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145Ba B~ decay: Excited states and half-lives in neutron-rich **La
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Background: Neutron-rich nuclei in the A &~ 140-160 mass region provide valuable information on nuclear
structure such as quadrupole- and octupole-shape coexistence and the evolution of the collectivity. These nuclei
have also a nuclear engineering interest because they contribute to the total decay heat after a fission burst. The
information concerning '“La is very limited.

Purpose: The study of low-spin states in '“*La will provide a more detailed level scheme and enable the
determination of the half-lives of the excited states.

Methods: Low-spin excited states in '“*La have been investigated from the '*Ba g~ decay. The '*°Ba nuclei
were directly produced by photofission in the ALTO facility or obtained from the g~ decay of '**Cs also
produced by photofission. Gamma spectroscopy and fast-timing techniques were used.

Results: A new level scheme was proposed including 67 excited levels up to about 3 MeV and 164 transitions.
Half-lives in the few-nanosecond range were measured for the first excited states. Configurations for levels up to
~600 keV were discussed.

Conclusions: The available information on the low-spin states of **La has been modified and considerably
extended. The analysis of the properties of the first excited states, such as excitation energies, decay modes, log
ft values, reduced transition probabilities, and Weisskopf hindrance factors, has enabled the identification of the

first members of the bands corresponding to the g7,», ds/», and hy,, proton configurations.

DOI: 10.1103/PhysRevC.103.034308

I. INTRODUCTION

Nuclei belonging to the neutron-rich A & 140-160 mass
region, apart from developing quadrupole deformations, also
have been suggested [1,2] to possess reflection asymmetric
shapes. Large quadrupole deformations up to 8 =~ 0.34 have
been observed in Sm isotopes [3]. In addition, octupole effects
have been found in several nuclei like '*>'4"La [4,5], bringing
important information about quadrupole- and octupole-shape
coexistence. In this region, the influence of the valence p-n in-
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teractions in the evolution of the collectivity has been pointed
out by Casten et al. [6]. For N > 90, the subshell Z = 64 dis-
appears, resulting in a rapid development of the collectivity.
This is related to the filling of highly overlapping proton and
neutron orbitals, which have large p-n interactions, and hence
constitutes the essential driving force to deformation. This
region has also a nuclear engineering interest. Nuclei in this
region contribute to the total decay heat after a fission burst
and are relevant in the decay heat calculations [7]. Hence,
their decay studies are important as a complement of the
total absorption gamma spectroscopy studies. Therefore, an
important effort was made to investigate the nuclear structure
of neutron-rich nuclei around mass A = 150. Among these
investigations, high-spin states were studied from the sponta-
neous fission of 2>Cf sources using multidetector arrays like
Gammasphere [8,9], isomeric states by bombarding 239py and
235y targets with thermal neutrons [10,11], and low-spin states
were studied through B~ decay from fission products obtained
by bombarding UC, targets with protons [12] or electrons (in-
ducing photofission) [13]. In this context, a research program

©2021 American Physical Society


https://orcid.org/0000-0001-7841-9408
https://orcid.org/0000-0002-7646-5117
https://orcid.org/0000-0003-1779-7055
https://orcid.org/0000-0001-7924-2851
https://orcid.org/0000-0002-4672-4667
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.103.034308&domain=pdf&date_stamp=2021-03-08
https://doi.org/10.1103/PhysRevC.103.034308

M. A. CARDONA et al.

PHYSICAL REVIEW C 103, 034308 (2021)

has started at the Institut de Physique Nucléaire d’Orsay,
France, to study neutron-rich nuclei with mass A = 140-170
produced by photofission followed by 8~ decays using y, 8,
and fast-timing spectroscopy techniques. We present here the
results of our work concerning the '**La nucleus. From inves-
tigations previous to this work, the decay of '*Ba to '¥’La
has not been established completely and many y rays remain
unplaced or have been placed tentatively in the level scheme
[14]. Moreover, except for the 2566 keV level (2570 keV in
the present work), the available information on levels above
1177 keV concerns the population of pseudolevels based on
total y-ray absorption spectrometer measurements [15]. In
addition, Shima et al. [16] are working on the excited states of
%La nucleus populated through '“Ba B~ decay using a 47
Clover detector.

II. EXPERIMENTAL PROCEDURE

The experiments were carried out at the ALTO-PARRNe
facility at the Institut de Physique Nucléaire d’Orsay, France
[17]. La nuclei were obtained through the '¥Cs —
9Ba — "La and '"Ba — “La B~ decays, the Cs and
Ba elements being produced by photofission. The linac ac-
celerator ALTO provides a 50 MeV, 10 nA electron beam
which hits a thick uranium-carbide (UC,) target producing
bremsstrahlung radiations that induce the fission of 2*%U.
The fission products released from the target effuse into a
MKS5 ISOLDE-type [18] hot plasma ion source via the trans-
fer line. The temperature of the target and of the transfer
line was 1950°C, that of the ion source 1800°C. The pro-
duced ions were extracted under 30 kV then mass-separated
by the PARRNe uniform-field H-shaped magnet with a 65°
deflecting angle and a mass resolving power of 1300. The
radioactive ions were guided toward the BEDO measure-
ment station [19] and implanted onto the Al-coated mylar
tape of a moving tape collector. The measurement cycles
were chosen to optimize the counting rate corresponding to
the '“Ba — “La decay: the collection (tc), waiting (tw),
and measuring (tm) times were equal to tc = 4 s, tw =
2 s, and tm = 4 s. The detector setup consisted of two
coaxial 70% Ge(HP) tapered EUROGAM-1-type detectors,
one planar Ge(HP) detector, two LaBr3(Ce) scintillator de-
tectors, and a Pilot U plastic scintillator § detector placed
in a close geometry surrounding the implanted source. The
three Ge(HP) and the two LaBr3;(Ce) detectors were placed
in the same plane, perpendicular to the radioactive ion beam
at the collection point on the tape, while the 8 detector was
placed along the beam line (Fig. 1). The scintillators were
used for the fast-timing measurements [13,20]. One of the
LaBr3;(Ce) detectors has a crystal of cylindrical shape of
25.4-mm diameter and 30-mm length and is coupled to a
Hamamatsu H10570 photo-multiplier tube (PMT) assembly
which incorporates the R9779 high speed PMT. The other
LaBr;(Ce) detector has a truncated conical shape with 25.4-
and 38.1-mm front and back diameters and 38.1-mm length
and is coupled to a Photonis XP20D0O PMT. For having a
timing response almost independent of the B energy we used
a thin plastic scintillator disk of 25.4-mm diameter and 3-mm

