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The level structure of '*°La has been investigated using the '2!Sb('C, 3n) reaction with the ROSPHERE
array at IFIN-HH, Bucharest. The level scheme was significantly extended with the observation of 45 new states
and 100 new transitions. Several band structures have been identified and a clear connection with the lower-
lying states has been established. A lifetime of © = 3.6(2) ns has been measured for the 346-keV 6~ state by
the in-beam fast timing technique. The lifetimes of 18 high-spin states have been determined by applying the
Doppler-shift attenuation method. The deformations derived from the experimental B(E?2) transition strengths
indicate distinct coexisting shapes at high spins in '**La. The experimental properties of both low- and high-spin
states were compared with theoretical calculations performed in the frame of the two-quasiparticles-plus-rotor
model. Two new negative-parity decoupled bands, with a deduced quadrupole deformation g, = 0.150(15), were
interpreted by coupling the proton in the 1/2[550] and 3/2[541] orbitals with the odd neutron occupying mainly
the low-$2 orbitals from the d3/, and sy, states. A quadrupole deformation B, = 0.220(17) was derived for a
newly identified positive-parity decoupled band. This enhanced deformation was attributed to the involvement
in the band configuration of the € = 1/2 (f7/2, ho/») intruder neutron orbital. The multiparticle configuration
wg72(hi1 )2 Y @ v(h /2) was assigned to a high-spin negative-parity dipole band, based on the comparison of the
experimental B(M 1) transition strengths with values calculated by applying the geometrical model of Dénau and
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I. INTRODUCTION

The nuclei with mass number around 130 (55 < Z <
63, 68 < N < 78), situated in the transitional zone between
the nearly spherical region and the deformed region, are
considered to be soft with respect to both the quadrupole
deformation (B;) and the shape asymmetry (y). Detailed
spectroscopic studies have revealed a variety of coexisting
structures associated with specific orbitals. Particular interest
has been devoted in the last two decades to the investigation
on nuclear chirality as a direct evidence for triaxiality [1]. The
different deformation-driving properties of neutrons and pro-
tons occupying the unique-parity subshell /1y, in the high-Q2
and low-2 orbitals, respectively, may lead to the occurrence of
triaxial shapes. The chirality manifests itself by the presence
of two, almost degenerate AJ = 1 rotational bands having
the same parity and linked to each other by interband y-ray
transitions. Around 25 chiral nuclei have been identified in the
A =~ 130 region, the largest ensemble of nuclei exhibiting chi-
ral bands in the table of elements [2]. Chiral partners with the
configuration whyy» ® vhl’ll/2 have been observed in odd-odd
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Cs, La, Pr, Pm, and Eu nuclei. Recently three-quasiparticle
chiral bands have been observed in odd-mass '**Ce [3],
133 a [4], and '¥Nd [5,6], while four- and six-quasiparticle
chiral bands were observed in the even-even '°Nd [7] and
13¥Nd [8] nuclei. In most nuclei only one chiral doublet was
observed, however, in '*3Ce [3], **Nd [6], and *°Nd [7] two
or more chiral doublets were identified, illustrating the exotic
phenomenon of multiple chiral doublet bands.

Electromagnetic transition probabilities derived from life-
time measurements in the chiral bands are considered to
provide crucial fingerprints for the chirality phenomenon. As
specified in several theoretical calculations [9-11], the re-
duced transition strengths for the in-band transitions should be
similar for both the bands. Moreover for the bands described
by the whi1 ® vhl_ll/2 configuration the reduced transition
probability ratios B(M1)/B(E?2), as well as the B(M 1) values
should exhibit odd-even staggering. Recent lifetime measure-
ments in the chiral-partner bands of the odd-odd *+13°Cs
nuclei [12-16] gave support to the chiral interpretation. On
the other hand the reduced transition probabilities derived in
1321a [14] and "**Pr [17] were found to be in disagreement
with the chiral scenario.

Another important feature of nuclei in the A &~ 130 mass
region is the occurrence of rotational bands with highly
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deformed prolate shapes (8, =~ 0.3-0.4) that are coexisting
with the normally deformed bands (8, ~ 0.2) [18]. Around
45 rotational sequences having characteristics consistent with
highly deformed prolate shapes have been observed in even-
even, odd-mass, and odd-odd nuclei from La to Eu [18].
Detailed studies have revealed that the existence of highly de-
formed bands is the result of an interplay between microscopic
shell effects, such as the occurrence of large gaps in nucleon
single-particle energies and the involvement of specific or-
bitals. In this mass region they were interpreted as involving
one or more neutrons in the 1/2[660] (i;3/2) Nilsson intruder
orbital [19]. Despite intense experimental effort, in most cases
it was not possible to link the highly deformed bands to the
low-spin, normally deformed structures [18,20]. In a few Pr,
Nd, Pm isotopes with N < 75 low-lying bands involving the
v(f7/2 + ho,2) configuration have been also observed [21-25].
Lifetime measurements revealed that this intruder neutron
orbital leads to quadrupole deformation values, which are
intermediate between those known for normally deformed and
the highly deformed bands [23,26-28]

The aim of the present work is to enrich the knowledge of
the odd-odd nucleus '*°La (Z = 57, N = 73) through detailed
spectroscopic and lifetime measurements. The high-spin lev-
els of this nucleus have been investigated in several previous
experiments [29-33]. 1301 a is one of the first nuclei in which
a chiral doublet has been reported [33]. A highly deformed
band with 8, ~ 0.4, not linked to the lower-lying states, has
been also observed [32]. Note that 1*°La is the only La isotope
in which a highly deformed band has been reported [18].

In this paper we present experimental results that extend
significantly the level scheme of *°La of both low and high
spins. Lifetimes of high-spin states in several bands were
derived by applying the Doppler-shift attenuation method
(DSAM), while the in-beam fast timing method was used to
determine lifetimes of lower-lying states. The results concern-
ing the lifetimes in the chiral-partner bands were reported in
Ref. [34]. The experimental details are briefly presented in
Sec. II. The results including the level scheme and the lifetime
measurements are presented in Sec. III, while in Sec. IV the
properties of the level scheme are discussed.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

High-spin states in '*°La were populated in the '>!Sb('2C,
3n) reaction at a beam energy of 54 MeV. The '2C beam was
supplied by the FN Tandem accelerator of the Horia Hulubei
National Institute of Physics and Nuclear Engineering (IFIN-
HH) in Bucharest. A 1 mg/cm? isotopically enriched '*!'Sb
layer evaporated on a 50 mg/cm? 2%Pb foil was used as
target. The experimental setup consisted of the ROSPHERE
mixed array [35], comprising 14 high-purity germanium de-
tectors (HPGe) and 11 LaBr;(Ce) scintillator detectors. The
HPGe detectors were placed in three rings at the angles
of 143°, 90°, and 37° with respect to the beam axis. The
LaBr3(Ce) scintillators were placed in angular rings at 110°,
90°, and 70° with respect to the beam direction. Energy and
efficiency calibrations were performed using a '>*Eu source.
In order to analyze the y-ray coincidence relations and to
construct the level scheme of '**La the collected events from

the HPGe detectors were sorted into a symmetric y-y-y
cube from which doubly gated spectra were extracted. The
coincidence relations were also analyzed using a symmetric
y-y matrix. An energy-time matrix was created in order to
investigate the time behavior for selected transitions. Informa-
tion about the y transition multipolarities was obtained from
asymmetric matrices having the detectors in each ring on the
first axis, and all detectors on the second axis. The y intensi-
ties corrected for efficiencies, from spectra gated on the axis
with all the detectors, were used to calculate the ratio R4po de-
fined as [36]: Rapo = [1,,(37°) + I, (143°)]/2L,(90°). In the
present experimental conditions typical Rypp values are ~0.8
for pure dipole stretched transitions, and ~1.4 for quadrupole
stretched transitions and for dipole transitions with AJ = 0.
In assigning level spins and parities we have assumed that the
stretched quadrupole transitions are of electric nature (E2),
while the Al = 1 transitions having R4po significantly differ-
ent from 0.8 are mixed transitions of E2/M 1 type.

To derive the lifetimes by the Doppler-shift attenuation
method line shapes were analyzed from the three asymmetric
matrices created using the detectors in the rings at 37°, 90°,
and 143° on the first axis, and all detectors on the second axis.
Spectra were generated by seting gates on the fully stopped
transitions at the bottom of the bands of interest. The gates
were chosen carefully to avoid contaminating transitions.
Level lifetimes were extracted based on the shape analysis
using the code LINESHAPE [37]. The slowing down history of
the '*°La recoils in the target and backing was simulated us-
ing Monte Carlo techniques and a statistical distribution was
created for the projection of the recoil velocity with respect to
the direction of the detected y ray. Moreover, the kinematic
effects of the nucleon evaporation were included, as well as
the finite solid angle of the detectors. For the description
of the electronic and nuclear scattering the Ziegler stopping
powers [38,39] have been used. Extraction of lifetimes was
done step by step, starting from the upper levels. At each level
the intensity balance of feeding and decaying transitions was
investigated allowing to establish the amount of side feeding
from unobserved transitions. In a study devoted to lifetimes
and side-feeding population of the yrast band levels in *'La
using the '22Sn('*N, 5n) reaction [40], spin-dependent effec-
tive side-feeding times were derived, with values ranging from
~0.06 ps at spin around 207 to ~0.13 ps at spin around
137 for the contribution from quasicontinuum levels. These
values for the side-feeding times were adopted in the present
work. To test the validity of this choice, we performed a
DSAM analysis for the 23/27, 27/27, and 31/2~ states of
the yrast negative-parity band in '*’La, well populated in our
experiment. The derived lifetimes were found in very good
agreement with previously reported values [41], what gave
confidence in the adopted procedure.

