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First identification of collective bands and octupole correlations in the neutron-rich **La nucleus
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The high-spin levels in the neutron-rich '*3La nucleus have been investigated from the study of prompt y
rays in the spontaneous fission of 22Cf with the Gammasphere detector array. A new level scheme with spin
up to 27/2 i has been established, and the collective bands have been identified for the first time. A set of
opposite-parity bands connected by Al = 1E1 crossing transitions gives evidence for octupole correlations.
The results of B(E1)/B(E2) branching ratios indicate that the octupole correlations in '**La are strong. The
reflection-asymmetry shell model is applied to calculate the levels of the octupole bands of '**La, and the

calculated results are in good agreement with the experimental ones.
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I. INTRODUCTION

A nucleus with octupole deformation has an asymmet-
ric shape in its intrinsic frame. In such nuclei, the level
structure has the characteristics of alternating parity bands
intertwined by E'1 transitions. Theoretical calculations in the
deformed shell model suggest the existence of an island of
octupole-deformed nuclei around Z = 56 and N = 88 [1-3].
In previous experimental studies, octupole-deformed bands
and strong octupole correlations have been observed in many
nuclei in this region, especially in Z =56 Ba and Z =
58 Ce neutron-rich isotopes, such as, in 140-146B5 [4-9],
and 14146.148Ce [5,10-12] by measuring the prompt y rays
from the spontaneous fission of actinides. For Z =57 La
isotopes, strong octupole correlations also were reported in
145,147 2 [13,14].

To search for new octupole correlations in this region, it can
be expected that the neutron-rich '*3La nucleus with Z = 57,
N =86 is a good candidate, as it lies inside this octupole
deformed island. In the previous S-decay experiments [15—17],
many low-spin levels have been identified in '**La, but no
collective band has been reported. In this work, we report on
identification of new collective bands with high-spin states and
octupole correlations in '*3La.

II. EXPERIMENT AND RESULTS

The high-spin states of '*La in the present work have been
investigated by measuring the prompt y-rays emitted from
the fragments produced in the spontaneous fission of 2>2Cf.
The experiment was carried out at the Lawrence Berkeley
National Laboratory. A 232Cf source of strength ~60 1Ci was
sandwiched between two Fe foils of thickness of 10 mg/cm?.
The source then was placed at the center of the Gammasphere
detector array [18] which, for this experiment, consisted of 101
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Compton-suppressed Ge detectors. A total of 5.7 x 10! triple-
and higher-fold y-coincidence events were collected. Thus,
these data have higher statistics than our earlier measurements
of Refs. [8,13] by a factor of about 15. Detailed information of
the experiment can be found in Refs. [5,8]. The coincidence
data were analyzed with the RADWARE software package [19].

The new level scheme of '43La in the present work is shown
in Fig. 1. It was deduced from y-y-y coincidence relation-
ships, transition intensity analysis and total internal conversion
coefficient measurements. Two low-excitation levels at 29.9
and 291.5 keV, along with three transitions of 29.9, 261.6,
and 291.5 keV in Fig. 1 have been identified in the previous
B-decay studies [15-17]. We add 20 new transitions and 13
new levels in the new scheme. As examples, Fig. 2 gives
two double gating coincidence y ray spectra. In Fig. 2(a), the
y ray spectrum is obtained by double gating on the 291.5 and
663.6 keV y transitions. One can see a strong 498.3 keV y
peak, and all the transitions above the 13/27" level, 690.3 and
655.1 keV in band (1), 595.2, 641.1, and 614.1 keV in band
(2), 325.8, 364.5, 230.7, and 424.4 keV between bands (1)
and (2), 404.9 keV from band (3) to band (1), and 615.0 keV
(overlapped with the 614.1 keV y peak) in band (3). Figure 2(b)
shows a coincidence spectrum with the double gated energies
of 291.5 and 498.3 keV. One can see most of the y transitions
above the 9/2" level in Fig. 1. From each spectrum, one can
also see the known partner’s transitions, such as the 159.3 and
218.5 keV ones in '3Nb (6n) [20], and 128.0 (mixed with the
128.0keV transition in '43La), 162.4 and 220.6 keV transitions
in 19Nb (4n) [21].