FIG. 1. Detector array at the BEDO measurement station. The
radioactive ions are coming from the left, the 8 detector is placed
behind the implanted source and the other detectors are mounted
around the source in the plane perpendicular to the beam direction.

length coupled to a Hamamatsu H10570 PMT assembly. The
last dynode outputs of the PMTs were processed by Ortec
113 preamplifiers and sent to amplifiers to provide the energy
of the incident radiations. The anode signals fed the ORTEC
935 constant fraction discriminators (CFD). The CFD outputs
provided the start or stop signals to three time to ampli-
tude converters (TAC). The TACs were used for measuring
the time difference between each pair of scintillators in the
50-ns range. The energy signals from the six detectors and
the outputs of the three TACs were collected and processed
using two COMET-6X modules associated with the NARVAL
acquisition system [21], which recorded each signal with its
absolute time (400-ps time resolution). This time resolution
is not appropriate for fast-timing measurements, being the
reason for the use of TACs. Coincidence events involving
different detectors and/or TACs were constructed off-line and
sorted in two- and three-dimensional matrices with different
time coincidence windows, or energy-depending time ranges.
The experiment was performed during 50 h. As examples
of the statistics resulting from this work: 36 million double
coincidence events between the two coaxial Ge(HP) detec-
tors and 5 million double coincidence events between the
two LaBr3(Ce) detectors with the corresponding TAC were
obtained fixing a coincidence time range of 1 us. Obtaining
accurate and reliable results from fast-timing measurements
require great care, not only in the implementation of the ex-
perimental setup but also in the data analysis. The specific
precautions taken in both domains have been described in
Ref. [13]. The fast-timing electronic was adjusted using a
%0Co calibration source. Then, the performance and the time
calibration of the fast-timing setup were checked in an online
experiment through the measurement of the *8Cs — 1*®Ba
decay. To this aim the mass-separator was set on A = 138
and the beam was guided and implanted onto the mylar tape
during 10 s and set off while the accumulated radioactive
sources were measured for the following 1800 s. This cycle
time was chosen to optimize the counting rate corresponding
to the '38Cs — '*®Ba decay and was repeated during 14 h.
Before collecting the data on A = 138 and 145, the yields of
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FIG. 2. Yields of Cs and Ba isotopes released by a UC, target
heated to 1950°C and bombarded by a 50 MeV 10 pA electron beam.

nuclei with mass number close to 145 were estimated. The iso-
topes collected on the tape were identified by the characteristic
y-ray energies detected using one Ge(HP) detector, whose
absolute efficiency was measured previously. The measuring
time (tm from 2 to 10 s) was selected based on the half-lives
of the elements of the given radioactive chain. The collection
time (tc from 0.2 to 2 s) was adjusted to provide counting rates
acceptable by the Ge(HP) detector.

III. EXPERIMENTAL RESULTS

Figure 2 displays the Cs and Ba yields measured, i.e., the
radioactive ion beam intensity delivered by ALTO fora 10 uA
electron incident beam. Yields of Xe could not be evaluated
since, for A = 144, 145, and 146, the y rays associated to the
Xe — Cs decay or, for A = 142, their absolute intensities are
not known. The absolute intensities of the transitions follow-
ing the '*4Cs decay are not known [22], thus the **Cs yield
was estimated from the number of **Ba — *La disintegra-
tions observed and the value plotted in Fig. 2 is an upper limit.

Figure 3 shows the Ge(HP) y-ray projection of the 8-y co-
incidence matrix, accumulated over the A = 145 experiment,
where the main transitions are labeled. The strongest transi-
tions correspond to the ¥ Ba — %3La decay. Nevertheless,
the transitions corresponding to A = 145 long-lived nuclei
are more intense than expected according to the selected
measurement cycle. This fact could be due to an imperfect
focus of the beam into the Al-coated mylar tape and hence
a small amount of nuclei could be implanted out of the tape
and consequently not evacuated from the measurement station
after the measuring times. In Fig. 3, the presence of transitions
belonging to the '°In — '?°Sn decay is probably due to the
extraction from the target of molecules including '°F and
nuclei with A = 126. Indeed, prior to the present experiment,
a small amount of CF4 was injected in the target ion source
system and remained as contamination. No other influence of
the CF4 has been detected.
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FIG. 3. Ge(HP) y-ray projection of the 5-y coincidence matrix.
The main transitions are labeled.