Lifetimes of excited states in the subnanosecond and
nanosecond domains were investigated through in-beam mea-
surements of triple-y coincidences using the array of HPGe
and LaBr3(Ce) detectors. The procedure is presented in detail
in Ref. [42]. Data were sorted into E,,-E,>-AT cubes, where
E, i and E,, represent the energy measured in the LaBr3(Ce)
detectors, while AT represents the time difference between
the detection of the two y rays. To further clean the cascade
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FIG. 1. Low-lying level scheme of '**La from Ref. [43] and present work. New levels and transitions are drawn with red color. The
transitions between states of the same parity are shown as vertical arrows; the transitions connecting states of different parities are shown as
tilted arrows. The arrows with energy labels in parentheses indicate unobserved tentative transitions.

of interest detected in the LaBr;(Ce) detectors, additional y
rays detected in the HPGe were used as a gate.

III. EXPERIMENTAL RESULTS
A. Level scheme

Based on the observed y -y -coincidence relations we have
significantly extended the level scheme of '*°La. The derived
level scheme at low excitation energy and low- and medium-
spin is illustrated in Fig. 1, while the high-spin band structures
are shown in Figs. 2 and 3 for positive and negative parity,
respectively. 100 new transitions and 45 new levels have been
included.

The experimental information on the observed transi-
tions is given in Table I. Illustrative coincidence spectra
are shown in Fig. 4. Spins and parities of the new states
have been assigned on the basis of multipolarities of their
deexciting transitions deduced from the Rapo values. Most
transitions were assigned of pure dipole or quadrupole type
(Table I). A few transitions were found as having a mixed
dipole+quadrupole character.

The high-spin structures labeled as bands 1 and 2 have
been reported in previous studies [29,30], however, without
excitation energy and spin assignments. The decay out of
these bands to the ground state has been elucidated in a work
performed recently at IFIN-HH [43]. An excitation energy of
617.5 keV was established for the 7% band head of the yrast
band 1, which exhibits a complex decay to the lower-lying
positive- and negative-parity states. In the present study, two
new weak transitions of 128.7 and 292.7 keV were added
in the decay of the 7t band head feeding the known 7~
488.8 keV state and a new 6~ state at 324.8 keV, respectively
(see Fig. 1). Moreover, a weak transition of 137.6 keV was
included in the decay of the 626.4-keV 87 state of the band.

The low-lying positive-parity non-yrast structure identified
in Ref. [43] has been confirmed and completed with several
new transitions, up to spin 7% at 972.3 keV (Fig. 1). The spin
of the 680.3-keV level, assigned as 5 in Ref. [43], has been

changed to 6, based on the Rypo value of 0.84(9) derived for
the 219.5-keV transition feeding the 57 level at 460.8 keV, and
on the observation of a new 417.5-keV deexciting transition
with Rypo = 1.55(35), that populates the 4T state at 263 keV.

The irregular level scheme of medium spin has been com-
pleted also on the negative-parity side. The states reported in
Ref. [43] up to spin 97 at 988 keV have been confirmed and
new transitions were added in their decay. Moreover six new
states have been identified, namely two 6~ states at 319- and
325-keV excitation energies, two 7~ states at 489- and 647-
keV excitation energies, and two states with J* = 9~ at 1007-
and 1122-keV excitation energies. The complex decay scheme
of the new states has been elucidated. High-spin structures
have been identified on top of the observed 9~ states (see
below).

From the energy-time matrix time spectra were created for
transitions deexciting the low-lying levels, with the aim to
search for longer-lived states. Excepting for the transitions
deexciting the known 5% and 67 isomeric states reported in
our previous work [43], in all investigated cases the time
spectra showed only a prompt component, indicated lifetimes
shorter than 15 ns.

As seen in Fig. 1, a new 6 state was placed at an
energy of 319.2 keV. The spin of this state was assigned
based on the characteristics of its feeding transitions, namely,
the 360.1-keV quadrupole transition from the 8~ 679-keV
state [Rapo = 1.52(28)], the 169.7-keV transition of mixed
dipole/quadrupole character from the 7~ 489-keV state
[Rapo = 1.58(22)], and the 128.2-keV dipole transition from
the 7= 447-keV level [Rapo = 0.86(15)]. The negative parity
was established based on the £2 multipolarity assigned to the
360.1-keV transition. An M2 multipolarity for this transition
was ruled out, as it would correspond, for a lifetime 7 <
15 ns, to a transition strength B(M?2)(360.1 keV) > 3.5 W.u,,
higher than the upper limit of 1 W.u. recommended for this
mass region [45]. The same argument was used in the case
of the mixed dipole+quadrupole 169.7-keV transition, that
was assigned as M1 + E2, giving additional support to the
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TABLE I. Energies, relative intensities, ADO ratios, and multipolarities of y rays assigned in the present work to '*°La, as well as the
band assignment for the initial state, the spin-parities of the initial and final states, and the excitation energy of the initial state for the decay.

E, L, Rapo Multipolarities Band Jr J7 E;
(keV) (keV)
82.4(2) 0.6(2) 6~ 6~ 319.2
82.5(2)* 9.9(8)" 6" 6~ 319.1
86.1(2) 0.7(3) 13~ 12~ 2497.5
88.2(2) 1.8(5) 6~ 6~ 324.8
97.3(2) 3.9(3) 1.28(17) M1 7" 7 488.8
103.6(2)* 57.4(29)° E2 5* 3t 214.0
105.1(2)* 61.8(36)" 0.85(8) Ml 6" 5T 319.1
105.2(2) 6.4(9) 0.87(9) E1l 6~ 5t 319.2
108.0(2) 1.8(3) 0.87(14) El 1 7t 8~ 617.5
109.1(2) 1.3(5) 2 6~ 6~ 345.7
110.4(2) 100(3)" M1 3+ 3+ 110.4
113.7(2) 21.2(13) 1.34(13) M1 2 6~ 6~ 345.7
116.9(2) 0.20(8) 1 8" 8~ 626.4
118.0(2) 16.5(14) 0.75(5) M1 2 8~ 7 509.5
127.9(2) 3.1(3) 1.41(23) M1 7" 7 616.7
128.2(2) 2.3(2) 0.86(15) Ml 7" 6~ 447.4
128.6(3) 0.7(2) 1 7t 7" 617.5
130.3(2) 1.8(3) 0.82(5) M1 9 14~ 13~ 2900.3
137.0(2) 27.4(14) 0.80(6) Ml 1 10" 9" 805.7
137.6(3) 1.0(3) 0.72(11) E1l 1 8+ 7" 626.4
143.1(2) 3.5(3) 0.85(11) M1 7" 6~ 488.8
143.2(2) 0.9(2) 1.35(27) Ml 8~ 8~ 822.6
152.1(2) 6.1(9) 0.74(10) M1 4+ 3+ 262.5
163.8(3) 0.35(9) 1.38(28) E2 2 8~ 6~ 509.5
165.8(2) 1.1(3) 10 9~ 8~ 988.4
169.7(2) 1.8(4) 1.58(22) M1/E2 7 6~ 488.8
169.9(2) 2.4(5) 1.42(23) M1 8~ 8~ 679.4
177.5(2) 18.4(7) 0.83(5) M1 2 9~ 8~ 687.0
179.1(3) 0.5(2) 1 10" 8t 805.7
184.7(3) 0.25(8) 11 9~ 8~ 1007.1
186.7(3) 0.6(2) 0.77(19) M1 5 8" 9" 855.4
190.6(2) 3.6(4) 0.56(9) M1/E2 8~ 7" 679.4
198.3(2) 3.4(7) 0.79(8) M 5* 4+ 460.8
199.8(2) 2.1(3) 1.45(20) M1 7" 7" 647.2
205.9(2) 1.5(2) 0.81(8) M1 8~ 7" 822.6
219.5(2) 1.0(2) 0.84(9) M1 6" 5* 680.3
220.9(2) 9.6(4) 0.72(5) M1 2 10~ 9~ 907.9
221.6(3) 0.5(2) 0.85(18) M1 5 9+ 8+ 1077.0
226.0(2) 6.6(5) 1.45(9) El 1 7t 7 617.5
234.9(2) 6.2(6) 0.81(5) El 1 8" 7" 626.4
237.9(3) 0.7(2) 0.77(15) M1 5 8+ 7 855.4
239.0(2) 0.35(8) 0.66(8) M1 15~ 14~ 3216.4
242.3(2) 2.8(3) 0.85(4) M1 9 15~ 14~ 3142.6
243.6(2) 1.1(3) 0.81(6) M1 6" 5t 704.4
245.9(2) 15.9(13) 0.80(4) M1 1 12+ 11" 1330.7
262.4(2) 0.34(9) 4+ 3+ 262.5
267.9(2) 0.55(19) 0.85(15) M1 7t 6" 972.3
269.5(2) 7.6(5) 0.71(5) M1 2 11~ 10~ 11774
271.3(3) 0.9(3) 5 9* 10" 1077.0
271.8(2) 25.2(13) 0.82(5) El 1 7t 6~ 617.5
279.1(2) 26.6(14) 0.80(5) M1 1 1+ 10" 1084.8
282.0(2) 1.2(3) 0.83(11) M1 5 11+ 10+ 1651.2
284.4(2) 0.6(2) 0.84(12) M1 5 10" 11+ 1369.2
287.7(2) 1.1(2) 0.78(14) M1 8~ 7 679.4
292.2(2) 1.24(25) 0.71(14) M1 5 10" 9" 1369.2
292.7(2) 1.8(4) 0.85(9) E1l 1 7t 6~ 617.5
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TABLE 1. (Continued.)