Three new collective bands are observed and are labeled
as (1), (2), and (3) on the top of the scheme. Table I shows
the y -transition energies, the relative transition intensities, the
spin and parity (I™) assignments in '“*La. The y transition
intensities are normalized to that of the 291.5-keV y transition.

In a previous B-decay experiment in '“*La [15], the spin
and parity (/™) of the ground state were assigned as 7/2"
and the 77 ’s for the 29.9 and 291.5 keV levels were assigned
as 3/2% and 5/2%, respectively. So band (1) is built on the
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TABLE I. The y-transition energies, the relative transition in-
tensities, the assignments of spin and parity (/™) values, and the
B(E1)/B(E2) branching ratios in '“*La.

E, (keV) I —I7 I, (%) B(E1)/B(E2)
(107 fm~2)

29.9 3/2F — 7/2*

291.5 5/2% — 7/2* 100(2)

261.5 5/2% — 3/2* 24(2)

364.7 40(4)

425.1 9/2%) — 22(1)

bands (1) & (2)

498.3 (9/27) — 5/2* 56(2)

535.6 (11/27) = (9/2%) 17(2)

128.0 (13/27) — (11/27)  0.97(23) 1.43(35)

663.6 (13/2%) — (9/2™) 32(2)

325.8 (15/27) — (13/2%) 15(2) 0.64(10)

453.8 (15/27) — (11/27) 10(1)

364.5 (17/2%) — (15/27) 1.8(3) 0.51(10)

690.3 (17/27) — (13/2%) 8.8(9)

230.7 (19/27) — (17/2%) 1.7(3) 0.53(12)

595.2 (19/27) — (15/27) 15(2)

424.4 (21/27) — (19/27) 1.6(3) 0.75(18)

655.1 (21/27) — (17/2%) 2.6(4)

641.7 (23/27) — (19/27) 8.1(8)

614.1 (27/27) — (23/27) 3.6(3)

band (3)

498.5 5.3(7)

615.0 5.7(7)

570.0 — (9/2%) 16(2)

404.9 — (13/2%) 5.5(6)

291.5 keV 5/27" level. Based on the regular level spacings
and the systematical comparison with the neighboring nuclei,
we assigned band (1) as a positive parity band with Al =
2 stretched E?2 transitions inside the band, and the [™’s
of other levels are assigned as 9/2%, 13/2%, 17/2", and
21/2%, respectively. According to the internal conversion
coefficient measurements and systematical comparison with
the structures of neighboring isotopes 145147 2 [13,14], we
establish band (2) as a negative parity band. This band should
have Al =2 stretched E?2 transitions inside the band also.
We have measured a total internal conversion coefficient
(ar) of the low-energy crossing transition 128.0 keV from
the 1453.4 keV level in band (1) to the 1325.4 keV level
in band (2). This ar is obtained by double gating on the
595.2 and 535.6 keV transitions. In this gate the difference
in relative intensities of the 325.8 and 128.0 keV transitions
is equal to the internal conversion electron intensity of the
128.0 keV transition. Because the partner nucleus ' Nb has
a 128.0 keV transition also [21], this measurement becomes
a little complex. However, according to the intensity ratio
of the 128.0 to 162.4 keV transitions in '“Nb [21], we
have eliminated the partner’s contamination. The observed
experimental o7 value is 0.16(5), and the theoretical value
is 0.12 for an E'1 transition and 0.53 for an M1 transition,
respectively. So the 128.0-keV transition in 'La is an E1
transition, but not an M1 one. According to the transition
selection rule, the /™ of the 1325.4 keV level in band (2)
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FIG. 1. Level scheme of '¥*La.

should be assigned as 11/27, and band (2) is a negative-parity
band. The I™s of other levels in this band are assigned as
15/27,19/27,23/27, and 27/2~, respectively. Thus, bands (1)
and (2) are firmly established with spins up to 21/2 and 27/2 1,
respectively.