Figure 4 displays decay curves of y rays from the A = 145
activity. In Fig. 4(a) the curves were normalized to 1000
at time ¢ = 0. To improve the readability of Fig. 4(b), the
curves were shifted by multiplying the values by arbitrary
constants. This figure shows very similar decay curves for
several strong transitions, confirming their assignments to the
95Ba — % La decay.
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FIG. 4. Decay curves for: (a) selected transitions belonging to
nuclei with A = 145, where the adopted half-lives of the correspond-
ing parent nuclei [14] are indicated, (b) selected transitions assigned
to “La.
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The proposed level scheme for “’La deduced in the
present work is shown in two parts in Figs. 5 and 6, where
previously reported transitions, levels, spins, and parities are
drawn in red. The drawing of the level scheme was created
using the ENSDAT code available at the Brookhaven National
Laboratory website [24]. The assignment of transitions be-
longing to '*La was based on coincidences with La X-rays
and other transitions assigned previously to this nucleus, the
knowledge of the neighboring A = 145 nuclei [14], and the
decay curves for the strongest transitions. The level scheme
consists of 67 excited levels up to about 3 MeV in energy and
164 transitions. Previous to this work low-spin states in '*’La
populated through A~ decay of '*’Ba were reported mainly by
Pfeiffer e al. [25]. In addition, high-spin states of '*La nuclei
produced in the spontaneous fission of 2*Cm and *>>Cf were
studied by Urban et al. [4] and Zhu et al. [5]. Regarding the 8~
decay work of Pfeiffer ef al., we confirmed all the transitions
depopulating excited states with £ < 640 keV, except the
247.5 keV line, while the remaining transitions have not been
observed or have been placed elsewhere in the level scheme.
We also confirmed the first three dipole and two quadrupole
transitions of the ground state band [4,5] and the 334.3 keV
El transition feeding this band. Our results do not support the
existence of the 192.0 keV El transition reported in Ref. [5],
but not retained in the adopted-y list by evaluators [14]. None
of the levels proposed in Ref. [14], above 750 keV, except the
2566 keV level, was confirmed in our work. The coincidence
relationships have allowed us to establish the existence of 53
new excited levels. The 709.3, 719.4, 1693.4, 2311.6, and
2569.6 keV lines have been observed in singles and S-gated
spectra but not in y-y coincidence spectra. They have been
placed in the level scheme feeding the ground state since their
energies match the corresponding level energies. The present
extended level scheme can be used to improve the decay heat
calculations after a fission burst [7].

Table I shows the adopted levels and transitions of *La.
The y-ray intensities were extracted from singles spec-
tra except for some transitions located in complex parts
of the spectra. For these transitions coincidence spectra
between the two coaxial Ge(HP) detectors were used. Since
the angle between the coaxial Ge(HP) detectors was 130° and
they were placed in a close geometry, we neglected the in-
fluence of angular correlations. The B~ -branching intensities
have been calculated from total intensity imbalances, differ-
ing from the values measured with a total absorption y-ray
spectrometer (TAGS) [15]. In the present work only the 26%
of the B~ decays is seen to feed levels above 1.2 MeV, while
the measurements with TAGS indicate 68%. This disagree-
ment is generally observed in high Q value B-decays where
the density of states is important, decaying through a large
number of transitions, many of them unobserved. In addition,
we did not considered the direct feeding to the ground state.
Nevertheless, the total 8~ -branching intensity to the ground
and 65.9 keV states reported in Ref. [15] and our value for
the 65.9 level suggest a small feeding to the ground state. In
this context, f~-branching intensities and the corresponding
log ft values reported in Table I must be assumed as upper and
lower limits, respectively. Log ft values were calculated using
the LOGFT code available at the Brookhaven National Lab-

TABLE I. Initial-level energy, S~ -branching intensity, log ft, y-
ray energy, final-level energy, and y-ray intensity of transitions of
%], Ig (log ft) must be assumed as upper (lower) limits (see text).

E, Iy E, E,
(keV) (%) Log ft (keV)  (keV) I,
65.9 6.3(13)  6.33(10) 65.9 0 309(12)
97.1 53(12)  6.32(9) 97.1 0 1000(21)
189.5  8.9(8) 6.14(5) 189.5 0 126(5)
123.6 65.9 80(3)
92.4 97.1 432(10)
2378 0.9(3) 7.11(15) 2378 0 94(4)
171.9 65.9 178(6)
3519 1.1(6) 6.98(24)  351.9 0 63(6)
286.1 65.9 35(5)
254.8 97.1 25(1)
1626 1895 128(14)
380.0  0.7(1) 7.17(7) 314.1 65.9 24(2)
1423 23738 14(2)
4761 3.8(3) 6.40(4) 476.2 0 40(2)
379.0 97.1 291(9)
2864  189.5 64(8)
4929  53(3) 6.25(3) 4929 0 110(7)
427.0 65.9 60(5)
3034 189.5 203(6)
255.1 2378 43(3)
141.0 3519 19(1)
5149  8.1(6) 6.05(4) 448.9 65.9 93(9)
417.9 97.1 314(6)
3254 189.5 159(4)
1628 3519 103(11)
5442  5.8(4) 6.19(4) 544.2 0 357(15)
4782 65.9 104(2)
4472 97.1 17(1)
572.1  0.6(1) 7.16(8) 3343 2378 30(3)
599.0  7.0(3) 6.08(3) 599.0 0 163(10)
533.0 65.9 151(6)
3612 2378 68(7)
6379  1.9(2) 6.63(5) 572.1 65.9 84(4)
4000  237.8 16(3)
286.1 3519 35(7)
2579  380.0 7(2)
6404  045(4)  7.30(5) 543.3 97.1 212)
677.0  1.7(1) 6.67(3) 611.1 65.9 63(3)
4393 23738 302)
297.0  380.0 5(1)
7093 2.3(1) 6.52(3) 709.3 0 21(3)
643.4 65.9 81(4)
519.7  189.5 8(2)
7192 1.5(1) 6.70(4) 719.4 0 18(3)
653.5 65.9 24(3)
4812 2378 30(3)
7339 0.6(1) 7.09(8) 636.7 97.1 18(2)
2578 476.1 9(2)
7702 0.192)  7.58(7) 5323 2378 9(1)
781.0  L.1(1) 6.81(5) 5915  189.5 33(4)
4293 3519 11(2)
3047 476.1 7(2)
8315 2.7(1) 6.40(2) 831.9 0 9(2)
734.6 97.1 39(3)
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TABLE 1. (Continued).

TABLE 1. (Continued).