E, I, Rapo Multipolarities Band Jr J’f’ E;
(keV) (keV)
295.5(2) 3.2(6) 1.38(18) E2 2 9~ 7" 687.0
298.4(2) 2.9(11) 0.87(11) M1 1 7 6" 617.5
299.2(3) 0.7(2) 9~ 8~ 1122.1
301.3(2) 1.9(2) 0.84(8) M1 7 6~ 647.2
301.4(2) 0.3(1) 10 9~ 9~ 988.4
303.0(2) 6.0(5) 0.70(5) M1 2 12~ 11~ 1480.4
303.4(3) 0.8(3) 0.85(6) M1 6 11+ 10" 1780.1
309.0(2) 1.3(3) 0.48(10) M1/E2 10 9~ 8~ 988.4
313.4(3) 1.4(4) 0.72(11) M1 6 12+ 11t 2093.5
313.5(3) 0.2(1) 0.92(22) M1 5 12+ 13* 2018.5
313.9(2) 2.4(2) 0.80(7) M1 9 16~ 15~ 3456.5
320.7(3) 0.29(12) 0.86(10) M1 5 11" 12+ 1651.2
326.0(2) 6.4(19) 0.81(4) M1 1 14+ 13* 2031.0
327.7(3) 0.8(3) 0.47(6) MI1/E2 11 9~ 8~ 1007.1
331.5(4) 0.2(1) 6 10™ 9t 1476.7
333.7(2) 2.8(5) 1.51(25) E2 8~ 6~ 679.4
343.2(3) 0.9(2) 0.67(9) M1 3 13+ 12+ 2060.6
346.9(2) 3.4(5) 0.63(6) M1/E2 2 13~ 12~ 1827.4
350.4(3) 1.2(3) 5t 3+ 460.8
356.5(4) 2.5(4) 0.71(5) M1 3 12+ 11+ 1717.3
358.6(3) 3.2(5) 0.61(6) M1/E2 9 13~ 12~ 2770.0
359.9(3) 2.9(3) 1.55(25) E2 11 9~ 7 1007.1
360.1(3) 2.3(5) 1.52(28) E2 8~ 6~ 679.4
367.3(3) 1.18(25) 0.65(14) M1 5 12+ 11t 2018.5
371.2(9) 0.90(21) 0.75(16) M1 3 16 15+ 3243.0
371.6(6) 1.8(3) 0.76(7) M1 9 17~ 16~ 3828.1
371.7(2) 0.5(1) 10 9~ 7" 988.4
373.1(2) 1.3(2) 0.59(8) M1/E2 2 14~ 13~ 2200.4
374.3(2) 11.3(22) 0.78(4) M1 1 13+ 12+ 1705.0
375.4(2) 3.5(4) 1.75(35) E2 7 11 9 1557.0
375.9(3) 2.9(4) 7 9 10 1181.6
380.8(3) 0.22(9) 11 9~ 8" 1007.1
380.9(2) 9.5(11) 0.78(9) E1 1 7t 6~ 617.5
384.8(3) 1.13(17) 0.78(12) M1 3 14+ 13* 2445 .4
385.4(8) 0.18(7) 3 18+ 17 4120.5
385.5(2) 0.60(24) 1 7t 6~ 617.5
392.8(2) 2.7(8) 0.77(6) M1 1 16+ 15+ 2869.3
398.4(2) 3.8(8) 1.42(9) E2 2 10~ 8~ 907.9
399.7(3) 1.15(18) 0.61(6) M1/E2 6 10* 9t 1476.7
402.8(3) 1.0(2) 0.63(5) M1/E2 9 14~ 13~ 2900.3
403.5(2) 3.3(9) 1.34(13) E2 1 7 5t 617.5
410.9(3) 0.52(17) 6 11" 10" 1780.1
411.3(4) 0.44(13) 0.71(11) M1 5 13+ 12+ 2429.8
414.1(4) 0.13(5) 4 15+ 14+ 3028.4
414.6(2) 0.9(3) 0.48(7) M1/E2 2 15~ 14~ 2615.0
416.1(2) 2.5(5) 1.49(21) E2 1 11+ 9t 1084.8
417.7(3) 0.5(2) 1.55(35) E2 6" 4+ 680.3
423.5(3) 1.1(3) 0.72(7) M1 9 18~ 17— 4251.6
426.2(4) 1.36(31) 0.80(10) M1 3 15+ 14+ 2872.3
433.5(4) 0.39(15) 0.65(9) M1/E2 2 16~ 15— 3048.5
434.5(3) 1.14) 0.76(9) M1 4 14+ 13* 2614.3
441.9(3) 0.95(32) 1.33(25) E2 6" 4+ 704.4
445.2(7) 0.9(3) 0.75(13) M1 1 18+ 17+ 3824.4
445.5(3) 6.4(17) 0.78(9) M1 1 15+ 14 2476.5
448.8(3) 0.38(14) 2 20~ 19~ 4950.3
450.6(3) 1.3(3) 0.75(15) M1 5 9+ 8+ 1077.0
462.5(3) 2.0(2) 0.51(8) M1/E2 4 13* 12F 2179.8
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TABLE 1. (Continued.)