III. DISCUSSION

From Fig. 1 one can see that a set of two bands (1) and
(2) with the Al = 2E?2 transitions in each band along with
the six intertwined E'1 transitions, 535.6, 128.0, 325.8, 364.5,
230.7, and 424.4 keV between these two bands form a typical
octupole collective-band structure. These levels indicate a
reflection-asymmetric shape in '#*La similar to those observed
in the neighboring Ba, La, Ce nuclei [4—14]. This octupole-
band structure has a simplex quantum number s = +i [1].
Figure 3 shows a systematic comparison of levels in the
octupole-band structure in '43La with those in the neighboring
isotope 1451 4 [13] as well as in the N = 86 isotones **Ba
[5] and '**Ce [11]. We can see that the level structures in
these octupole bands have similar character. However, the
energies of the levels with the same spin in '*La and ' La
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are compared, those in '**La are higher than those in 'La.
These differences may be related to the different quadrupole
deformation in both isotopes. But the level spacings in '**La
are closer to those in the '*?Ba and '*Ce isotones. This can be
explained as the coupling of a single-particle or hole (proton)
orbital in '**La with the octupole-band core in the neighboring
even-even *?Ba or '**Ce isotones, as discussed in Ref. [13].

A nucleus with octupole deformed bands decays through
E1 and E2 transitions. The B(E1)/B(E?2) branching ratio is
defined as

B(El)
B(E2)

. L(EVE,(E2)

6 -2
1L (EDE,(ED 0 M)

(H
where the intensity (/,,) and energy (E,) have been taken
from the present work. The B(E1)/B(E2) values in 18La
from our investigation are listed in Table I. The average value

of the B(E1)/B(E2) for the s = +i band structure of '“La
is 0.77 (107° fm~2). And the values observed for '#>'4Ba
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FIG. 3. Systematic comparison for the levels of s = 4i band
structures in '*!*La and s = +1 band structures in '**Ba and '**Ce.

[5], "1%7La [13], and '*8Ce [12] are 1.0, 0.70, 0.76, 0.58,
and 0.82 (1076 fm~?2), respectively. So the average value for
143La is comparable with those in the neighboring nuclei. This
similarity indicates that there are strong octupole correlations
in 3La also.

Now we consider the octupole deformation stability with
the spin variation of '¥La. The energy displacement § E and
the rotational frequency ratio w™ (I)/w™ (I) between the m = +
and m = — bands are defined as [1,11]

(I+DEI - DT +IEUI+DF

SE(I)= E(I") — T

@

and
EI+1)~—E(I-1)"
E(I+2t—E(I—-2)*+"

In the limit of the stable octupole deformation, § £(/) should
approach zero, and the rotational frequency ratio w ™ (1)/w™* (1)
should be close to one. In the limit of aligned octupole vibra-
tion, the ™ (I)/w™ (I) approaches the value (21 — 5)/(21 + 1)
[1]. Plots of E and @ (I)/w*(I) for the s = +i band
structure of 'La, along with those of the s = +1 band
structures of the N = 86 isotones '“*Ba [5] and '**Ce [11]
against spin / are shown in the Fig. 4. One can see that
they have very similar behavior. As the spin / increases, § £
approaches zero and the trend of w™(I)/w™(I) is close to
one. This shows that the octupole deformation becomes more
stable as the spin increases in the N = 86 142B,, 434, and
144Ce isotones.

Plots of the kinetic moment of inertia (J;) versus rotational
frequency (hw) for the s = +i band structures of '*La
and *La [13] are shown in Fig. 5. One can see that the
back-bendings (band crossings) for the # =+ and 7 = —
bands appear around 0.25-0.30 MeV in '“La. As there is a
lower fission yield in '*3La than in '*La, we cannot observe
higher-spin states in this experiment, and cannot see the full
back-bendings in '*3La. However, from Fig. 5, we can see
that the back-bendings begin around 0.30-0.35 MeV in 'La.
As the band crossings were explained by the alignment of

w (/o (I) =2

3
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octupole band structures in '**La, '**Ba, and '**Ce.

the two i3/, neutrons in 145La [11], so the band crossings of
“3La may be caused by the alignment of a pair of neutrons
also. This interpretation is reasonable because the crossing
corresponding to two /1y, protons is blocked by the odd
proton, as indicated in Ref. [13].