E; Iy Ey Ey E; Ig Ey Ey
(keV) (%) Log ft (keV) (keV) L, (keV) (%) Log ft (keV) (keV) I,
642.1 189.5 18(3) 1408.6 544.2 24(4)
355.5 476.1 37(4) 1275.7 677.0 4(1)
316.6 514.9 40(2) 2001.1 0.5(1) 6.57(9) 1508.3 4929 11(3)
844.7 3.0(2) 6.35(4) 655.1 189.5 58(5) 1456.9 544.2 14(2)
607.0 237.8 20(3) 2031.4 0.23(2) 6.89(5) 1841.9 189.5 11(1)
492.6 351.9 12(2) 2061.1 1.4(1) 6.09(4) 1585.8 476.1 5(2)
351.8 492.9 52(5) 1546.3 514.9 15(3)
206.8 637.9 12(1) 1516.8 544.2 47(3)
912.9 0.8(1) 6.90(6) 815.8 97.1 18(2) 2073.8 0.5(1) 6.53(9) 1598.1 476.1 6(2)
7234 189.5 22(2) 1558.7 514.9 16(3)
1053.6 0.4(1) 7.14(11) 577.5 476.1 21(3) 2099.2 0.4(1) 6.62(11) 1555.0 544.2 8(2)
1068.1 0.7(1) 6.89(7) 575.2 492.9 12(1) 1500.2 599.0 12(2)
553.2 514.9 20(3) 21204 1.2(1) 6.13(4) 2023.5 97.1 36(3)
1127.0 0.15(4) 7.53(12) 775.1 351.9 7(2) 1605.3 514.9 20(4)
1134.6 0.7(1) 6.86(7) 1037.6 97.1 10(2) 2133.7 0.6(1) 6.42(8) 2036.9 97.1 14(2)
945.0 189.5 24(4) 1657.4 476.1 6(1)
1147.1 0.6(1) 6.92(8) 671.1 476.1 17(2) 1618.2 514.9 9(3)
632.1 514.9 10(2) 2142.9 0.8(1) 6.29(6) 1953.6 189.5 8(1)
1163.6 1.0(1) 6.69(5) 1066.6 97.1 40(2) 1650.4 492.9 18(2)
811.5 351.9 8(2) 1627.7 514.9 11(3)
1197.7 0.8(1) 6.77(6) 1008.1 189.5 10(2) 2161.8 0.17(2) 6.95(6) 1685.8 476.1 8(1)
845.8 351.9 5(1) 22524 0.8(1) 6.23(6) 2186.4 65.9 18(3)
721.9 476.1 6(1) 2155.6 97.1 11(2)
704.7 492.9 11(1) 1776.2 476.1 10(2)
682.1 514.9 6(2) 2311.8 0.7(1) 6.25(7) 2311.6 0 23(2)
1233.0 0.47(2) 6.99(3) 688.8 544.2 22(1) 1835.7 476.1 8(2)
1243.8 1.1(1) 6.61(5) 728.8 514.9 21(2) 2391.6 0.38(5) 6.47(6) 1792.2 599.0 12(2)
4124 831.5 18(2) 1715.2 677.0 6(1)
399.1 844.7 12(3) 2428.2 0.19(2) 6.74(5) 19354 492.9 9(1)
1304.2 0.25(5) 7.23(9) 789.4 514.9 10(2) 2485.7 0.21(4) 6.69(9) 1992.8 492.9 10(2)
705.1 599.0 2(1) 2570.0 2.4(2) 5.55(4) 2569.6 0 14(2)
1351.2 0.8(1) 6.70(6) 1254.1 97.1 8(2) 2504.1 65.9 23(7)
1161.2 189.5 9(2) 2055.0 514.9 24(4)
836.1 514.9 10(1) 2026.3 544.2 13(2)
807.0 544.2 9(2) 1971.0 599.0 11(3)
1368.9 0.70(5) 6.75(4) 875.8 492.9 26(2) 1931.6 637.9 27(4)
770.1 599.0 7(1) 2611.2 0.34(4) 6.37(6) 2067.0 544.2 16(2)
1393.1 0.6(1) 6.80(8) 917.1 476.1 4(1) 2622.8 1.2(1) 5.82(4) 2525.7 97.1 25(3)
900.6 492.9 15(3) 2270.4 351.9 5(2)
877.8 514.9 10(3) 2147.3 476.1 13(2)
1534.8 0.7(1) 6.67(7) 1058.8 476.1 20(3) 2107.9 514.9 14(3)
1019.8 514.9 12(3) 2654.7 0.23(4) 6.51(8) 2557.6 97.1 11(2)
1581.4 0.6(1) 6.71(8) 1391.8 189.5 18(2) 2707.9 1.1(1) 5.80(5) 2518.6 189.5 28(2)
904.4 677.0 9(2) 2214.9 492.9 10(2)
1597.0 0.7(1) 6.64(7) 1121.0 476.1 15(3) 2193.0 514.9 13(3)
1103.9 492.9 13(3) 2713.7 0.21(4) 6.51(9) 2237.6 476.1 10(2)
1053.1 544.2 7(2) 2729.8 0.38(5) 6.24(6) 2540.1 189.5 13(2)
1632.7 1.6(1) 6.26(4) 1139.9 492.9 14(3) 2186.2 544.2 5(1)
1117.8 514.9 48(4) 2740.7 0.40(5) 6.22(6) 2264.2 476.1 5(1)
994.9 637.9 15(3) 2197.0 544.2 14(2)
1693.7 1.3(1) 6.32(4) 1693.4 0 39(4) 2812.0 0.6(1) 5.99(8) 2296.9 514.9 9(1)
1149.5 544.2 24(5) 2268.1 544.2 8(1)
1740.5 0.4(1) 6.81(11) 1550.8 189.5 8(1) 2213.2 599.0 11(3)
1264.4 476.1 10(3) 2942.9 0.11(2) 6.63(9) 2466.9 476.1 5(1)
1952.7 1.2(1) 6.22(4) 1714.9 237.8 16(2)
1600.8 351.9 13(3)
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FIG. 5. Level scheme for '*La (lower part). Previously reported transitions, levels, spins, and parities are drawn in red. The Q value and

Ty, are taken from Refs. [23] and [14], respectively.

oratory website [26]. Total intensities were evaluated using
measured [14] or calculated [27] internal conversion coeffi-
cients (Icc). If the multipolatity of a transition is unknown,
then we took the mean value between the lower and higher Icc
values calculated for E1, M1, and E2 multipolarities. Q value
=5319(15) keV [23] and T1/, = 4.31(16) s from Ref. [14] for
the '*Ba — '*La decay have been used in the calculations.
Figures 7, 8, and 9 show coincidence spectra, divided in
different energy ranges, gated on the 65.9, 97.1, 303.4, 379.0,
and 417.9 keV transitions. The first two lines correspond to
the main transitions feeding the ground state. The last three

lines are the strongest transitions depopulating the 492.9,
476.1, and 514.9 keV levels, respectively.