E, L, Rapo Multipolarities Band Jr J;T E;
(keV) (keV)
464.8(5) 0.6(2) 0,57(9) MI1/E2 2 21- 20~ 5415.1
464.9(5) 0.85(25) 0.73(8) M1 9 19~ 18~ 4716.5
469.8(5) 0.38(16) 0.61(9) M1/E2 2 17~ 16~ 3519.6
481.5(5) 0.2(1) 2 18~ 17~ 4001.5
486.0(8) 0.5(2) 1 20" 19* 4873.5
490.4(2) 8.9(5) 1.42(9) E2 2 11~ 9~ 1177.4
492.3(6) 0.82(18) 0.65(9) M1 3 17+ 16™ 3735.3
499.6(4) 3.4(4) 1.51(15) E2 10 9~ 7" 988.4
499.8(5) 0.15(7) 2 19~ 18~ 4501.7
503.0(5) 0.48(11) 0.76(9) M1 9 20~ 19~ 5219.5
505.1(3) 0.5(2) 1.36(25) E2 9~ 7 1122.1
509.9(6) 2.7(7) 0.66(13) M1 1 17 16" 3378.7
511.7(4) 1.0(4) 1.51(31) E2 7t 5+ 972.3
514.0(3) 0.12(6) 5 10" 8" 1369.2
518.3(3) 1.1(2) 1.36(12) E2 11 9~ 7" 1007.1
518.5(3) 0.9(2) 0.54(9) MI1/E2 6 9t 8+ 1144.9
525.0(3) 9.5(11) 1.36(8) E2 1 12+ 10+ 1330.7
533.1(5) 0.25(8) 0.85(15) M1 9 21- 20~ 5752.6
535.3(4) 3.7(4) 1.38(7) E2 11 11~ 9~ 1542.4
550.0(3) 2.6(3) 1.42(8) E2 7 13 11 2107.0
554.0(3) 2.8(4) 1.38(7) E2 11 11~ 9~ 1542.4
555.1(3) 3.5(4) 0.55(5) MI1/E2 3 11+ 10+ 1360.8
555.2(3) 0.8(2) 0.78(11) D 7 9 8" 1181.6
564.0(6) 0.5(2) 0.75(15) M1 1 19+ 18+ 4388.9
572.5(2) 11.1(7) 1.46(12) E2 2 12~ 10~ 1480.4
574.0(3) 0.17(8) 5 11+ 9t 1651.2
574.8(3) 1.8(3) 0.45(9) M1/E2 8 ®* 7t 1192.3
584.0(3) 3.4(5) 0.98(9) MI1/E2 12~ 13~ 2411.4
614.8(4) 1.8(4) 1.38(10) E2 10 11~ 9~ 1621.9
620.2(3) 4.5(12) 1.47(10) E2 1 13* 11+ 1705.0
632.4(3) 2.0(4) 0.47(6) M1/E2 3 12+ 11+ 1717.3
633.3(3) 1.0(2) 1.53(21) E2 9~ 7" 1122.1
633.5(3) 3.0(4) 1.38(12) E2 10 11~ 9~ 1621.9
634.8(4) 0.4(1) 0.78(13) M1 11 11~ 10~ 1542.4
649.6(4) 0.6(2) 1.45(38) E2 5 12+ 10" 2018.5
650.0(3) 8.7(10) 1.45(10) E2 2 13~ 11~ 1827.4
653.5(4) 1.0(2) 1.35(15) E2 8 1oyt ®)* 1845.8
692.1(4) 0.8(2) 1.36(18) E2 3 11+ 9t 1360.8
695.6(5) 5.7(9) 1.32(9) E2 11 13~ 11~ 2238.0
699.9(4) 0.89(14) 1.32(18) E2 3 13+ 11+ 2060.6
700.3(2) 9.4(23) 1.53(8) E2 1 14+ 12+ 2031.0
700.8(4) 1.5(2) 1.50(15) E2 7 15 13 2807.8
709.3(4) 1.1(2) 11~ 9~ 1831.4
714.2(5) 0.3(1) 10 11~ 10— 1621.9
720.0(4) 7.9(8) 1.45(7) E2 2 14~ 12~ 2200.4
724.8(5) 0.34(12) 5 13+ 13+ 2429.8
726.9(5) 1.0(2) 1.34(11) E2 10 13~ 11~ 2348.8
728.4(6) 0.63(14) 1.44(6) E2 3 14+ 12+ 2445 .4
729.9(6) 1.6(3) 0.56(6) M1/E2 3 13+ 12+ 2060.6
730.5(4) 0.3(1) 9~ 7" 1122.1
739.4(3) 0.45(9) 0.65(9) M1 14~ 13~ 2977.4
740.4(3) 1.08(25) 0.52(6) M1/E2 3 14+ 13+ 24454
766.0(7) 0.57(18) 0.65(8) M1/E2 3 16" 15+ 3243.0
771.4(4) 4.6(11) 1.52(9) E2 1 15+ 13* 2476.5
774.0(10) 0.3(1) 1.45(42) E2 8 a2yt (10)*" 2619.8
778.9(6) 0.22(10) 5 13+ 11+ 2429.8
787.6(4) 5.5(8) 1.41(7) E2 2 15~ 13~ 2615.0
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TABLE 1. (Continued.)

E, L, Rapo Multipolarities Band Jr J ? E;
(keV) (keV)
789.7(5) 0.4(2) 0.69(12) M1 12~ 11~ 2411.4
790.2(6) 0.5(2) 1.45(15) E2 10 15~ 13~ 3139.0
797.6(5) 1.83(20) 1.39(9) E2 3 16* 14+ 3243.0
808.6(6) 1.6(4) 1.33(10) E2 11 15~ 13- 3046.6
811.7(6) 1.72(22) 1.33(13) E2 3 15+ 13+ 2872.3
832.6(6) 0.3(1) 1.40(25) E2 10 15~ 13~ 31814
838.2(6) 0.8(2) 1.36(14) E2 7 17 15t 3646.0
838.3(5) 8.8(22) 1.43(9) E2 1 16T 14+ 2869.3
841.909) 0.36(14) 3 15F 14+ 2872.3
843.2(6) 0.5(2) 11~ 9~ 1831.4
848.1(5) 3.9(7) 1.43(12) E2 2 16~ 14~ 3048.5
848.6(6) 0.28(5) 1.49(29) E2 4 15F 13+ 3028.4
863.0(6) 1.08(24) 1.45(25) E2 3 17* 15+ 3735.3
876.4(8) 0.3(1) 1.55(29) E2 13~ 11~ 2497.5
877.5(8) 1.48(18) 1.44(23) E2 3 18 16™ 4120.5
902.2(6) 3.3(7) 1.53(11) E2 1 17* 15+ 3378.7
904.6(6) 3.2(6) 1.42(9) E2 2 17— 15~ 3519.6
906.6(6) 0.9(3) 1.35(13) E2 11 17— 15— 3953.2
913.0(8) 0.6(2) 2 21- 19~ 5415.1
934.1(5) 0.9(3) 0.72(9) M1 5 12+ 11+ 2018.5
938.6(6) 0.9(2) 1.37(13) E2 9 13~ 11~ 2770.0
948.8(6) 1.20(35) 2 20~ 18~ 4950.3
953.0(6) 1.27(36) 1.50(17) E2 2 18~ 16~ 4001.5
955.1(6) 3.9(7) 1.37(7) E2 1 18 16" 3824.4
957.0(10) 0.45(13) 1.41(17) E2 7 19t 174 4603.0
967.2(10) 0.11(4) 9 20~ 18~ 5219.5
978.7(7) 0.10(5) 15~ 13- 3216.4
982.1(9) 1.0(3) 1.29(14) E2 2 19~ 17— 4501.7
1010.2(8) 1.6(4) 1 19+ 17+ 4388.9
1049.1(8) 2.4(7) 1 20" 181 4873.5
1234.4(8) 1.0(3) 12~ 11~ 2411.4

#Isomeric transitions (Ref. [43]).

"Intensity derived from single spectra (Refs. [43,44]). In the case of the 82.5- and 105.1-keV transitions, the contribution from the 82.4- and

105.2-keV transitions, respectively, has been subtracted.

negative parity. The 319 keV 6~ state decays by a transition
of 105.2 keV [Rapo = 0.87(9)] and a weak transition of 82.4
keV, feeding the yrast 57 state lying at 214-keV excitation
energy and the 6~ state lying at 237-keV excitation energy,
respectively. It is worthwhile to mention that the 6~ state at
319.2 keV is just 0.1 keV apart from the known yrast 67
state. Moreover the two states decay by transitions with almost
identical energies. Note however that the intensity ratio /(82
keV)/I(105 keV) differs in the two states, having values of
0.160(15) and 0.094(34) for the 67 and 6™ states, respectively.
This finding stands as a direct evidence of the existence of two
different states at 319-keV excitation energy.

The positive-parity band 1 was observed in the present
experiment up to spin value 20%. A weak transition of 179.3
keV has been placed between the 10" and 87 states at the
bottom of the band. Band 3, proposed in Ref. [33], has been
confirmed and extended by two more states, with spins 17%
and 18", based on the observation of the E2 transitions of
863.0 and 877.5 keV. Five new transitions, with energies of
343.4, 385.2, 492.3, 863.0, and 877.5 keV, were included in

this band. A new 692.3-keV transition with Rapo = 1.36(18)
was found to link the 117 state with the 97 state of the yrast
band.

A short sequence of positive-parity levels, labeled as band
4, was identified to be connected with band 3. Spin and
parity 13 for its lowest state were assigned based on the
M1 + E2 mixed character of the 463-keV deexciting transi-
tion [Rapo = 0.51(8)] to the 12+ state of band 3. Band 5 is a
new structure of states with spins from 8" to 13" connected by
M1 transitions and very weak E2 transitions. Besides in-band
transitions, all states of this band decay to the states of band
1. A structure of weakly populated states connected by M1
transitions was assigned as band 6. The spin-parity 9% of its
band head was established as it decays by the mixed M1/E2
518.5-keV transition [Rapo = 0.54(9)] to the 87 state of band
1.

The new band 7 was identified as a sequence of states con-
nected by the 375.4-, 550.0-, 700.8-, 838.2-, and 957.0-keV
quadrupole transitions. The band is deexcited by the 375.9-
and 555.2-keV transitions towards the 10" and 8% states of
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FIG. 2. Positive-parity bands of *°La from Ref. [43] and present work. New levels and transitions are drawn with red color. The lowest

level shown is the 7" bandhead of band 1 with E, = 618 keV.

band 1, respectively. Figure 4(a) shows a sum of double-gated
spectra obtained from the y-y-y cube, which illustrates the
y lines of band 7, as well as the transitions known in the
decay of band 1. A spin 9/ was assigned to the band head
based on the pure dipole character of the 555.2-keV transition
[Rspo = 0.78(11)] feeding the 8" state of band 1. The parity
could not be, however, assigned, as the 555.2-keV transition
may have either an M1 or an E1 character. The positive
parity tentatively assigned (in parentheses) is supported by
theoretical considerations (see Sec. IV).