In order to further understand the octupole correlations,
we have used the reflection-asymmetry shell model (RASM)
[22,23] to calculate the level structure of '“La. Here we
briefly review the framework of the RASM. Considering a
set of deformed BCS multiquasiparticle states {|®, )}, where
k identifies the quasiparticle configurations, we can construct
a trial wave function

Y Fylk PP Pl @), “
IMKkp

where {PP P} . |®,)} is a set of simultaneously angular-
momentum- and parity-projected multiquasiparticle states
which form the shell-model space. Here P? and P}, are
the parity- and the angular-momentum-projection operators,
respectively,

PP =31+ pP), (p==D) ©)
80} —*— s=+i, n= + band % 145
—o— s=+i, n=- band *\ La
60 -o\ \
S 4or */*/*
s ' : : ' '
% 4ol o\ 143 5
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FIG. 5. Plots of moment of inertia (J;) as a function of rotational
frequency (fiw) in s = +i band structures of **1%La,
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and

/ 21 +1 J N
Py = e dQ2Dy,  (Q)R(). ©6)
The F Wk« 1s the coefficient to be determined by diagonalizing
the shell-model Hamiltonian, namely solving the eigenvalue
equation,

I
D (@l HPP Pl | @) = EJ (@ | PP P |@) } ol = 0

Kk
@)
with the normalization condition,
I
D Filkoe (®u| PP Pl @) Fho =1 )

K'k' Kk

It is seen that Eq. (7) is valid for any nuclear shape, while
in the present study we consider the case of axial symmetry.
The eigenvalues of H together with the wave functions can
be calculated from Eq. (7). The intrinsic state |®,) can be
generated by doing a BCS transformation of the deformed
single-particle states. In the present study, the single-particle
states were calculated from a deformed Nilsson potential.
The Hamiltonian is written as

= Hy - —ZXA Z 07,0 — Gu Py Po
n=—h
~Go Z B Py, )

u=-2

where Hj is the spherical single-particle shell-model Hamil-
tonian, and the second term includes quadrupole (A = 2),
octupole (A = 3), and hexadecapole (A = 4) interactions,
which lead to the quadrupole, octupole, and hexadecapole
deformations, respectively; the third and fourth terms represent
monopole and quadrupole pairing interactions, respectively.
The coupling constants, y; , can be determined to be consistent
with the deformations [22]. Details about RASM were given
in Ref. [22].

The Hamiltonian (9) is then diagonalized within the shell
model space spanned by a selected set of the simultaneously
parity- and angular-momentum-projected BCS multiquasipar-
ticle states. As a primary application of RASM for odd-A
nuclei, we only employed one proton quasiparticle state
a; |0), where 7 denotes the proton Nilsson quantum number
which runs over properly selected low-lying quasiparticle
states.

The Nilsson parameters « and p chosen in this calculation
come from Refs. [23,24], and the monopole pairing strength

constant G :
N-—-Z .
Gu=|81F& 1 X A7, (10)

where the minus (plus) sign represents neutron (proton).
The parameters g; = 18.0 and g, = 14.4 are used [25]. The
quadrupole pairing strength G is assumed to be proportional
to the monopole pairing strength: Gg = foGuy, and fp =
0.16 is chosen in this calculation. Considering the Ba core’s
and the neighboring nuclear deformation parameters [23,26],
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FIG. 6. The calculated energy levels of RASM and experimental
energy levels for the s = +i band structure in '*3La.

the quadrupole parameter €, = 0.12, the octupole €3 = 0.077
and the hexadecapole ¢4 = —0.015 are used. The calculated
levels for the s = +i band structures are compared with the
experimental ones for '“*La in Fig. 6. They are in very good
accord with each other through spin 19/2 /. Above that, the
theoretical values are larger than the experimental results. The
reason may be that in the calculation we only consider single
quasiparticle states right now. When the spin becomes higher,
three quasiparticle states should be taken into account as also
indicated by the backbend plots. The calculation indicates that

PHYSICAL REVIEW C 75, 064301 (2007)

143La indeed has a reflection-asymmetric shape. The I™’s of
the side band (3) are not clear.

IV. SUMMARY

In the present work, the high spin states in '“*La have
been studied. Three collective bands have been established
for the first time. An octupole-deformed band structure has
been identified. Observed B(E1)/B(E2) branching ratios
indicate that the octupole correlations are strong in '**La. The
reflection-asymmetry shell model has been used to calculate
the levels of the octupole bands, and basically the calculated
results are in good agreement with the experimental ones up
to the backbend.
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