The 572.1 keV state has been reported by Urban et al.
[4] and Zhu et al. [S]. In both works the spin and parity
of this state have been assigned as (11/27). Since the spin
and parity of the ground state of the parent nucleus '**Ba is
(5/27) a negligible B feeding is expected. In addition, we
do not observe any y-ray transition feeding the 572.1 keV
state, concluding that the population of this state could be
due to several non observed weak transitions or high-energy
transitions.
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FIG. 6. Level scheme for '**La (upper part). Previously reported transitions, levels, spins, and parities are drawn in red. The Q value and

Ty, are taken from Refs. [23] and [14], respectively.

Two pairs of transitions of similar energies are in coinci-
dence (162.6-162.8 keV and 286.1-286.1 keV). They have
been already reported and placed or placed tentatively (as in
the case of the 162.8 keV line) in the level scheme [14] and
we carefully tested and confirmed their presence and place-
ment throught the analysis of the coincidence spectra. Two
similar sequences (351.8—492.9 keV and 492.6-351.9 keV)
link the 844.7 keV level to the ground state. The two tran-
sitions directly feeding the ground state were previously
reported [14]. The other two lines (351.8 and 492.6 keV)
were placed depopulating the 844.7 keV level since they were
observed in coincidence with transitions de-exciting the 492.9

and 351.9 keV levels, respectively. Figures 10(a) and 10(b)
show the spectra gated on the 352 and 493 keV doublets,
where the lines in coincidence with each member of the dou-
blet are indicated.

The fast-timing results were obtained from the analysis
of y-y coincidences between the two LaBr3;(Ce) detectors,
B-y coincidences between the Pilot U plastic scintillator
detector and the LaBr3(Ce) detectors, and y-y-y coinci-
dences between the two LaBr3;(Ce) detectors and any Ge(HP)
detector. The fast-timing method enables the determination of
half-lives in the range between several tens of picoseconds to
several nanoseconds and requires strong and clean y rays. In
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FIG. 7. Coincidence spectra in the 0-800 keV energy range.
Only transitions belonging to the '*Ba — “*La decay are indicated.

what follows, we will use simplified labels for the detectors
and TAC:s involved in the analysis:

A: cylindrical LaBr3(Ce) detector.

B: truncated conical LaBr;(Ce) detector.

B: Pilot U plastic scintillator 8 detector.

G: the three Ge(HP) detectors summed together.

E;: energy corresponding to detector i.

T;j: TAC corresponding to detector i as start and detector j

as stop.

In Fig. 11 we illustrate the quality of the time spectra
obtained with our fast-timing setup. Figures 11(a) and 11(b)
show time spectra measured with a %°Co calibration source,
where the prompt response associated with the half-life lev-
els of Ni [28] was fitted with gaussian curves. FWHM
time resolutions of 214 and 157 ps were obtained for the
1332.5-1173.2 keV and the 8-1332.5 keV coincidences, re-
spectively. The time-response calibration and a test of the
fast-timing setup were performed using a source of '*¥Cs
which populates by B-decay excited states of '**Ba of well
known half-lives [29]. Figures 11(c) and 11(d) show time
spectra for the half-life determination of the 1898.6 keV level
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FIG. 8. Coincidence spectra in the 800-1600 keV energy range.
Only transitions belonging to the '*Ba — '%La decay are indicated.

of *®Ba obtained from the 462.8-547.0 keV and 8—462.8 keV
coincidences, respectively. In Fig. 11(d) the slope is assigned
to the half-life of the level of interest since contributions of
levels above the 1898.6 keV can be considered negligible as
discussed in Ref. [13]. The fit of the spectra in Figs. 11(c)
and 11(d) with an exponential decay gave values of the half-
life of the 1898.6 keV level of Ti,, = 2.11(5) ns and Ti, =
2.14(3) ns, respectively, in good agreement with the adopted
value of 2.160(11) ns [29]. Figures 11(a) and 11(c) were
obtained from the E,EpTyp cube and Figs. 11(b) and 11(d)
from the E4EgTgs cube. The analysis of the shape of prompt
time spectra, in particular of their slight deviations from a
true Gaussian [13,20] allowed us to determine the 7j,, lower
limit that can be measured using the deconvolution method:
~50 ps from B-LaBr;(Ce) measurements and ~100 ps
from LaBr;(Ce)-LaBr3;(Ce) (A-B) measurements.

The examination of time spectra corresponding to levels
of La revealed that the levels at 65.9 and 97.1 keV have
half-lives in the nanosecond range.