A structure composed of three states connected by the
653.5- and 774.0-keV E2 transitions was assigned as be-
longing to the new rotational band 8. It is deexcited by the
574.8-keV transition that is coincident with transitions from
the decay of band 1. Based on the mixed E2/M 1 type estab-
lished for this transition [Rapp = 0.45(9)], a positive parity
was assigned to the band. However, the excitation energy and
the spin of the band head could not be assigned unambigu-
ously, as the 574.8-keV decaying transition may be placed on
either the 8% state or the 7% state at the bottom of band 1.
In our proposed level scheme, the 574.8-keV transition was

placed to feed the 7+ state and thus a spin 8 was assigned to
the band head (see the discussion of Sec. IV).

On the negative-parity side, previously reported band
2 [29,30] was observed up to spin 21%. Note that in Ref. [30],
by using the reaction 3'V(®?Se, 3n)'*La at an energy of
290 MeYV, six more states at high energies have been reported,
but their absolute energies could not be fixed. In our previ-
ous paper (Ref. [43]) the band head was established at an
excitation energy of 345.7 keV with J* = 6. In the present
work, a weak transition of 163.8 keV was included between
the 8 and 6~ states of the band. As seen in Table I, for
J = 13-17 and J = 21 the deexciting AJ = 1 transitions have
Ripo values around 0.6, somewhat smaller than the values
corresponding to pure dipole transitions. Comparison of the
experimental Rspo ratios with the values calculated by as-
suming a Gaussian distribution of magnetic substates with
o /J =~ 0.3, indicated small mixing ratios of § ~ —0.2.

Band 9 consists of a sequence of nine states connected by
dipole transitions. The corresponding R4po values indicated
pure transitions. This structure has been previously reported in
Ref. [31], however, without linking with the known states of
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FIG. 3. Negative-parity bands of *’La. New levels and transitions are drawn with red color. The energy of the lowest-lying state of each
observed structure is given to show the connection with the lower-lying states of Fig. 1. The transition of 1036 keV from the 21~ state of band
9, shown as dotted arrow, was not seen in the present work, but was included according to Ref. [31].

139a, and therefore without spin and parity assignment. In the
present study the decay out of this band has been elucidated.
A spin-parity 13~ was assigned to the band head placed at
an excitation energy of 2770.0 keV. The transitions of 359
and 403 keV, reported in Ref. [31] to deexcite the band, were
found in coincidence with the new transitions of 584 and 1234
keV that are feeding states of band 2. In addition, the in-band
transitions were found in coincidence with the E2 transitions
of 939 and 709 keV, placed in cascade and feeding the 9~
1122-keV state. Note that in Ref. [31] four more high-energy

states have been identified, and weak E?2 transitions were seen
to deexcite states with spins J > 20. In our experiment we
observed the weak 967-keV transition between the 20~ and
18~ states of the band. The E2 transition from the 21~ state
was too weak to be observed, and is shown as dotted in Fig. 3.
A coincidence spectrum obtained from the symmetric y-y
matrix gated by a sum of y rays in the band is illustrated in
Fig. 4(b).

Two weakly populated sequences of negative-parity states
connected by E2 transitions were labeled as bands 10 and
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FIG. 4. (a) Sum of double-gated spectra in band 7 (375 + 555 keV, 375 + 376 keV, 550 + 376 keV, 550 4 555 keV) obtained from the
y —y — y cube; (b) Coincidence spectrum from the symmetric y — y matrix gated by transitions in band 9; (c) Sum of double-gated spectra
in band 11 (696 + 535 keV, 696 + 554 keV, 696 + 809 keV, 554 + 809 keV, 535 + 809 keV) obtained from the y — y — y cube. In all spectra,
transitions belonging to the bands or involved in the decay of the bands are marked by energy. The new transitions are marked in red.

11 (Fig. 3). They are built on the 9~ states at the excitation
energies of 988 and 1007 keV. A sum of double-gated spectra
obtained from the y-y-y cube, which shows the y lines of
band 11, is given in Fig. 4(c). In the coincidence spectrum are
also present the transitions from the complex decay of the 9~
states (see Fig. 1), as well as the 239- and 739-keV y lines
that belong to a higher-spin structure connected to band 11
(see Fig. 3).

By using the reaction >'vV(*?Se, 3n) '*’La at a bombarding
energy of 290 MeV, Godfrey et al. [32] reported the obser-
vation of nine transitions with energies of 762, 852, 920,
998, 1073, 1148, 1229, and 1319 keV, assigned to a highly
deformed band with 8, ~ 0.4 and spins up to around 347. The
y rays belonging to the highly deformed band were not seen
in the present experiment. The '>!Sb('C, 3n) reaction used
in our study was indeed efficient in populating spins in the
range 10-207%, while the more symmetric >'V(*?Se, 3n) '*°La
reaction employed in Refs. [30-32] was appropriate for the
population of higher-spin states.

B. Lifetimes derived by Doppler-shift attenuation method

By applying the Doppler-shift attenuation method, life-
times were derived for excited states in the positive-parity
bands 1, 3, and 7, and in all negative-parity bands. As al-
ready mentioned, the lifetimes and the corresponding reduced

transition probabilities deduced for the chiral doublet partners
(bands 1 and 3) were reported and discussed in a previous
paper [34].

In the case of band 2, the analysis was performed for the
E?2 deexciting transitions, as the M1 transitions are much
weaker. Line shapes were observed and analyzed for the
levels with J* = 14~ to 17~ and 21~. The energies of tran-
sitions deexciting the 18~ and 20~ states are very close, and
the corresponding line shapes were superimposed. This fact
prevented assigning distinct lifetimes to the corresponding
states. In the case of the transition deexciting the 197 level,
a reliable analysis could not be done due to the presence of
contaminants. In band 9, line shapes were analyzed for the
M1 deexciting transitions for states with spin parity from 16~
to 217. As concerns the quadrupole bands 7, 10, and 11, line
shapes were observed for states with spin > 15. Examples of
experimental line shapes and the corresponding fits are illus-
trated in Figs. 5, 6, and 7. The derived lifetimes are collected
in Table II. Assigned errors include the uncertainties due to
the stopping power calculation (10%) and to the side-feeding
pattern (15%).

C. Lifetime measurements with fast-timing technique

The lifetimes of lower-lying states in '*°La have been
investigated by using the fast-timing technique. For this
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FIG. 5. Experimental and calculated line shapes for transitions
deexciting the states in the band 2 of *°La with (a) J™ = 157,
(b) 167, (c) 177, and (d) 217, respectively. The coincidence spectra
were created with narrow gates on lower-lying transitions emitted
from stopped nuclei. The fitted DSAM spectra are shown in red
dashed lines.

purpose, feeding and deexciting transitions were selected for
the levels of interest, and corresponding time difference spec-
tra were created. To clean the coincidence spectra appropriate
gates were chosen in the HPGe spectra.
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FIG. 6. Experimental and calculated line shapes for transitions
deexciting the states in the band 9 of 1301 2 with (a) J* =167,
(b) 177, and (c) 187, respectively. The coincidence spectra were
created with narrow gates on lower-lying transitions emitted from
stopped nuclei. The fitted DSAM spectra are shown in red dashed
lines.
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FIG. 7. Experimental and calculated lineshapes for transitions
deexciting the states with (a) J* = 15" and (b) 177 in band 7, and
(c) 157 in band 11. The coincidence spectra were created with narrow
gates on lower-lying transitions emitted from stopped nuclei. The
fitted DSAM spectra are shown in red dashed lines.

In a detailed analysis devoted to the positive-parity yrast
band, the centroid method [42] has been used. Lifetimes of
the lowest-lying states have been derived as 7(8%) = 1201218
ps and 7(10%) < 30 ps. The 7+ band head of the band was

TABLEII. Lifetimes determined in the present work by applying
the Doppler-shift attenuation method.

E, (keV) J* T (ps)
Band 2

2200.4 14~ 2.11(51)
2615.0 15~ 1.12(22)
3048.5 16~ 0.76(14)
3519.6 17~ 0.55(12)
5415.1 21- 0.45(13)
Band 7

2807.8 15" 1.05(21)
3646.0 17+ 0.45(10)
4603.0 19 0.26(7)
Band 9

3456.5 16~ 0.68(14)
3828.1 17— 0.42(9)
4251.6 18~ 0.23(5)
4716.6 19~ 0.22(5)
5219.5 20~ 0.15(4)
5752.6 21~ 0.11(4)
Band 10

3139.0 15~ 1.3(4)
31814 15— 0.9(3)
Band 11

3046.6 15~ 1.15(24)
3953.2 17— 0.75(20)
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FIG. 8. Time spectrum for the 114-keV transition obtained he the
LaBr;(Ce) detectors when gating on the 272-keV feeding transition.

identified as an isomeric state with a lifetime of 7(7%) =
0.38(7) ns. The results of this study were reported and dis-
cussed in our previous paper [34].

