→29/21 1.7~2!

403.3 33/21→29/21 1.6~2! 0.72~14! 0.16~2!

210.0 33/21→31/22 1.3~2!

443.3 35/22→31/22 2.8~2! 0.19~8! 0.08~2!

233.3 35/22→33/21 0.5~2!

469.8 37/21→33/21 1.3~2! 0.21~11! 0.09~2!

236.5 37/21→35/22 0.2~1!
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pling makes aligned and antialigned bands lower than
others. In the Coriolis-limit scheme the projectionV of j on
the nuclear symmetry axis is no longer conserved, but
rotational angular momentumR of the core becomes con
served. It has been suggested@16# that the negative parity
band 5 in 145La may correspond to an octupole phon
coupled to the ground-state band. The parity of band 3
147La is not clear, but it is possible that this band origina
from an octupole phonon coupling to theh11/2 proton orbital
e

e

in
s

@16#. The strong backbending observed at\v'0.27 MeV
in bands 2 and 3 and the very weak intensity of the 559
keV transition if present in145La may be caused by the shap
changing from symmetric quadrupole to include stable oc
pole deformation as the spin increases.

Another surprising result is that both negative par
bands 1 and 5 in145La to the highest spin observed,I
5(29/2), are identical bands, i.e., have the sameJ1 . We
think they are signature partners of theh11/2 proton-plus-core
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1322 PRC 59S. J. ZHUet al.
octupole band. In order to make an interpretation of the
served backbends of band 1 in both nuclei, we emplo
cranked shell model calculations to determine whether
proton orbital (ph11/2) or the neutron orbital (n i 13/2) is re-
sponsible for the band crossings at the observed rotati
frequencies. The method of calculation is the same as in
@17#. The standard parameters used in the calculation wer
follows: quadrupole deformationb250.165; octupole defor-
mation b350.06; hexadecapole deformationb450; pairing
gap parameters,Dp51.007 andDn51.312; and Fermi levels
for protons and neutrons,lp5210.5576 and ln5
25.0667. The calculated Routhians for protons~a! and neu-
trons~b! are shown in Fig. 10. A band crossing caused by
alignment of the two i 13/2 neutrons occurs at\v
50.32 MeV, which is close to the experimental values
0.30–0.26 MeV in the145,147La isotopes. The crossing re
lated to the alignment ofh11/2 protons is predicted to occur a
\v50.40 MeV, which is much higher than the observ
values. Hence, we believe that thei 13/2 neutron orbital is
responsible for backbending in145,147La. This interpretation
is reasonable because the crossing corresponding to twoh11/2
protons is blocked by the odd proton.

V. CONCLUSIONS

New high-spin levels in collective bands were observed
145,147La, and the spins and parities were tentatively assig
from systematics. Intertwined bands connected by strongE1
transitions indicate octupole correlations. The experime
B(E1)/B(E2) ratios in 145,147La exhibit similarities to the
ratios in the Ba isotones but differ from that in146Ba. In

FIG. 9. Comparison of octupole deformation band levels
tween 144Ba and 145La ~for s51 i bands 1 and 2! and 146Ba and
147La ~for s52 i bands 1 and 2!. The energies of (11/22) levels in
145,147La are taken as zero.
. A
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d
e

al
f.
as

e
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145La, a quadrupole ground state collective band with a w
deformed symmetric shape coexists and competes with o
pole correlated bands with asymmetric shape at higher sp
Our data indicate that the octupole correlations are prese
high spin beginning at intermediate spins. Based on cran
shell model calculations, the backbends observed at\v
'0.26–0.30 MeV are interpreted as the rotational alig
ment of twoi 13/2 neutrons.
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ticles ~a! and neutron quasiparticles~b! plotted against rotationa
frequency.
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