In Fig. 12 we show several time spectra used in the deter-
mination of the half-life of the 65.9 keV level. Figure 12(a)
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FIG. 9. Coincidence spectra in the 1600-2600 keV energy range.
Only transitions belonging to the '*Ba — '“*La decay are indicated.

shows the relevant portion of the two-dimensional energy
projection of the EjEpTyp cube, where two gated regions
associated with the 171.9-65.9 keV start-stop coincidences
and the reversed 65.9-171.9 keV combination are indicated
in red and blue, respectively (full line-dot for peaks and dash
line-dot for backgrounds). The two background-subtracted
time spectra obtained by gating on both regions are displayed
in Fig. 12(b) with the corresponding colors. The fit of the
slopes using an exponential decay gave the values of 71/, =
1.83(9) ns and T;,, = 1.89(8) ns. Figure 12(c) displays the
Typ spectrum gated on the 65.9 keV line in A, any energy in
B, and an additional gate on the 123.6 or 171.9 keV lines on
G. This time spectrum does not involve any contamination
from ' Ce and, even if the statistics in (c) is poorer than in
(b) and we neglected the energy dependence time response in
B, we obtained a similar value for the half-life. This enable
us to consider the contamination from the 64.3-169.8 keV
coincidence in ' Ce with T} ,2 = 13(3) ns [14] as nonsignif-
icant. The time spectrum in Fig. 12(d) was obtained from
the E4EgTgs cube. Even if the time spectrum involves all
the contributions of the states belonging to the decay path
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FIG. 10. Coincidence spectra gated on the (a) 352 keV and
(b) 493 keV doublets. In panel (a) peaks in coincidence with the
351.8 (351.9) keV line are indicated by a full (open) circle. In panel
(b) peaks in coincidence with the 492.6 (492.9) keV line are indicated
by a full (open) square. Peaks marked with open triangles are in coin-
cidence with the 492.2 keV line corresponding to the '4Ce — *Pr
decay.

to the 65.9 keV level, we obtained again a similar half-life
value. The extracted values were weighted by its squared er-
rors, obtaining 77, = 1.80(4) ns for the 65.9 keV level. This
value differs strongly from the 7, = 9(2) ns reported by the
evaluators [14]. But it could be in agreement with the results
of the original publication [30] where Clark et al. referred to
a Ti» < 8 ns value associated with a 66.0(1) keV transition
assigned to '“6La but with an uncertainty of 1 unit in the mass
determination.

The half-life of the level located at 97.1 keV was extracted
from the analysis of several time spectra. Figure 13 displays
two time spectra and the corresponding gated regions (peaks
and backgrounds) in the two-dimensional energy projection
of the EsEgT;p cube. Since the energy resolution of the
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FIG. 11. Time spectra obtained with a %°Co calibration source
(upper part) and the 1898.6 keV level of '**Ba (lower part).
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FIG. 12. Spectra corresponding to the determination of the half-
life of the 65.9 keV level: (a) Two-dimensional energy projection of
the E,EpT,p cube, (b) time spectra obtained by gating on the regions
indicated in panel (a), (c) time spectra with the G gating conditions,
and (d) time spectra from 8-y coincidences.

LaBr3(Ce) detectors is not good enough to discriminate be-
tween the 92.4 and the 97.1 keV lines, the gate showed in
Fig. 13(a) corresponds to both, the 92.4-97.1 keV start-stop
coincidence and the 97.1-92.4 keV reversed combination and,
hence, the time spectrum in Fig. 13(b) displays two similar
slopes on both sides. The fit of the slopes gave the values
of Ti;, =1.99(3) ns and T;, = 1.97(3) ns. In Fig. 13(c)
two peaks are indicated representing the 379.0-97.1 keV
and 417.9-97.1 keV coincidences. The time spectra gated on
these two peaks were added to increase statistics, and the
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FIG. 13. Spectra corresponding to the determination of the half-
life of the 97.1 keV level: (a) Two-dimensional energy projection of
the E,EpTyp cube showing the 92.4-97.1 keV coincidence, (b) time
spectra obtained setting the gate marked in panel (a), (c) two-
dimensional energy projection of the E,EzT,p cube showing the
379.0-97.1 keV and the 417.9-97.1 keV coincidences, and (d) sum
of time spectra obtained setting the gates indicated in panel (c).
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FIG. 14. (a) E, projection of the E4EgTyp cube gated on the 92.4
keV line in the Ge(HP) detectors. (b) Time spectrum corresponding
to the 97.1 keV level obtained from the G 92.4 keV-gated E4EgTyp
cube. See text for the contribution of the 189.5 keV level. (c) Same
as (a) but with a gate on the 97.1 keV line. (d) Time spectrum corre-
sponding to the 189.5 keV level obtained from the G 97.1 keV-gated
EAEBTAB cube.

obtained spectrum is displayed in Fig. 13(d), which was then
fitted by an exponential decay curve resulting in the value
of Ty, = 1.97(4) ns. Figure 14(a) shows the E4 projection
of the E4EpTyp cube constructed demanding a gate on the
92.4 keV line in the Ge(HP) detectors to exclude this tran-
sition in the LaBr3;(Ce) detectors and isolate the 97.1 keV
line. The three regions used as energy gates are indicated,
delimited by red dashed lines. The same regions were defined
on the Ep axis. Figure 14(b) is the sum of four time spectra,
two gated on the 162.6-162.8 keV (start A)-97.1 keV (stop
B) and on the 286.4-303.4-325.4 keV (start A)-97.1 keV
(stop B) coincidences, and two from the reversed combina-
tions. The antidelayed spectra were flipped around time zero
before being added. The fit of the slope corresponds to an
exponential decay with T;, = 1.91(8) ns. This value involves
the half-lives of the 189.5 and 97.1 keV levels. Figure 15(a)
shows the time distribution and the exponential decay fit of
the coincidence between the g particles (start 8) and the 92.4
and 97.1 keV y rays (stop A). The prompt contribution due
to the 92.4 keV line (see below) has been reduced setting the
gate on A in the right part of the peak. The half-life extracted,
Ty = 2.00(3) ns, contains not only the contribution of the
97.1 keV level but also of the levels of higher energy fed by
B radiations and decaying to the 97.1 keV level. However, it
is in agreement with the values obtained in the analysis of
Figs. 13(b), 13(d), and 14(b) suggesting that contributions to
the slope from levels above 97.1 keV can be neglected. In
particular it will be demonstrated later in this section that it is
the case for the levels located at 189.5, 476.1, and 514.9 ke V.
The weighted average of the different values obtained for the
97.1 keV level is Ti» = 1.98(2) ns.