In the present paper we report on the determination of
the lifetime for the 6~ state at 345.7-keV excitation energy,
band head of band 2 (see Fig. 3). This state is strongly fed
by the 271.8-keV transition from the 77 state, band head of
band 1 (see Fig. 1). To derive its lifetime, delayed coinci-
dences between the 271.8-keV y ray and the deexciting y ray
of 113.7 keV have been investigated. In the spectra created
using the LaBr;(Ce) detectors the 271.8-keV y line is not
separated from the 279.1-keV y-ray from the band 1 (see
Fig. 4 of Ref. [34]). To clean the spectra, the E,-E,»-AT
cube from the LaBr3(Ce) detectors was created with a gate on
the 279.1-keV y-ray in the HPGe detectors. After background
subtraction, the slope of time spectrum of the 113.7-keV line
has been derived (see Fig. 8). A lifetime of 7 = 3.6(2) ns has
been assigned to the 345.7-keV 6~ band head of band 2.

IV. DISCUSSION

In this section we attempt to elucidate the structure of the
newly identified bands in '*°La. The experimental properties
of the bands, namely the spins of the band heads, the decay
patterns, and the transition strengths B(M1) and B(E2) are
used to assign the configurations.

According to the observed intrinsic configurations in
neighboring odd-A nuclei, the active single-particle states in
1303 are the 1/2[550], 1/2[420], and 3/2[422] proton states,
as well as the 9/2[514], 1/2[411], 1/2[400], and 7/2[404]
neutron states. Thus, Ref. [46] reports on bands based on the
rotation-aligned [550]1/27 Nilsson state of hy;,, parentage,
as well as bands based on the 1/2[420] and 3/2[422] states

of ds/» and g7/, parentage, respectively, in '*’La. Similarly,
Ref. [47] reports on a band based on the deformation-aligned
9/2[514] state derived from the £/, subshell, a band based
on the 1/2[400] and 1/2[411] orbitals from the 51/, and d3,,
states, and a band based on the 7/2[404] state of g7/, parent-
age, in '?’Ba. In the odd-odd *°La we expect bands that are
based on the combinations of the above single-proton and
single-neutron states.

In order to understand the structure of the observed
states, we have performed -calculations using the two-
quasiparticles-rotor model (TQRM) code of Ref. [48]. The
model Hamiltonian includes the rotational energy of the core
and the quasiparticle energies of the odd proton and neutron.
The single-particle energies are calculated in a modified os-
cillator (Nilsson) potential with the x and  parameters taken
from Ref. [49]. The pairing gap and the Fermi levels were
derived from a BCS treatment of pairing. The interaction
strengths were obtained by multiplying 0.95 to the standard
strengths [50] in order to take into account the blocking ef-
fect. The core moments of inertia were calculated in such
a way that the experimental energy of the 27 state of the
even-even '2*Ba nucleus was reproduced. In evaluation of the
electromagnetic moments, an effective g, factor of 0.7g!"*
has been used and gg has been taken as Z/A. Quadrupole
moments of the core were calculated macroscopically. No
Coriolis attenuation factor was introduced. Calculations were
performed by using various values of quadrupole deformation
€, between 0.12 and 0.22. The triaxial parameter was taken
y = 0°, excepting the calculations for the bands 1 and 3,
where values between 0° and 30° have been employed.

A. Low- and medium-spin states

The low-lying positive-parity states have been calculated
with the TQRM assuming that both the valence proton and
neutron are located in the deformed sd g orbitals of the N = 4
shell. In our previous calculations [43] deformation parame-
ters €, = 0.20 and €4 = 0.02 were adopted, as predicted for
the '*°La ground state in the macroscopic-microscopic calcu-
lations tabulated in Ref. [51]. However, calculations failed to
reproduce the spin 3 for the ground state. The present TQRM
calculations performed for various €, values indicated that
the structure of the low-lying positive-parity states is domi-
nated by the neutron 7/2[404] orbital, coupled with proton
deformed orbitals from the ds;, and g7/, spherical states. A
comparison of the yrast experimental energies with the calcu-
lated energies obtained for various quadrupole deformations
is illustrated in Fig 9. As seen in this figure, for deforma-
tions €; > 0.15, the sequence of the low-lying states is not
satisfactorily described. Thus the ground state is calculated
to have J* = 2%, in contradiction with the experimental 3%
value, while the energy of the 17 state is predicted higher
than the energies of the 41, 57, and 67 states. The description
is somewhat improved for lower deformations €, < 0.14, as
the 3% state becomes the ground state, and the 57 and 6%
states are predicted above the 17 state. Note that as quoted
in Ref. [52], the quadrupole deformation of the Nilsson po-
tential, €, is related to the quadrupole deformation 8, by the
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FIG. 9. Experimental low-lying positive-parity states compared
to the two-quasiparticles plus rotor model calculations performed for
different quadrupole deformations.

relation €; = 0.944 B,, and thus the value €; = 0.14 corre-
sponds to a deformation 8, = 0.15.

The negative-parity states in '°La could arise either by
coupling the odd proton in orbitals of the &1/, subshell with
the odd neutron in the N = 4 shell orbitals, or by coupling
the odd proton located in the sdg shell with the odd neu-
tron in the 1/, subshell. TQRM calculations indicated that
medium-spin negative-parity states described by the couplings
mentioned above coexist at low-energies. Experimentally an
irregular structure of states with spins from 6~ to 9~ was
identified (Fig. 1), with 2, 3, or 4 members for each spin
value. Based on the assigned configurations for the structures
developed on the 9~ states (see below), the states at 988 and
1007 keV are identified as members of the whii,, ® v(sd)
coupling. The 9~ state at 1122 keV, fed by the 709- and
939-keV cascade E2 transitions deexciting the band 9 is de-
scribed by the 7 g7,> ® vhyy,» coupling.

B. Band deformations

Experimental reduced transition probabilities derived on
the basis of the lifetimes measured in this work by applying
the DSAM method are given in Table III. The branching ratios
have been deduced from the presently determined y -ray inten-
sities, except for the branchings of the transitions deexciting
the level with J* =21~ at 5752.6 keV in band 9, that were
taken from Ref. [31].

In the case of bands 2 and 9 both B(M1) and B(E2)
strengths have been deduced. The calculations were done by
considering pure M1 transitions. As shown in Sec. III, this
is valid for band 9. In the case of band 2 the transitions for
which B(M 1) are derived exhibit small £2/M 1 mixing, but its
influence on the B(M1) values is less than 5%, much smaller
than the assigned errors, and therefore was neglected,

From the B(E2) values transition quadrupole moments, Q;,
can be derived using the formula

, 167 B(E2)

= = 1
< 5 < JiK20|J¢K >? @

where J; is the initial spin, J; is the final spin, and K the
projection of the total angular momentum on the symmetry
axis.

At high spins the transition quadrupole moment is related
to the deformation parameters 8, and y through the rela-
tion [53]

[3
0, =2 §ZeR(2),82cos(3O° + ), 2)

where R is the mean nuclear radius, assumed to have a
mass dependence of Ry = 1.2A!/3. The derived transition
quadrupole moments and S, values, for y = (0°, are presented
in the last two columns of Table III. The K values used in
the calculation of Clebsch-Gordan coefficients were K = 4
for band 2, K = 1 for bands 7, 10, and 11, and K = 6 for
band 9 (see the discussion below).

As seen in Table III for the states with J* = 147-17~
in band 2 both the B(M1) and B(E2) transition strengths
have rather similar values. A mean quadrupole deformation
B> = 0.165(16) has been deduced for these states. At spin
217 an experimental B(M 1) value much larger has been estab-
lished, while the B(E2) value was found somewhat smaller,
corresponding to a deformation B, = 0.130(30). A similar
quadrupole deformation, 8, = 0.133(30) was deduced for the
20~ and 21~ states of band 9. For the decoupled bands 10
and 11 a mean deformation value 8, = 0.150(15) was de-
duced. On the other hand, larger transition strengths were
derived for states of band 7, corresponding to an enhanced
deformation, B, = 0.220(17). These results indicate distinct
coexisting shapes at high spins in '*°La.

C. Band configurations
1. Positive-parity bands

Bands 1 and 3 are the chiral-candidate doublet bands
built on the 7hyi, ® vhl_ll/2 configuration. We discussed the
properties of these bands in Ref. [34] in comparison with
the predictions of the two-quasiparticles-plus-rotor model.
It was revealed that the calculated B(M1) values in the
yrast band show odd-even spin dependence in the spin range
13-20, in contrast with experimental values, which slightly
decrease nearly monotonically with spin. The main conclu-
sion of the study was that the static chirality regime is not
realized and that the chirality, if exists, could be of vi-
brational type. It is worthwhile to mention that the B(E2)
values in the yrast band are somewhat overestimated by
the calculations (Fig. 9 of Ref. [34]), indicating that the
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TABLE III. Reduced transition probability values, derived using the lifetimes determined in the present work by the Doppler-shift
attenuation method and total conversion coefficients taken from Ref. [55]. Branching ratios were obtained from the y-ray intensities given
in Table I, excepting the 5752.6 keV level of band 9, for which the intensities given in Ref. [31] were used. The B(M 1) transition strengths
were calculated assuming pure M1 transitions. The last two columns contain the transition quadrupole moments and deformations deduced

from experimental reduced transition rates B(E2).