To analyze the half-life of the 189.5 keV level an EqEpTyp
cube was constructed demanding a gate on the 97.1 keV
line in the Ge(HP) detectors to exclude this transition in
the LaBr3(Ce) detectors and isolate the 92.4 keV line, the
strongest line which depopulates the level of interest. The
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FIG. 15. Time spectra corresponding to: (a) 97.1 keV level, (b) 476.1 keV, and (c) 514.9 keV, obtained setting gates on B (start) and A

(stop).

analysis was performed in a similar way of that mentioned
before for the 97.1 keV level. Figure 14(c) shows the Ej
projection of this cube and Fig. 14(d) corresponds to the
sum, previously matched, of the four obtained time spectra.
The shape of the four spectra suggests prompt coincidences.
The resulting time distribution was fitted by a Gaussian
curve resulting in a FWHM of 884 ps, consistent with
the expected time resolution at these energies. This analy-
sis shows that the 189.5 keV level has a half-life shorter
than the limit that can be reached by the deconvolution
method: 71,2(189.5 keV level) 100 ps. Because of the low-
energy of the transition involved, it was not possible to give
a more precise Ti,, value by applying the centroid shift
method.

Figures 15(b) and 15(c) show the time distributions cor-
responding to the 379.0 and 417.9 keV y rays detected in
A in coincidence with the B particles. Both curves display
symmetric gaussian shapes with FWHM values around 300 ps
as expected for the time resolution of Tg4 at these energies.
The centroid shift method was applied to these spectra for
evaluating the half-lives of the 476.1 and 514.9 keV levels.
It is worth mentioning that the values obtained for these levels
include the half-lives of all the levels that feed them. We first
obtained the prompt centroid position as a function of the
y-ray energy by using known states with half-lives shorter
than 10 ps belonging to '3¥Ba directly populated by B-decay
from '3¥Cs [29]. Figure 16 shows the prompt response of Tga,
the centroid of the time response for the 409, 547, 1010 keV
lines of '3¥Ba after correction from their half-lives are plotted
with open circles and the prompt curve through the data points
is drawn. The difference between the centroids corresponding
to the 379.0 and 417.9 keV peaks and the prompt curve es-
tablished upper limits of 18 and 20 ps to the half-lives of the
476.1 and 514.9 keV levels, respectively.

Table II shows the half-life values obtained in the present
work together with previously reported values. The values
presented in Table II are the only ones that could be deter-
mined.

IV. DISCUSSION

Assuming €, = 0.16 and €4 = —0.05 [31] for the nuclear de-
formation of the ground state of '*La, five Nilsson orbitals lie
near the Fermi level: g7/, (5/2%[413]) and ds» (3/27[411]),
corresponding to a pseudospin doublet, and Ay, (1/27[550],

3/27[541], 5/27[532]). In Refs. [4,5] the ground state and the
levels at 65.9, 237.8, and 380.0 keV have been proposed to be-
long to the ground-state band built on the g7/, proton orbital,
with I™ = 5/2%,7/2%,9/2%, and 11/27, respectively. These
assignments are corroborated by the good agreement between
the experimental and theoretical (1 + SHBM1) /B(E2) ratios
presented in Table III. The experimental ratios, in units of
u% /(eb)?, were determined by the following expression [32]:

BM1,I—1-1) E 1

=0.697-2 -,
B(E2,1 — 1 —2) E3 )

(1+8%)

where E,, ,, are the energies (in MeV) corresponding to the
Al = 1,2 transitions, respectively, § is the E2/M1 multipole
mixing ratio, and A the y-ray intensity ratio 1(y»)/I(y1).

For the theoretical estimates of the reduced transition
probabilities we used the expressions for a rotational band
with good quantum number K, assuming axial symmetry,
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FIG. 16. Prompt centroid of Tz, as a function of y-ray energy
measured in A obtained from the 409, 547, and 1010 keV lines
of 3¥Ba (open circles) and the linear fit through these data points
(dashed line). The centroids corresponding to the 379.0 and 417.9
keV lines of '**La are plotted with full circles.
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TABLE II. Half-life values obtained in the present work and
previously reported values.

Tip Ty
Eieve (keV) (present work) (reported values)
65.9 1.80(4) ns 9(2) ns [14], < 8 ns [30]
97.1 1.98(2) ns
189.5 <100 ps
476.1 <18 ps
514.9 <20 ps
K =Q# ;33

3
BM1,1—1 =)= —(gx = gr)’K*(IK10[(I — K)?,
TT

5
B(E2,] - 1—2)= FQ(2)<1K20|(1 —2)K)?,
T

5 IK20|(I — DK)?
5 = 028652 — 20 VK20 = DR)
" (gx — gr)*’K* (IK10[(I — DK)?
where gx and ggr = Z/A are the proton and the collective

gyromagnetic factors, respectively. The proton g factors were
calculated by the expression [33]

8k =8 + (& — 81)@-

K

The expectation values of the spin projection on the symmetry
axis, (s3), were evaluated using Nilsson type wave functions
obtained from the diagonalization of the deformed harmonic
oscillator with the ¢, and €4 values mentioned above and
parameters « and u extracted from Ref. [34]. For the proton
orbital and spin g-factors we used: g; = 1 and g; = 3.91. Qy
is the intrinsic quadrupole moment given by

00— 3ZeRgﬁ<l+g\/§ﬂ>
0_\/§ V7 ,

with €, = 0.958, and neglecting the hexadecapole contribu-
tion.

In addition, the theoretical B[M1,7/2"(5/2[413]) —
5/2%(5/2%[413])] = 0.0156 /L12V is in very good agree-
ment with the experimental value [0.0165(7) ,u,z\,] ob-
tained from the half-life measured in this work for the
65.9 keV level assuming a pure M1 659 keV transition
[14]. This excellent agreement supports the configuration
assignments.

TABLE III. Experimental and theoretical (1 4 §?)B(M1,1 —
I—1)/B(E2,I — I — 2) ratios.

1 Experimental Theoretical
Orbital (h) (M12V /e*b?) (u,zv /e*b?)
5/2 [413] 9/2 0.20(2) 0.30
11/2 0.43(10) 0.19
3/2% [411] 7/2 0.89(13) 24
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FIG. 17. Hindrance factors with respect to the Weisskopf es-
timate for the ds;, — g7» transition in odd '*~'*La nuclei. The
F, (***La) value corresponds to the upper limit.