E; Jr JJ’Z E, B(M1) B(E2) 0, B2
(keV) (keV) (W.u.) (W.u) (eb)
Band 2
2200.4 14~ 13~ 373.1 0.039(12)

12~ 720.0 44(12) 2.4(3) 0.15(2)
2615.0 15~ 14~ 414.6 0.054(28)

13~ 787.6 53(15) 2.6(4) 0.16(3)
3048.5 16~ 15~ 433.5 0.045(19)

14~ 848.1 57(18) 2.7(4) 0.17(3)
3519.6 17— 16~ 471.1 0.060(30)

15~ 904.6 56(19) 2.7(5) 0.17(3)
5415.1 21~ 20~ 464.8 0.348(174)

19~ 913.0 37(18) 2.1(5) 0.13(3)
Band 7
2807.8 15* 13+ 700.8 118(24) 3.6(4) 0.23(2)
3646.0 17+ 15+ 838.2 112(25) 3.5(4) 0.22(2)
4603.0 19+ 17+ 957.0 100(27) 3.3(4) 0.21(3)
Band 9
3456.5 16~ 15~ 313.9 1.44(30)
3828.1 17~ 16~ 371.6 1.43(31)
4251.6 18~ 17— 423.5 1.78(42)
4716.5 19~ 18~ 464.9 1.42(32)
5219.5 20~ 19~ 503.0 1.33(53)

18~ 967.2 31(13) 2.0(5) 0.13(3)
5752.6 21~ 20~ 533.1 1.46(57)

19~ 1036.1 37(16) 2.2(5) 0.14(3)
Band 10
3139.0 15— 13~ 790.2 52(16) 2.4(4) 0.15(2)
3181.4 15~ 13~ 832.6 58(26) 2.5(6) 0.16(4)
Band 11
3046.6 15~ 13- 808.6 53(11) 2.4(3) 0.15(2)
3953.2 17~ 15~ 906.6 45(12) 2.3(3) 0.14(2)

employed quadrupole deformation, €, = 0.2, was too large.
We performed TQRM calculations for the whyi ® vhl’ll/2
configuration using smaller values for the quadrupole defor-
mation parameter. The calculated B(M 1) values were found
insensitive to the quadrupole deformation, while the experi-
mental B(E2) are much better reproduced for a deformation
€) = 0.14.

The doublet states based on the mhij;; ® vhl_ll/2 con-
figuration in the odd-odd nuclei around the mass 130
have been described by applying a quadrupole-coupling
model [54] that provides an alternative interpretation to
the two-quasiparticles-plus-rotor model. In the quadrupole-
coupling model the classical core representing the even-even
part of the nucleus couples with a neutron and a proton in
the hyy/, orbital through a quadrupole-quadrupole interaction.
All the necessary properties of the core are provided by the
experimental excitation energies, electromagnetic transitions,
and moments of the corresponding even-even nuclei. The
strengths of the quadrupole-quadrupole interactions are de-
termined from the experimental energy levels of doubly odd

nuclei, and assumed to be smooth functions of the proton
number Z and the neutron number N. Note that within this
model the internal structure of the yrast states was calculated
to be quite different from that of the yrare states, in oppo-
sition to the chiral interpretation. Good agreement with the
experimental data was achieved for both the energy spectra
and features of electromagnetic transitions in odd-odd Cs, La,
and Pr nuclei. In particular the calculated B(M 1) strengths in
the yrast band of '*°La show a smooth spin dependence, in
accordance with our experimental results [34].

The newly identified structure labeled as band 4 feeds
the 127 state of band 3. The B(IM1;J — J — 1)/B(E2;J —
J —2) value, 2.0(7) u,zv /e*b?, was determined in this band
for spin J = 15 by using transition energies and intensities.
This ratio is similar with the values derived at the same spin
in the bands 1 and 3, namely 2.9(9) and 2.6(10) ;L,zv/ezbz,
respectively, indicating that the configuration of band 4 is
whi ® vhl’ll/z, similar to the configurations of bands 1 and
3. The energy separation between the bands 3 and 4, AE(J) =
Ep(J) — Eps(J), is rather constant, about 150 keV. This is
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considerably smaller than the AE values for bands 3 and
1, that amount to approximately 350 keV (see Fig. 6(a) of
Ref. [34]). The mean separation energy of the doublets de-
pends on the degree of the chiral symmetry breaking [56],
and therefore one could expect that band 3 and the newly
established band 4, with small energy separation, are chiral
partner bands. It is worthwhile to mention that triplet bands
with the same configuration were identified in several nuclei
with chiral-candidate bands. In the odd-odd '**Pr nucleus
a third 7whi1, ® vhl_ll/2 band was observed up to spin J =
19 [24], and it was suggested that this band is the chiral partner
of the previously known side band. Triplet bands with the
same configuration, 1 gg,2vh11/2(87/2d5/2), were reported in
odd-mass 'Rh [57] and '® Ag [58], with the second and third
bands interpreted as chiral doublet bands [59]. In order to test
whether band 4 in *°La stands as a chiral-partner, it would be
important to extend it at higher spins in a new high-statistics
experiment.

Band 5 is a AJ =1 band whose members decay by in-
band M1 and E?2 transitions, as well as by dipole transitions to
states of band 1. The B(M1;J — J — 1)/B(E2;J — J —2)
ratio has values of 3.2(13) u3/e?b* and 5.7(31) u3/e*b* at
spin 12 and 13, respectively, similar to those of band 1. This
similarity, as well as the connection with band 1, suggest that
band 5 is described by the why;, ® vhl’ll/2 configuration. The
dipole band 6 linked to band 5 could also involve the same
configuration.

The new band 7 is a decoupled band characterized by a
quadrupole deformation 8, = 0.220(17) significantly larger
than the values f, = 0.13-0.16 derived for the other bands
in *°La (see Table III). In this mass region it was shown
that structures that involve the (f7,2h9,2)€2 = 1/2 neutron or-
bital have an enhanced deformation compared to the normally
deformed bands. We performed TQRM calculations, by cou-
pling the proton in the Ay, orbital with the neutron in the
(f71/2 + hoy2) orbitals. The used deformations parameters were
€, = 0.21 and y = 0°. The calculations revealed that the f7,,
and hg/, neutron orbitals, corresponding to the 1/2[530] and
1/2[541] Nilsson states, are strongly mixed. The coupling of
these neutron states with the 1/2[550] proton state produces
two independent decoupled bands, with the even-spin band
lower in energy. By including the proton 3/2[541] state the
two decoupled bands, with odd-spin and with even spin, ap-
pear at almost identical energies. The observed bands 7 and 8
in 13°La could be therefore described by coupling the proton
in the low-2 states of the hy;/, orbital with the neutron in
the (f7/2h9/2)S2 = 1/2 states. Up to now only few nuclei in
the region were found to exhibit decoupled bands involving
these neutron states, namely the odd-odd 30:132.134pr (Z = 59,
N =171, 73, 75) [23,26] and **Pm (Z = 61, N = 73) [25],
and the odd-mass '**Nd (Z = 60, N = 73) [22]. From lifetime
measurements it was shown that these decoupled bands show
an increased deformation, for example in '*°Pr and '*?Pr
they have quadrupole deformations g, = 0.24-0.26, which
are larger than B, = 0.19-0.20 measured for the normally
deformed bands in these nuclei [23]. The deformations de-
rived in the present work for '*°La are somewhat smaller
both for normal and intruder bands. They provide new in-
formation on the shape-driving behavior of the 1/2[530]

and 1/2[541] intruder neutron states in the A ~ 130 mass
region.

2. Negative-parity two-quasiparticle bands

Band 2, the yrast negative-parity band, was described by
coupling the proton rotation-aligned 1/2[550] Nilsson state
of hyjj, parentage with the neutron 7/2[404] state of g7/,
parentage [30]. A value of K =4 was used in Eq. (1) for
calculating the transition quadrupole moments of Table III.

For the newly identified bands 10 and 11 a doubly decou-
pled nature is suggested, as only the odd-spin states of the
bands were observed. They could arise by coupling the proton
1/2[550] Nilsson state with neutron low-Q2 orbitals from the
d3 251 states. The transition quadrupole moments in Table I1I
were estimated using K = 1.

TQRM calculations, performed with the odd proton in the
hi1/2 subshell and the odd neutron in the N = 4 shell orbitals,
predicted the occurrence of almost independent structures that
could be associated with the experimental ones. All calcu-
lated bands involve the proton occupying the 1/2[550] and
3/2[541] orbitals. The structure of the lowest-lying band, as-
signed to band 2, is dominated by the neutron in the 7/2[404]
orbital, with contributions from the 5/2[402] and 5/2[413]
orbitals from the ds;, and g7, parentage, respectively. A
comparison between the experimental levels and reduced tran-
sition probabilities of band 2 and those predicted by TQRM
calculations is shown in Fig. 10. Both B(M1) and B(E2)
reduced transition probabilities are well reproduced by the
calculations, excepting the 21~ level, for which the experi-
mental B(M1) is much larger than the calculated one, while
the experimental B(E?2) is smaller.

It is worth noting that in the previous study of Ref. [30]
a backbend was found for this band at Zw = 0.46 MeV, that
was attributed to aligning /> neutrons. It was suggested that
an increase in the B(M1) value would be expected through
an increase of the nuclear magnetic dipole moment. Total
Routhian surface calculations [30] predict a change from the
axial symmetric shape to negative y and also a decrease in the
deformation B, of 10-20 %, which would affect the B(E2)
value. Our results derived for the 21~ level, where the back-
bend occurs, nicely confirm the above predictions.

The second and third bands predicted by the TQRM calcu-
lations involve the odd neutron occupying mainly the low-2
orbitals (1/2, 3/2) from the d3,»s1> states, and they can
be associated with the bands 10 and 11. A comparison be-
tween the experimental and calculated results for band 11
is illustrated in Fig. 11. The experimental reduced transition
probabilities B(E2) are well reproduced by the calculated
values. The calculations predict a large signature splitting with
the even-spin unfavored component much higher in energy.
The predicted B(M 1) strengths for transitions from odd-spin
states to even-spin states are extremely small, and therefore
the y-ray intensities in the unfavored branch is expected to
be much smaller than that in the favored branch. It is worth
noting that a negative-parity decoupled band has been re-
ported also in the neighbor '3’La, described by the same
configuration as in the present case [60,61]. In a subsequent
higher statistics experiment devoted to the high-spin states in
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FIG. 10. Experimental band 2 compared to the two-

quasiparticles plus rotor model calculations for quadrupole
deformation €, = 0.14. The B(E2) values, expressed in W.u., are
shown in red color, while the B(M 1) values, expressed in mW.u., are
shown in blue color.

1321a [62] the odd-spin decoupled band was confirmed, and
moreover the much weaker even-spin unfavored branch was
identified (band 5 of Ref. [62]). Only M1 transitions from
the even-spin states to odd spin-states could be observed, in
accordance with TQRM predictions.

The 345.7-keV 6~ isomeric state, band head of band 2, is
deexcited by the transitions of 113.7 and 109.1 keV towards
lower-lying 6~ states, and by the transition of 26.6 keV to-
wards the 67 state. By using the intensities given in Ref. [44]
and the present work, and the total conversion coefficients
taken from Ref. [55], the reduced transition probabilities for
these transitions were determined as:

B(E1)(26.6 keV) = 9.6(12) x 10~* W.u.,

BM1)(113.7keV) = 1.8(3) x 1073 W.u.,

B(M1)(109.1 keV) = 1.3(5) x 107* W.u.

The hindrances of the M1 transitions could be under-
stood based on the configurations of the 6~ states. Transition
strengths of about 0.1 mW.u. were estimated within TQRM
for the transitions from the 6~ band head of band 2 to the
6~ neighboring predicted states, in good agreement with the
experimental values.

3. Negative-parity four-quasiparticle band

Band 9 is a dipole band involving large B(M 1) strengths,
roughly constant with increasing spin. In view of the high

Band 11
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vd, S, Q=1/2,3/2
4
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& 45(12)
2 15——
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18 ——
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FIG. 11. Experimental decoupled band 11 compared to the
two-quasiparticles plus rotor model calculations for quadrupole de-
formation €, = 0.14. The experimental and calculated B(E?2) values,
expressed in W.u., are shown in red color, while the calculated B(M 1)
values, expressed in mW.u., are shown in blue color.

value of bandhead spin 13~ and energy 2770 keV, it should
be a multiparticle band. Three possible four-quasiparticle con-
figurations were considered, why12 ® vg7/2(h11/2)2, g2 ®
Ul’l]]/z(//ll 1/2)2, and JTg7/2(]’l1 1/2)2 ® l)h[ 1/2- The experimental
B(M1) values were interpreted by the semiclassical cal-
culations based on the geometrical model of Donau and
Frauendorf [63].

The B(M 1) values for AJ = 1 transitions are given by the
expression [63,64]

BM1) = (3/8m)u2, A3)

where (17 is the component of the magnetic moment fi per-
pendicular to the total angular momentum J.

In our case the total magnetic moment is given by the
components of the odd proton m, odd neutron v, the two
aligned particles 2p, and the core R. The component of the
magnetic moment perpendicular on J is

o= (&7 —gr)iT + (¢ — &)t + (¢

—gr)Jj1 @)

Using the explicit expressions given in Ref. [65] for the
perpendicular components of angular momenta j, we calcu-
lated B(M 1) values for the configurations mentioned above.
We adopted the values of K; (projection on the symmetry
axis) and i; (projection on rotation axis) given in Ref. [62] for
1321 .a. The used values were K, = 1.5, i, = 4.5 for Thii;
Kn = 2.5, i,T = 1.5 for 8725 K,, = 4.5, i,, = 2 for Uh]l/z;
K, =3.5,i, =1 for vg7,,. The two protons (neutrons) were
considered to be fully aligned, i, = 9. The gyromagnetic
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FIG. 12. Experimental B(M 1) values derived for states of band 9
compared to calculated values for the candidate configurations.
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ratios g; were calculated with an effective g, factor of O.7g§
and gp has been taken as Z/A.

The experimental B(M1) values in band 9 are compared
with the estimated values in Fig. 12. We note the excellent
agreement between the experimental values and those calcu-
lated for the 7 g7,2(hy; /2)2 ® vhyy2 configuration involving
two aligned protons. For the other two configurations, that
involve two aligned neutrons, the calculated values are much
smaller.

It is interesting to note that a negative-parity dipole band
was reported in odd-odd 1321 .3 [62], with crossover E2 transi-
tions observed for spins > 167 Differently from our case, the
bands feed states of the positive-parity wh1,2 ® vhyj,, band.
No lifetimes were reported for that band, however, on the
basis of B(M'1)/B(E?2) ratios the same ng7/2(h11/2)2 ® vhii)
configuration was proposed.

As seen in Table III the quadrupole moment of the 20~ and
217 states, Q; = 2.1(5) eb, and the corresponding quadrupole
deformation 8, = 0.13(3) in band 9 are similar with the value
derived for the 21~ state in band 2. This stands as a nice ex-
perimental confirmation of the shape change associated with
the alignment of two high-<2 orbitals.

V. SUMMARY

The medium- and high-spin structure of '*°La was studied
using the '2!Sb('2C, 3n) reaction with the ROSPHERE array
at IFIN-HH, Bucharest. The existing level scheme of 1301 4

was confirmed and significantly extended with the addition of
seven new bands. By applying the Doppler-shift attenuation
method the lifetimes of 18 high-spin states in five bands
have been determined. A lifetime of v = 3.6 ns has been
measured for the 346-keV 6~ state by the in-beam fast tim-
ing technique. The experimental properties of both low- and
high-spin states were compared with theoretical calculations
done in the frame of the two-quasiparticles-plus-rotor model.
The observed sequence of positive-parity low-lying states
was reproduced for a quadrupole deformation of the Nilsson
potential €, = 0.14. This deformation, compatible with that
derived from B(E2) measurements, is smaller than the de-
formation €, = 0.20 given by the macroscopic-microscopic
calculations of Ref. [51]. State-of-the-art calculations with
a self-consistent total Routhian surface model would be
necessary to understand if the observed deformation is pre-
dicted by the mean-field models. Negative-parity decoupled
bands 10 and 11 having a quadrupole deformation B, =
0.150(15) were interpreted by coupling the proton in the
1/2[550] and 3/2[541] orbitals with the odd neutron occu-
pying mainly the low-$2 orbitals (1/2, 3/2) from the d3/»s1 /2
states, The positive-parity decoupled band 7 exhibits a larger
deformation, B, = 0.220(17), and was described as involv-
ing the intruder why;/» ® v(f7/2 + hoso) configuration. This
provides the first evidence on the presence of the shape-
driving (f7/2 + ho/2)2 = 1/2 intruder neutron orbitals in a
lantanum isotope. The high-spin dipole band 9, connected
with the lower-lying known states, exhibits large experimen-
tal B(M1) values, around 1.5 W.u.. They were remarkably
well reproduced by values calculated applying the geomet-
rical model of Donau and Frauendorf for the multiparticle
configuration g7, (A1 /2)2 ® v(hy1,2) involving two aligned
protons. The high-spin positive-parity band 4, linked with the
band 3, was assigned the same 7/, ® vhl’ll/2 configuration.
To test whether this band is a chiral partner, it would be of
interest to extend it at higher spins in a new high-statistics
experiment.
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