The parity of the levels at 97.1, 189.5, and 351.9 keV have
been suggested as being positive [14] and their decay patterns
are compatible with I” = 3/2%,5/2%, and 7/2%, respectively.
In '33La, the ds 2 (3 /2*[411]) proton orbital is the main con-
tribution to the 3/2% 97.259 keV level and the configuration
of the ground state is a mixture between the g72 (5/ 2+[413))
and ds, (5/2%[402]) orbitals [35]. In *La, symmetric to
13a with respect to N = 82, the situation of the 97.1 keV
level seems to be similar excepting the half-life (<0.4 ns in
133La [35] and 1.98(2) ns in '*3La). In Fig. 17 we plot the
hindrance factors with respect to the Weisskopf estimate (F,,)
for the M1 transitions between the lower levels suggested to
correspond to the ds/; and g7/, configurations (/-forbidden M1
transitions) for the odd '**~'%La nuclei. Data for '3~1%3La
correspond to Refs. [35—40]. In 133,145 4 the transition corre-
sponds to 3/2% — 5/2%, in 37" La to 5/2* — 7/2%, and
in '**La, where the transition corresponds to 7/2% (g7,2) —
5/2% (ds 2), the F,, has been modified by the g factor corre-
sponding to (215 + 1)/(21; + 1). These values fall within the
F,, range observed for all the ds;» — g7,> transitions known in
the 51 < Z < 63 nuclei [13]. In the lanthanum isotopes, the F;,
values are very similar for neutron number around N = 82 and
decrease for further ones (N = 76 and 86), indicating that the
configurations involved in the description of the states are less
pure as the neutron number differs from N = 82. Therefore,
the smaller value observed for '**La than for '*3La could be
due to a greater mixing of the g7, and ds;, orbitals in the
configuration of the ground state in '**La than in '*La. We
propose that the levels at 97.1, 189.5, and 351.9 keV are
members of the band built mainly on the ds;, (3/27[411])
proton orbital. These assignments are also supported by the
small difference in the excitation energy expected between the
two partners of the pseudospin doublet g7/, (5 /27 [413])—ds 2
(3/21[411]) and the agreement between the experimental and
theoretical (1 + §2)B(M1) /B(E?2) ratios (see Table III).
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FIG. 18. Experimental and calculated negative parity levels.

As mentioned before, the 11/27 state at 572.1 keV has
been reported as the lower observed state belonging to a
decoupled rotational band based on a hy,; excitation [4,5].
In Fig. 18 we plotted the first experimental levels of the
band together with the levels calculated in the framework of
the rigid-triaxial-rotor-plus-quasiparticle model [41]. In the
calculations we used an inertia parameter /i*/23 = 33.2 keV
extracted from the energy of the first 2% state in '**Ba. The
Nilsson single particle states were obtained through the di-
agonalization of the deformed harmonic oscillator within the
N = 5 oscillator shell, using €, = 0.16, ¢4 = —0.05, and the
parameters x and u extracted from [34]. The Fermi level was
set 137 keV below the 1/27[550] orbital, and the pairing
gap A = 0.866 MeV was extracted from the odd-even mass
difference. The energy of the calculated 11/27 state was fixed
to match the experimental value. The calculations predict a
7/2~ state very close above the 11/27. In fact, the 7/2~ state
has been observed close to the 11/2~ in '¥La and '¥La
[42,43]. In this context a possible candidate for the 7/2~ state
is the 599.0 keV level. This assignment is consistent with the
decay pattern of the level and the log ft = 6.08(3) value that
suggests an allowed B transition.

The log ft values corresponding to the levels located
at 476.1, 4929, 514.9, and 544.2 keV suggest that they
could have negative parity. Nevertheless, these levels with
I < 7/27 could not be interpreted in the framework of the
rigid-triaxial-rotor-plus-quasiparticle model. They could cor-
respond to particle states coupled to the low-lying negative-
parity states of the even-even core [44].

The log ft values for the 2570.0, 2622.8, 2707.9, and
2812.0 keV levels strongly suggest allowed B transitions and
hence, negative parity. Since their decay patterns only restrict
the spins for the two first levels, we propose for these four
levels I™ = (5/27,7/27), (5§/27), (3/27,5/27,7/27), and
(3/27,5/27,7/27), respectively.

V. CONCLUSIONS

The low-spin states in the neutron-rich '*La nucleus have
been studied through the beta-decay of 'Ba. *Ba and its
parent '>Cs were produced by the photofission of 2*%U in-
duced by a 50 MeV electron beam impinging a UC, target
at the ALTO facility. The '*La low-spin state level scheme
has been established from y-y coincidence measurements and
considerably extended: 53 new levels, involving 122 transi-
tions in their de-excitation modes. This new level scheme
could be used for a more precise determination of the S~-
branching intensities through the TAGS measurements. This
work reports on the first results obtained with the BEDO
decay station in fast-timing mode. The half-lives of the levels
located at 65.9 and 97.1 keV have been measured: Ty, =
1.80(4) and 1.98(2) ns, respectively. The 1.80(4) ns result
obtained for the 65.9 keV level refutes the value retained by
the evaluators, probably erroneously, since the original article
only mentioned an upper limit. For three other levels located
at 189.5, 476.1 and 514.9 keV, T, upper limits have been
determined: 100, 18, and 20 ps, respectively. The analysis of
the properties of the first excited states, namely, the decay
modes, the log ft values, the reduced transition probabilities,
the Weisskopf hindrance factors, allowed us to identify the
first members of the bands corresponding to the g7/, ds2,
and £y, proton configurations. The systematics through the
La isotopes from N = 76 ('**La) to 88 ('*La) indicates that
the mixing of the g7,» and ds/, orbitals in the configuration
describing the ground state is smaller in '*La than in '3*La.
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